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ABSTRACT OF THE DISSERTATION

Tunable Collagen Scaffolds for the Directed Differentiation of Embryonic Stem Cells Towards

Neural Lineages.

By GARY ALBERT MONTEIRO

Dissertation Director:

David Ira Shreiber

This thesis aims to develop and understand the role of peptide modified collagen scaffolds in
tissue engineering and stem cell differentiation. The extracellular matrix and microenvironment
surrounding cells plays a critical role in controlling phenotypic and genotypic behavior of cells. It
is important to elucidate this role in stem cell differentiation to develop regenerative therapies.
Here in, we developed a method to alter, positively and negatively, the adhesion migration and
reorganization of scaffolds by fibroblast and smooth muscle cells on and in collagen. By grafting
an adhesive peptide ‘RGD’ and a scramble non-adhesive peptide ‘RDG’ to collagen we were able
to modulate in a dose dependent manner the adhesion of cells to collagen and establish the
bimodal dependence of migration on adhesion in and on collagen scaffolds. We then extended
this approach to understand the role of cell adhesion on differentiation of stem cells; we
assayed the differentiation of sox-1 reporting murine embryonic stem cells on these scaffolds.
Sox-1 expression was found to be inversely related to cell-matrix adhesion. Sox-1 reporting stem
cells cultured on RDG grafted collagen scaffolds had a significantly greater population of cells

that were sox-1 positive relative to controls. However, the difference between conditions was at



most 10%. To further evaluate the ability of matrix cues to guide the differentiation of stem
cells we grafted peptide mimics of neural stem cell niche carbohydrates, human natural killer-1
and polysialic acid to collagen and assayed the differentiation of stem cells towards cell types
from all three germ layers. Cells cultured on human natural killer-1 and polysialic acid grafted
collagen preferentially differentiated towards neuroectoderm lineage cells as indicated by gPCR
and Immunohistochemistry. Identifying matrix cues and environments that support and direct
the differentiation of stem cell is essential for regenerative medicine. Scaffolds that support and
direct the differentiation of stem cells may eventually be used as therapies for degenerative

diseases.



Acknowledgements

This thesis would not be complete if | do not thank everyone who helped me through the last
several years. It truly was a group effort and | have been blessed with tremendous support. |
foremost would like to thank God for his choicest blessings all through the year and in whatever
| have set out to do. | know without His grace | am nothing. | would like to thank my parents for
their continued love and support throughout my life. This work is really a culmination of
everything you have instilled in me. From your love, affection, vision, strength, and values. |
have to thank my sibling for their love and support as well. | love and cherish the bonds that
have grown between us over the years and | pray that they strengthen each day. To my
committee thank you for your criticisms, your guidance and patience | know | am a better
scientist from it. Dr. Shreiber, my advisor, | could not have found a better lab in which to do my
research. You have helped me grow both as a scientist and a person. You have taught me to
read and write journal articles as well as develop lasting relationships with all around me. My
success truly relies on the success of all around me and that | learned from you first hand. To the
students in the Shreiber lab, rest assured you have a great advisor. | have learned a lot from you
and | hope you have learned from me as well. Thank you for making this a pleasant journey. To
all the other labs here at biomedical engineering department at Rutgers, thank you for all the
interactions, conversations and support | appreciate all the memories. And lastly, to you Harini,
you have been apart of my dissertation since day one. At times you gently nudged me along, at
times you pushed, and some times even kicked. | know | am better from it. At times when |
thought this day might never arrive you gave me strength to carry on and persevere. | cannot

begin to express my gratitude for all that you have helped and shared with me.



Dedication

Ja my parents, Mem your love and support always cemfonts me
Dad your strength and vision wills me fouvard



Table of Contents

ABSTRACT OF THE DISSERTATION ......oooiiiiiiiiiiieeeeeeeeeeeeeeee et eeeaaae e e e e s ssnaaaeees il
ACKNOWIBAZEIMENLS........eiiiiiiiniiiiieeeett ettt sttt ettt s e st et eae e b e saeesane e v
DEAICALION ..o v
Table Of CONENTS ....cooiiiiiiiiieieeeeeeeeeeeeee e vi
LISt OF FIGUIES ..ottt sttt et ettt sttt et e b e saeesane e X
LISt Of TaDIES ..o X1
CRAPLET L.ttt ettt e bt e s a e st e et e e bt e bt e s bt e s ateeateeabeenbeesbeesaeesaneeane 1
A oY 4 Yo [Tt f o o IR 1
1.1. Embryonic Stem Cells and Stem Cell Differentiation.........ccccccveeieceiiccciee e, 1
1.2. Extracellular Matrix and Stem Cells......cooovviiiiiiiiiiieeee e 2
1.3. Cell-MaAatriX INTEIACTIONS. ..vvvvevieieieieiiiieieeeeveieeaeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseessasrarseseaeeees 4
1.4. Polysialic Acid and Human Natural Killer-1 ... 5
1.5. o< oXuTe TSI Ny oY (oL USSR SRPRNt 6
1.6. TRESIS OVEIVIEW ...ttt e e e ettt e s e e e e et e s bb s eeesessaaeeseseeeeesnes 7
1.7. ) (=] (=] (=L 9
CRAPLET 2.ttt ettt sttt ettt e be e st st st eab e e bbbt ettt ereeaeens 13

2. Positively and Negatively Modulating the Adhesivity of Type | Collagen Via Peptide

(G = i o= EER 13
2.1 Y o1y o - Lot AR U U SR U UTTOUPP TR 13
2.2, INEFOAUCTION Lottt sttt st e beenees 14
2.3. Methods and MaterialS........ceevierieiieieeee e e 17
2.3.1. Cll CUIUI. ..ttt sttt et s bt e e be e e sreeesneeeas 17
2.3.2. Conjugation of Peptides to Collagen Backbone.........cccccvvieeeiiiiicciiieeee e, 17
2.3.3. Collagen Gel Preparation ... ...ttt e e e e e bare e e e e e e e e e eannes 18
2.3.4. Fibril Size and DENSItY ..ccccvveeiiciiie ettt et e e ae e e e 19
2.3.5. Mechanical Testing of Scaffolds ........ccoovieiiiiriiicc e 20

Vi



2.3.6. AdNESION ASSAY ....ueiiiiiiiiee e ettt e e e et e e e e e e e ettt re e e e e e e e e nbraeeeeeeeesnrraenrrereeaaeaan 20

2.3.7. Gel COMPACLION ASSAY ...ueeriiiiieeeeeecitie e e e e e e e e ecrree e e e s e eeet e e e e e e e e e s nbaaaeeeeeeeeseeeannes 21
2.3.8. IMIGIatioN ASSAY ..viieeeiieieiiicicics e et nan 22
2.4. RESUIES -ttt ettt b e s bt s bt e st e sae e st san e s r e e bt b ne s 25
2.4.1. Physical Characteristics of Collagen Gels.......cccceeeecieeiiciiee e, 25
24.2. AGRESION e n e s re e e naree e 26
2.4.3. (8] 5] o - 1 o o FS PPN 27
2.4.4. Y= = o o o 28
2.4.5. Adhesion-Migration-Compaction Relationships.......cccccccvveeviiieeiiciieecccieec e, 31
2.5. DISCUSSION ...ciiiiiiiii ittt e 31
2.6. ACKNOWIEAZEMENTS ...ccciiiii ettt ste e e e et e e e s eatae e e s e srteeaeeans 36
2.7. RETEIENCES. ... ettt st et e s ne e e sar e sans 36
CRAPLET 3.ttt ettt et et e e s bt e sht e sateeab e e bt e bt e bt e abeeeat e et e eteenbeen 41

3.  Sox-1 Expression of Embryonic Stem Cells in Positively and Negatively Modulated

AdhesiVe COllageN GeIS....ccccuiieiieiiiee ettt e e et e e e et ae e e ssarta e e e ebteeeesnbaeeesnnes 41
28/ [ 01 o o [¥ ot i [o ] WA PR PPTRRP 41
3.2. Methods and Materials.......ccoiuiiiiieieieieie e s 43
3.2.1. Grafted and Collagen Gel Preparation..........ccccviiieeeii e, 43
3.2.2. Cell CURUI..c et 43
3.2.3. AdNESION ASSAY .eeieeiiiieeiiiie et ettt s e et e e e re e e s e e e st e e e e e bre e e e anraeeeenrees 44
3.2.4. Fluorescence Activated Cell COUNtING ......veeeeiiiiiiiiieee e 45
3.3 RESUIES ettt ettt st e s b e e s b e e sesab e s are e sbeeesareesareenn 46
3.3.1. AGRESION e ar e s re e e naee e 46
3.3.2. Fluorescence Activated Cell Counting ......cccueveveveeeiiciiiieee e 47
3.4, DISCUSSION.c.etiiiiiiiiii ittt ittt e s s b e s sba e s e e s bae s 51
3.5, REFEIBINCES .ttt ettt e b e s bt ae e st sar e sar e e b e e ene s 54
CRAPLET 4.ttt ettt ettt et e e sb e e sht e sat e et e e bt e bt e bt e sbeeeat e et e enteenbeen 57

4. Defining Stem Cell Niches to Direct Mouse Embryonic Stem Cell Differentiation

towards Neuroectoderm LINEAZES .....cvveeiecuieeeeccieee et e et e e et e e e ette e e s etae e e sentaaaeeeeraeeeeanes 57
7t I [ o Yo [ 1 o Yo T PSPPSR 57
4.2. Materials and Methods..........coiiiiiieiiiiiie e e st ree e e e raeeeeeaes 59

Vi



4.2.1. (00| R OLT1 L T =TT 59

4.2.2. Peptide Grafting and Collagen Gel Preparation ........ccccceeeeeeeeciiiiieee e, 60
4.2.3. IMMUNOCYLOCHEMISTIY ... et e e 62
4.2.4. Quantitative Reverse transcription polymerase chain reaction (gPCR)............. 63
4.3. RESUILS ..ttt e e et e e e e ttae e e eataeeeesbaeeeessbaeesnsaeeeenraaaeanns 66
4.3.1. Immunocytochemistry and qPCR RESUILS.......ceeeeeeiicciiiieieeeeeceeee e, 66
B4, DiISCUSSION....ueeeeeiiteeeeiiiteee e ettt e e s et e e e e e sant e e s sbe et e s amre e e s smeeeessneeeesanraeessananrneessneneesanneeeesanee 76
4.4.1. Polysialic Acid and Human Natural Killer-1.........cccccovveeieiieeeeiciee e 76
4.4.2. (0o 1Y =(T s TRV O S 77
4.4.3. Advantages of grafting peptides to scaffolds to direct differentiation ............... 78
4.4.4. FUtUre IMpPliCatioNS ......cceee i e e e rer e e e e 78
4.5, REFEIENCES ...ttt ettt et e st e s bt e s be e e sabee s be e e snreesareeeaneeesanes 80
CRAPLET 5.ttt ettt ettt et e e s bt e sht e sat e et e e bt e bt e bt e abe e e bt e et e eteenbeen 82
5. Conclusion and Future AppliCatioNns ........cceeeiieciiiicciee e e 82
5.1. Regenerative Medicine and Stem Cells........ooocuviiiiiiiiecciee e 82
5.2. Thesis MItatioNS.......eii i s 83
5.3. Advantages of using peptide grafted collagen scaffolds for regenerative purposes
84
5.4. Disadvantages of using peptide grafted collagen scaffolds for regenerative
T8 oY T TS 85
5.5. Addressing Temporal and Spatial Changes in Matrix Compositions.........cccccceeuuunes 86
5.6. L1 adhesion molecule and L1 over expressing embryonic stem cells...................... 88
5.7. CONCIUSTON ..ttt e b e b e b e sbeesbeesneesaeeenee 89
5.8. RETEIEINCES. .. ettt ettt st sttt st s b e ne s 90
CUITICUIUIM VITAC c...eiiiieeiiiiee ettt ettt ettt e ettt e e et et e e e abaeesentbaeesessataeeenssbeeeensssaeeassseesanssseeeennsees 93

viii



List of Figures

Figure 1: Cell Migration vs. Increasing AdNESION. .......c.coccuveiriinieneneeeee e 4
Figure 2 Confocal Micrographs of Collagen..........ccoeeiirrininennereee e 25
Figure 3 Cone Plate Rheology Results- Native and Grafted Collagen............ccccovuenneee. 25
Figure 4 Effects of peptide-grafting on (A) RDF adhesion and (B) SMC adhesion........... 26

Figure 5 Effects of peptide-grafting on cell mediated compaction of free-floating collagen

Figure 7 Dose-response effects of peptide grafting on the random migration coefficient30
Figure 8 Inferred dependence of cell migration and cell-mediated compaction on the

[evel Of CEll AONESION. .....c.veieeeeee ettt enas 32
Figure 9 Embryonic Stem cell adhesion to peptide grafted collagen..........ccccccevvreinnnee 46

Figure 10 Percentage of Sox-1 related GFP expressing embryonic stem cells on various

SUDSTIIALES. ...ttt ettt 47
Figure 11 FACS analysis of Sox-1 expression on Day 4..........ccccvevneineneieneieneeneene 48

Figure 12 FACS analysis of Sox-1 expression of stem cells cultured on RGD Vs RDG,

Figure 13 FACS analysis of Sox-1 expression of stem cells cultured on RGD Vs native
COlAGEN, AAY B. ...t 49
Figure 14 FACS analysis of Sox-1 expression of stem cells cultured on Collagen Vs
RDG, DAY B. w.eoeeeeeeeeieieeiieie ettt ettt se e e ss et ne st et et se st esesesesenenas 50
Figure 15 FACS analysis of Sox-1 expression of stem cells cultured on various collagen

SUDISITAIES .ttt s e ettt e e ettt e s e ettt e s e bt e e s et e e s aa—ttesaa i —teesaabteesaratesaararesas 50



Figure 16 gPCR results for germ layer expression on days 7 and 14 post seeding ........ 66
Figure 17 Oct 4 Expression of stem cells cultured on Collagen and Tissue culture plastic
7 daYS POSE SEEAING. ....euviviieiiieteieie ettt ettt 68
Figure 18 Nestin expression of stem cells cultured on collagen and grafted collagen

conditions 7 days post Seeding 0N EIS. ......ccoeiriiriiniiiieeeeeee s 70
Figure 19 Nestin expression of stem cells cultured on collagen and grafted collagen

conditions 14 days post Seeding ON QeIS........ccoviiririiiiniieeeee s 71

Figure 20 Brachyury Expression of Stem cells cultured on peptide grafted adn native

COllAGEN GEIS ON TAY 7.ttt 73
Figure 21 Gata 4 Expression on day 7 post seeding of ES cells on substrates................ 74
Figure 22 FoxA2 Staining for endoderm lineage Cells. ... 75

Figure 23 Microfluidic manipulations of spatial gradients of peptides in collagen scaffolds



List of Tables

Table 1: Differentiation of mouse embryonic stem cells in VIitro. ..o 3
Table 2: Peptide Sequences and scrambled controls grafted onto collagen conditions. 61

Table 3 Collagen grafted conditions on which embryonic stem cell differentiation towards

neural liN€ages WEre aSSAYEU. .......ccv ittt 61
Table 4 Summary of Antibodies Used to Label Germ Layers.........ccceoveneineencicneenes 63
Table 5 Summary of Primers Used for QPCR..........coiiieeeee 65

Xi



Chapter 1

1. Introduction

1.1. Embryonic Stem Cells and Stem Cell Differentiation

Embryonic stem cells continue to excite the medical community. Embryonic stem cells are
capable of virtually unlimited proliferation in vitro while maintaining the ability to differentiate
into any cell type, under appropriate conditions [1, 2], thus, making them potentially invaluable
for cell replacement therapies. The promise of stem cells has been heard for over a decade, but
several social and scientific factors have prevented the successful application of embryonic stem
cell based therapies to humans. Sources for embryonic and stem cell shave raised ethical, legal,
religious, and policy questions. However, with the recent advances made in induced pluripotent
stem cells[3-7], several of the arguments against stem cells use have been subdued. From a
scientific standpoint the enigma that is a stem cell is not completely understood. Researchers
are only beginning to recognize how environmental cues determine phenotypic behavior of cells
and cell fates. The majority of work done to decipher stem cell differentiation in vitro largely
comprises the use of various growth factors and chemical cues exposed to stem cells grown in a
monolayer to obtain a particular cell phenotype [8-16]. While these advances are important, it is
very likely that several chemical and physical cues that exist and work in concert to direct stem

cell fate will be missed.

In vivo, stem cells exist in an extracellular matrix and receive physical and chemical cues
from surrounding cells and tissues. The majority of the work done to decipher stem cell fate

regulation however, has been on 2D tissue culture plastic. In particular, the role of stem cell



extracellular matrix interactions in differentiation is unclear and has been relatively neglected in
studies of stem cell differentiation, especially in terms of a natural or biomimetic environments.
This thesis focuses on understanding the relation between stem cell-matrix adhesion and
differentiation into neural lineages. We have developed a method to alter positively and
negatively the adhesiveness of collagen gels. We quantified the adhesion, migration and
remodeling of cells on and in these scaffolds. We then assayed the differentiation of murine
embryonic stem cells towards neural lineages on these gels. Additionally, using similar
techniques, we characterized the differentiation of mouse embryonic stem cells toward neural
lineages on collagen gels grafted with specific peptides that mimicked carbohydrates present in

neural stem cell niches.

1.2. Extracellular Matrix and Stem cells

Stem cells in vivo exist in an extracellular matrix. The extracellular matrix was once thought to
function merely as a scaffold to support the growth of cells and maintenance of tissue and organ
structure, but has now been identified to regulate many aspects of cell behavior, including cell
shape, migration, adhesion, proliferation and growth, cell survival and differentiation. In terms
of a physical scaffold the extracellular matrix consists of several structural proteins such as
collagen, laminin, fibronectin, and elastin that are susceptible to degradation and reassembly.
The most abundant of the ECM proteins is collagen. Bovine type | collagen is biocompatible —
fibroblast-contracted collagen gels are the structural basis for the first living tissue engineered
product on the market in the United States (Apligraf, Organogenesis, Inc., Canton, MA). Collagen
is extremely versatile and strong. It self-assembles into a fibrous hydrogel mesh upon incubation
at 37°C and physiological pH that can provide orientation for regeneration and can entrap cells,

can be electrospun into fibers, freeze-dried into a porous sponge, and cross-linked with a variety



of techniques. Collagen and other structural proteins of the ECM are often closely associated

with and even linked to proteoglycans and glycoproteins. These specialized molecules provide

specific signaling and adhesive cues that regulate downstream signaling and cell behavior. Cells

interact and attach to the ECM via integrins. Integrins link the actin cytoskeleton of the cell to

the ECM via cytoplasmic binding proteins allowing for cells to respond, probe and remodel the

ECM surrounding it. Matrix remodeling is particularly noticeable during development.

Embryonic Germ
Laver Cell Type
Ectoderm Neurons
Oligodendrocytes
Astrocytes
Epidermis

Mesoderm Epithelial cells
Adipocytes
Cardiomyocytes
Chondrocytes
Hematopoietic (stem)
cells
Endothelial cells
Osteoblasts
Striated and Smooth-
muscle cells

Endoderm Hepatocytes
Pancreatic-like islets
Insulin-producing cells
Lung cells

Table 1: Differentiation of mouse embryonic stem
cells in vitro.

Pluripotent embryonic stem cells can give rise to all
three  embryonic germ layers— endoderm
mesoderm, and ectoderm. These three germ layers
are the embryonic source of all cells of the body.

During the normal process of development,
multipotent stem cells make many cell fate
decisions and migrate to form the familiar
layers and patterns in a blastula and
subsequently the embryo (Table 1). These
choices are determined by a combination
of intrinsic and extrinsic signals. The
genetic make up of the cells determine the
intrinsic cues. The intrinsic cues can be
regarded as the set of instructions
activated and modulated by the spatial and
temporal organization of extrinsic factors.
Extrinsic cues are signals received by the

cell that elicit a response that mediates a

translation of genetic material to proteins Extrinsic cues may be either soluble or contact

mediated; their sources can be local or distant. Contact cues include physical cues such as

matrix stiffness and adhesion both of which are perceived by cells via integrins. Several groups

have extensively studied the importance of matrix stiffness in the regulation of stem cells[17-



26]. Engler et al. have shown that the elastic modulus of the substrate stem cells are grown on is
a key regulator for differentiation of mesenchymal stem cells to a particular lineage[18, 25, 26].
Stem cells will preferentially differentiate towards cells from tissues that the substrate modulus
they are cultured on mimics. To a lesser degree, the influence of cell matrix adhesion has only
indirectly been suggested to direct the differentiation of stem cells. Hakuno et al have shown
that the stabilization of focal adhesions preferentially differentiates stem cells towards
cardiacmyocytes [27], cells that are derived from the endoderm germ layer. The discrepancy
between the number of studies investigating stem cell matrix stiffness and adhesion is
particularly surprising given the direct correlation of focal adhesion formation and matrix
stiffness[28]. The coupling of the matrix stiffness and adhesion makes it important to elucidate

the response of stem cells to each factor.

1.3. Cell-Matrix Interactions

Cells interact with their matrix via integrins. Integrins bind to adhesive site in the matrix to form

cell adhesions. Cell adhesions are coupled

.

% e to the cytoskeleton of the cell via

S

8:) coupling proteins, allowing for the

- o - continual probing and remodeling of their
LT‘J TOO SLIPPERY TOO STICKY

O

matrix. Increasing or decreasing adhesion
INCREASING CELL ADHESION

Figure 1: Cell Migration vs. Increasing Adhesion. of cells to their matrix has profound

Cell Migration is a ubiquitous process that is of effects to its normal function [29, 30].
fundamental importance in tissue morphogenesis,

wound healing, and tissue engineering. Different cells . o
employ distinct mechanisms of migration, but each, For example, cell migration is a
requires the transfer of internal cytoskeletal forces to
external tractional forces. These forces, exerted on the
substratum via specific cell surface receptors and
complimentary cell adhesion molecules, are balanced by
cell migration and/or matrix reorganization. importance in tissue morphogenesis,

ubiquitous process that is of fundamental



wound healing, and tissue engineering. For effective migration, cells need to be able to
successfully convert internal cytoskeletal forces to external tractional forces against an
extracellular substratum. Tractional forces are exerted on the substratum via specific cell
surface receptors and complimentary cell adhesion molecules present in the substratum.
Tractional forces exerted by the cells are balanced by cell migration and/or matrix
reorganization. Increasing adhesion increases tractional forces and the ability for a cell to pull
itself forward. However, if tractional forces are increased too high, the matrix becomes ‘too

sticky’ for migration, often resulting in the activation of apoptosis pathways.

Both specific and non-specific binding sites regulate adhesion of cells to matrix
structural proteins. The sequence Arg-Gly-Asp (RGD) is a ubiquitous extracellular matrix
adhesion binding site to several different cell types. RGD is predominantly present on
fibronectin and to a lesser degree present on collagen and other matrix proteins as well. Studies
have indicated that the sequence RGD is involved in many cellular processes, including tissue
repair, embryogenesis, blood clotting, and cell migration/adhesion. Mesodermal cell migration
during gastrulation can be blocked by injection of RGD tripeptides that block cellular integrins
(Winklbauer). Specific adhesion on the other hand is regulated by sequence specific receptors,
as in the cases of the laminin derived peptides IKVAV and YIGSR which preferentially bind to
neurons. Molecular markers that are not part of primary protein backbone can also modulate
specific adhesion of cells to matrix. These molecules include sugars, glycoproteins and

carbohydrates.

1.4. Polysialic Acid and Human Natural Killer-1



Of the several carbohydrates available to modify integrin binding and signaling are two
particularly interesting ones: polysialic acid (PSA) and L2/human natural killer-1 (HNK). PSA and
HNK carbohydrate epitopes are expressed mainly in developing neural niches but also in
restricted areas even in adulthood. They are present as glycosilations on neural cell adhesion
molecules and attenuate their binding, promoting cell migration and axon fasciculation. These
phenotypic behavioral changes have significant impact in nervous system development and
function. The long, negatively charged polysialic acid chains that attach to NCAM confer anti-
adhesive properties on the molecule. Polysialic acid attenuates the binding properties of NCAM
by creating a negatively-charged hydrated sphere around the molecule, preventing NCAM-
binding sites from efficiently contacting by keeping NCAM molecules and cell membranes
physically separated from each other [31]. Human natural killer-1 is a carbohydrate that was
originally identified on human natural killer cells (abo and balch, 1981), hence the name.
However, it is highly expressed in the developing and adult nervous systems and is generally
accepted as a marker for neural crest cells[32-36]. Human natural killer-1 epitopes are present
on several neural adhesion molecules, including L1, neural cell adhesion molecule, J1, and the
myelin-associated glycoprotein. It is a sulfated glucuronic acid attached to n-acetyllactosamine
on the non-reducing termini of glycans [37] and is involved in cell-cell and as cell-matrix
interactions [35, 38] as well. However, their role in the differentiation of stem cells has not been

studied.

1.5.Peptide Mimics

Several factors have contributed to the lack of studies investigating the role of
carbohydrates in stem cell differentiation. Carbohydrates are particularly difficult to

isolate without denaturing and synthesis of carbohydrates using recombinant



technologies is not trivial and very cost prohibitive. Additionally, carbohydrates in
themselves are difficult to use and require complex chemistries to manipulate.
Fortunately, Schachner’s research group has developed peptide mimics to HNK and PSA
carbohydrates using phage display[39-44]. These mimics have been functionally
validated [40, 42, 43] and are easier to handle, using standard chemistry techniques
these peptides can be grafted onto tissue equivalents commonly used in tissue
engineering applications and the differentiation of stem cells on these scaffolds may be

assayed.

1.6.Thesis Overview

This thesis focuses on understanding the relation between the biophysical adhesion of stem
cells and their matrix environment. The current chapter provides a brief introduction to stem
cells and matrix biology and outlays the need to understand the relationship between stem cell
biology and matrix interactions. In Chapter 2 we developed a method to alter positively and
negatively the adhesiveness of collagen gels. During normal functioning collagen matrices
provides optimal level of adhesion for resident cells. However, during injury or remodeling these
properties may not be most favorable. Here in, we quantified the adhesion and migration of
cells and remodeling of matrix by fibroblast and smooth muscle cells on and in collagen hydro
gels grafted with a fibronectin derived peptide and a scrambled version of the same. We chose
to use fibroblasts and SMCs to develop the peptide grafted collagen gel system because of the
robustness of the cell types and the abundance of literature available on the biohoysical
interaction of these cells with extracellular matrices. In chapter 3, we assayed the

differentiation of murine embryonic stem cells towards neural lineages on these gels. We used a



sox-1 reporting stem cell line to quantify the populations of cells that differentiate towards
neural lineages on scaffolds of varying degrees of adhesion. In Chapter 4 we extended these
techniques to characterize the differentiation of mouse embryonic stem cells toward neural
lineages on collagen gels grafted with specific peptides that mimic carbohydrates present in
neural stem cell niches during development. Immunohistochemistry and Quantitative PCR
methods were used to assay the differentiation of ESD3 murine stem cells towards the
formation of cell types from all three germ layers. Chapter 5 summarizes the challenges faced in
guiding stem cell differentiation based on scaffold properties and presents potential future

applications and implications for regenerative medicine.
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Chapter 2

2. Positively and Negatively Modulating the Adhesivity of Type |
Collagen Via Peptide Grafting

2.1.Abstract

The biophysical interactions between cells and type | collagen are controlled by the level of cell
adhesion, which is dictated primarily by the density of ligands on collagen and the density of
integrin receptors on cells. The native adhesivity of collagen was modulated by covalently
grafting glycine-arginine-glycine-aspartic acid-serine (GRGDS), which includes the bioactive RGD
sequence, or glycine-arginine-aspartic acid-glycine-serine (GRDGS), which includes the
scrambled RDG sequence, to collagen with the heterobifunctional coupling agent 1-ethyl-3-(3-
Dimethylaminopropyl) carbodiimide (EDC). The peptide-grafted collagen self-assembled into a
fibrillar gel with negligible changes in gel structure and rheology. Rat dermal fibroblasts (RDFs)
and human smooth muscle cells (SMCs) demonstrated increased levels of adhesion on gels
prepared from RGD-grafted collagen, and decreased levels of adhesion on RDG-grafted collagen.
Both cell types demonstrated an increased ability to compact free-floating RGD-grafted collagen
gels, and an impaired ability to compact RDG-grafted gels. RDF migration on and within collagen
was increased with RDG-grafted collagen and decreased with RGD-grafted collagen, and dose-
response experiments indicated a biphasic response of RDF migration to adhesion. SMCs
demonstrated similar, though not statistically significant trends. The ability to both positively
and negatively modulate cell adhesion to collagen increases the versatility of this natural

biomaterial for regenerative therapies.
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2.2.Introduction

Cell migration is a ubiquitous process that is of fundamental importance in tissue
morphogenesis, wound healing, and tissue engineering. Different tissue cells can demonstrate
distinct morphologies and mechanisms during migration. Fibroblasts, which exhibit relatively
slow migration, explore the direction of migration by extending a leading edge, attaching to the
matrix, strengthening attachments by the formation of focal adhesion sites, contracting actin
bundles to advance the cell body, and finally releasing rear attachments to propel forward [1-3].
In contrast, keratinocytes, which can migrate more quickly, deploy a treadmilling-mechanism of
myosin contraction of the actin cytoskeleton—integrin—matrix links to give the appearance of a
gliding motion [4]. For each mechanism, however, effective migration requires the successful
transfer of internal cytoskeletal forces to external tractional forces against an extracellular
substratum. Traction is exerted on the substratum via specific cell surface receptors and
complimentary adhesion ligands present in the substratum, and is balanced by translocation of

the cell and/or reorganization of the matrix.

The strength of cell adhesion to the substratum contributes critically to the balance of
external and internal forces that governs cell migration [5, 6]. In 2D in vitro systems, cells exhibit
a biphasic response of migration with respect to adhesion strength, with the highest migration
coefficients occurring at intermediate levels of available ligands and/or receptors [5-7]. If
adhesion strength is low or too few adhesions are made, the cell is unable to develop sufficient
traction to propel. If adhesion strength is too great or adhesions are too plentiful, ligand-
receptor dissociation is impeded and cells cannot remove themselves from the substrate to
effectively locomote. A similar biphasic relation between adhesion and cell migration has been

demonstrated and modeled in three-dimensional (3D) matrices [1, 8-11].
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Biopolymeric gel-based in vitro assays — particularly type | collagen systems — provide an
especially valuable platform to examine cell migration. Collagen is a ubiquitous ECM protein that
forms the structural framework for many soft tissues. Solutions of collagen can be used to coat
two-dimensional (2D) substrates, or can self-assemble into fibrillar three-dimensional hydrogels
that offer a better representation of the microenvironment of living tissues when compared to
traditional 2D systems. When tissue cells are entrapped in an entanglement of collagen fibers to
form so-called 'tissue equivalents', cells can attach to and exert traction on the fibers, which can
both compact the matrix and/or propel the cells [12, 13]. As a natural ECM substrate, collagen
provides a significant basal level of adhesivity via several peptide sequences, including RGD and
GFOGER [14, 15], that can vary among cell types depending on the nature of integrin expression,
and therefore places different cells at different locations on the biphasic curve relating cell

migration to cell adhesion.

Physiologically, the strength and specificity of adhesion can be modulated by
environmental factors to enhance cell migration, such as during wound healing, when resident
fibroblasts are stimulated by cytokines and growth factors released at the wound site to migrate
into the provisional matrix [16]. In vitro, fibroblasts in collagen gels exhibit minimal migration
under standard culture conditions, but increase in motility significantly when exposed to growth
factors such as the BB isoform of platelet-derived growth factor (PDGF-BB) [17], basic fibroblast
growth factor (bFGF) [18], or epidermal growth factor (EGF) [19]. Clinically, the ability to
increase cell migration has broad applications in regenerative therapies, where repopulating
damaged or engineered tissues with host cells can accelerate healing and recovery, including
wound healing [20] and peripheral nerve and spinal cord regeneration [21]. Although cell
migration can generally be enhanced via exogenous soluble factors [22, 23], genetic

reprogramming [24, 25], or by blocking adhesion with soluble, competitive ligands [26], from a
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tissue engineering perspective, the ability to enhance cell migration through collagen scaffolds
via intrinsic properties of the biomaterial without the inclusion of technology for the controlled
release of soluble factors or the genetic manipulation of cells would have great clinical potential.
The specificity and strength of collagen adhesivity have been increased by covalently grafting
bioactive peptide sequences associated with integrin-mediated binding to the collagen
backbone [8, 27, 28]. However, to increase the speed or motility of many cell types on or within
collagen, a decrease in the adhesivity is required [7, 29].. Herein we show that grafting GRDGS,
nominally a scrambled, non-adhesive peptide control for GRGDS [26], decreases fibroblast and
smooth muscle cell adhesion to collagen gels. The decrease in cell adhesion decreased the
ability for these cells to compact free-floating collagen gels, and, at low-to-moderate

concentrations of grafted peptide, increased cell migration.
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2.3.Methods and Materials

2.3.1. Cell Culture

Experiments were performed with rat dermal fibroblasts (RDFs) and human aortic smooth
muscle cells (SMCs). RDFs were obtained using a primary explant technique from rat pups that
constitutively express green fluorescent protein via an actin promoter (tissue generously
provided by the W.M. Keck Center for Collaborative Neuroscience). Cell lines were initiated for
culture by thawing an aliquot of cells and centrifuging at 2,000 rpm for 2 min at 4°C. The pellet
of cells was resuspended in Dulbecco's modified Eagle's medium (DMEM) supplemented with
penicillin-streptomycin (pen-strep) (1% v/v) and L-glutamine (1% v/v) (Sigma, St. Louis, MO).
Cells were plated in T25 flasks using 4 ml of DMEM with 10% fetal bovine serum (FBS), 1% pen-
strep, and 1% L-glutamine and kept in a humidified CO, incubator at 37°C. Trypsin/EDTA (Sigma)
was used to passage the cells once a week at a 1:8 dilution. Flasks (75-90% confluent) were
harvested with 0.5% Trypsin/EDTA and washed twice with DMEM supplemented with 10% FBS
(Atlanta Biologicals, Atlanta, GA), 1% pen-strep, and 1% L-glutamine. All experiments were
conducted before the twelfth passage, at which point a new culture was initiated from frozen
cells. SMCs (a gift from Dr. Gary Nackman at the University of Medicine and Dentistry of New
Jersey — UMDNJ) were cultured in MCDB-131 medium with SmGM-2 SingleQuot
(Cambrex/Clonetics, Walkersville, MD). SMCs were stored and cultured in a manner similar to

RDFs. All experiments with SMCs were conducted before passage eight.

2.3.2. Conjugation of Peptides to Collagen Backbone

Two peptide sequences, GRGDS (RGD) and GRDGS (RDG) were custom synthesized (Genscript,

Piscataway, NJ) and were conjugated to the backbone of collagen in suspension. A hetero-
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bifunctional coupling agent, 1-ethyl-3-(3-Dimethylaminopropyl) carbodiimide (EDC, Sigma), was
used to activate the carboxylic group of the peptide by mixing 1ml of a 1M solution of EDC in
MES buffer (pH 2-4, Sigma) with 2 mg of peptide for ten minutes at 37°C. The peptide-EDC
mixture was added to 5ml of a 3mg/ml suspension of type | collagen (Elastin Products,
Owensville, MO) in 0.02N acetic acid. The activated peptide covalently bound to free amines on
residues on the collagen backbone via nucleophilic attack. A low pH buffer was used while
coupling peptides to the collagen backbone to avoid self-assembly of collagen fibers. Peptide-
EDC-collagen mixtures were incubated on a shaker overnight at 4°C and then dialyzed against
0.02N acetic acid for 12 hours using snakeskin dialysis tubing with a 10kD molecular weight
cutoff (Pierce Biotechnology, Rockford, IL) to remove unconjugated peptide. Dialyzed peptide-
grafted collagen was lyophilized at -150°C and 50mTor for 12 hours to remove all water.
Lyophilized product was re-suspended in 0.02N acetic acid to make a 3mg/ml solution of grafted
collagen. The efficiency of peptide grafting was measured indirectly by grafting peptides that
included a FITC tag during synthesis (Genscript) and comparing the fluorescence intensity of
grafted collagen after reconstitution to a standard curve created by admixing fluorescent
peptide into collagen solution. Efficiency ranged between 50-60%, resulting in 67-80ug

peptide/mg collagen.

2.3.3. Collagen Gel Preparation

Type | collagen gels were prepared by mixing 20 ul 1M Hepes buffer (Sigma), 140 pl 0.1N NaOH
(Sigma), 100ul 10X Minimum Essential Medium Medium (MEM) (Sigma), 52 pl M199 (Invitrogen,
Carlsbad, CA), 1 pl pen-strep ((5000 units of penicillin and 5000 mg streptomycin/ml in 0.85%
saline) (Sigma), 10 wl L-Glutamine (29.2 mg/ml in 0.85% saline) (Sigma), and 677 pl of 3.0 mg/ml

collagen (grafted or native) to make a 2.0 mg/ml collagen solution. To prepare gels with
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different concentrations of grafted collagen, peptide-grafted collagen solutions were diluted
with native collagen solutions at varying ratios. The native and grafted collagen solutions self-
assemble into a gel upon incubation at 37°C. For assays with RDFs, three concentrations of
grafted RGD or RDG peptides were investigated: a ‘high’ (H) concentration of 133ug/ml
(~0.25mM), a ‘medium’ (M) concentration of 67ug/ml (~0.125mM), and a ‘low’ (L)
concentration of 33.5ug/ml. For experiments with SMCs, only the 'medium' concentrations of

grafted RDG and RGD were assayed.

2.3.4. Fibril Size and Density

High-magnification confocal microscopy was used to estimate the effects of the peptide grafting
on collagen fiber size and density. Straight 1cm long, 500um wide, and 100pm deep channels
were generate in poly(dimethyl siloxane) (PDMS) (Fisher Scientific, Pittsburgh, PA) using
standard soft lithography and were bonded to glass coverslips. The channels were filled with
grafted or native collagen solution spiked with FITC-labeled collagen (10% v/v; Elastin
Products), to allow for visualization of fibers. Devices were transferred to a Leica TCS SP2/MP
confocal microscope (Leica Microsystems, Exton, PA). Images were taken at 63X with a 2X
digital zoom at 488nm excitation with a 500- 535nm emission bandpass filter. All image frames
underwent two line and frame averaging. Three images were taken at random in each device.
Each image was divided into nine equal squares. The average number and diameter of fibers was
determined in three of the nine squares with the image analysis software. The analysis was
repeated for 3 gels in each condition, and results were compared with ANOVA (significance set

at P <0.05).
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2.3.5. Mechanical Testing of Scaffolds

Potential effects of the grafting procedure on the mechanical properties of the resulting self-
assembled gels were assessed via parallel plate rheometry using a Rheometrics SR- 2000
rheometer (TA Instruments, New Castel, DE), as previously described [30]. Briefly, A 25-mm
diameter hole was punched in a 4-mm thick layer of PDMS. Collagen solution (800 pL) was
pipetted into the punched well and transferred to a 37°C incubator to induce self-assembly. The
gels were carefully removed with a spatula and transferred to the bottom plate of the
rheometer. The top plate was lowered to a height of 0.8 mm. The dynamic storage and loss
moduli of the gel were evaluated at 1% shear strain amplitude at frequencies ranging from 0.1
to 5 Hz for three samples prepared from separate batches of native collagen and RGD-grafted
collagen. The storage moduli were compared with ANOVA at discrete frequencies. Significance

levels were set at P < 0.05.

2.3.6. Adhesion Assay

RGD- and RDG-grafted collagen solutions at low, medium, and high concentration, as well as
native collagen solutions (200ul), were pipetted into separate wells of a 24-well plate in

triplicate and allowed to self-assemble at 37 °C and 100% humidity. RDFs (100 ul of a 50,000

cells/ml suspension) were seeded on the gels and allowed to settle and attach for 1 hour.
Wells were rinsed three times with 1ml PBS in five-minute intervals. The remaining cells
were stained with Calcein AM (Invitrogen) using an Olympus IX81 inverted epifluorescent
microscope (Olympus, Melville, NY) with a 4X objective and a FITC filter. Images were

captured digitally (Hamamatsu ORCA, Hamamatsu City, Japan) using Olympus Microsuite
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software). The number of cells in each field of view were counted using Image Pro Plus
(Version 5.1 for windows, Media Cybernetics, MD). Three randomly selected fields were
imaged and quantified for each well. The data were analyzed statistically with ANOVA. Post
hoc pairwise comparisons were performed with Tukey's test. Significance levels were set at
P < 0.05. The adhesion assay was repeated with SMCs for the RGD-M, RDG-M, and the
control collagen conditions. Images and data were collected and analyzed in a similar

manner.

2.3.7. Gel Compaction Assay

The effects of peptide grafting on the ability of cells to exert traction on the fibrillar collagen
network were indirectly evaluated by measuring cell-mediated compaction of free floating
collagen disks. RDFs (50,000 cells/ml) were suspended in type | collagen solutions with a
specified volume fraction of RDG- or RGD-grafted collagen. A PDMS annulus (4.75mm ID, 4mm
height) was placed in a well of a 24-well plate and was filled with 35 pl of the cell/collagen
suspension. The plate was transferred to a humidified incubator operating at 372C and 5% CO,
to induce self-assembly of the collagen and entrap the cells within the forming fibrillar network
[31]. The collagen did not adhere to the PDMS, and following self-assembly, addition of 500 pl of
DMEM to the well caused the gelled disc to float out of the ring. The plate was then returned to
the incubator. Without a mechanical constraint to compaction, traction is exerted isotropically
[12, 32], and as such, the cell-mediated compaction resulted in a uniform reduction in the size of
the disk. An image of the compacting collagen disc was taken at day 0 and then every 24hrs for 6
days using a dissection microscope (Carl Zeiss, Inc., Thornwood, NY) equipped with a digital
camera (MatrixVision, Oppenweiler, Germany). The area of the collagen disc was measured

from the images using ImageJ (NIH, Bethesda, MD). Each condition was done in (at least)
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triplicate on a particular day, and the design was repeated 4 times. The amount of compaction
was determined by comparing the area of the disk to its initial area at day 0. Statistical
significance was evaluated with a one-way ANOVA. Significance levels were set at P < 0.05. The
compaction assay was repeated with SMCs for the RGD-M, RDG-M, and control collagen

conditions. Images and data were collected and analyzed in a similar manner.

2.3.8. Migration Assay
The effects of peptide-grafting on cell migration both on collagen gels (2D migration) and within

collagen gels (3D migration) were assayed using methods similar to Shreiber et al. [13] A 200ul

aliquot of collagen solution was pipetted into wells of a 24-well plate and allowed to self-
assemble at 37°C and 100% humidity. RDFs or SMCs (5,000/well) were seeded on the gels. SMCs
were pre-stained with Lysotracker Red (Invitrogen) to visualize the cells using TRITC optics
during time-lapse epifluorescent microscopy. A custom-built on-stage incubator was placed on
the computer-controlled stage of the Olympus IX81 to maintain temperature and humidity
during the time lapse experiment. RDFs were visualized using FITC optics via the constitutively
expressed GFP. For experiments in collagen gels (which were not free-floating, but rather were
adherent to the tissue culture plastic at the bottom and around the perimeter of the gel) 1,000
cells/well were introduced into the collagen prior to casting the gel, similar to the compaction
studies described above. Fewer cells were used in gels than on gels to limit cell-mediated
compaction of the gel, which introduces a significant convective component to cell position that
complicates quantifying cell migration. FITC-fluorescent beads were included in two
experiments to assess convective movement of collagen gels, which was judged to be minimal
(data not shown). The plates were returned to the incubator, and the cells were allowed to

attach and spread for 3 hours prior to initiating time-lapse microscopy.



23

Time-lapse microscopy of cell migration was performed via a computer-controlled stage

of an Olympus IX81 inverted microscope with a temperature-controlled incubation chamber set

to maintain 37°C (TA Instruments, New Castle, DE). Air buffered media (medium 199 - M199,
(Gibco) with Hanks' salts supplemented with 10% FBS, 1% pen-strep, and 1% L-glutamine) was

used for the duration of the time-lapse experiment. Images for the migration assay were captured

digitally using Olympus Microsuite Imaging Software. Three fields of view were imaged in each
well with a 4x objective at 10-15 minutes for 12—14 hours, which captured the X-Y position of

cells within the field. The Z-position of cells, even within gels, was not recorded.

Images were processed using Matlab’s image processing toolbox (Mathworks, Natick, MA);
original images were filtered and binarized to subtract background fluorescence, when required.
Processed images were imported into Image Pro Plus (Media Cybernetics, MD) to determine
two dimensional spatial cell tracks for each cell in view, which were then verified manually. At
least 50 cells in each well were tracked. The average mean squared displacement (MSD - <d?(t)>)
for each well was calculated over all time intervals using overlapping intervals [33]. The resulting
<d’(t)>) vs. time interval (t) data were fit to a persistent random walk model assuming two

dimensional migration,

<d2(z)> = 4;{1 - P(l Lo ﬂ

to determine the cell motility coefficient u and the persistence time, P [34].

For RDFs within collagen and SMCs on collagen, three conditions (RDG-M, RGD-M, and

collagen) were assayed in each experiment in triplicate, and the design repeated three times.
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For the dose-response RDF experiments on collagen, separate experiments were performed
with RDG (RDG-L, RDG-M, RDG-H, and collagen) and with RGD (RGD-L, RGD-M, RGD-H, and
collagen), with each condition performed in triplicate and each design repeated three times. The
cell motility coefficients and persistence times were analyzed for statistical significance using a

one-way ANOVA. Significance levels were set at P < 0.05.
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2.4.Results

2.4.1. Physical
Characteristics of
Collagen Gels

The effects of peptide grafting on the

collagen fiber microstructure were

Figure 2 Confocal Micrographs of Collagen

estimated from high magnification Confocal micrographs of (A) native and (B) peptide-
grafted collagen (RGD-M shown). No overt differences
confocal micrographs (Figure 2). No were apparent in collagen gels formed following peptide-

grafting, and no significant differences were identified in
estimates of fiber number (ANOVA, P = 0.702) or size

differences in the average number of
(ANOVA, P = 0.538). (Bar = 10(1m).

collagen fibers (ANOVA, P=0.702) or the

average thickness of fibers (P=0.538) were detected between peptide-grafted and native
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Figure 3 Cone Plate Rheology Results- Native and consistent with our previous reports [30]
Grafted Collagen

Average storage and loss moduli (+/- standard error) No significant differences were detected in

for native and peptide-grafted collagen. The procedure

for grafting peptides on to collagen had little effect of storage or loss moduliat 0.1, 1, 2.5, or 5Hz
the rheological properties of the resulting fibrillar gel,
as measured with parallel plate rheology. No (ANOVA, min P =0.70). Together, these

significant differences in storage or loss moduli were

detected across the frequency sweep (max P = 0.703) results indicate that grafting peptides to

collagen oligomers does not interfere
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significantly with self-assembly into a fibrillar hydrogel, which is consistent with previous studies

employing similar techniques [27].
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adhesion and (B) SMC adhesion. a roughly sigmoidal, dose-dependent
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increased on RGD-grafted gels and decreased on

RDG-grafted gels. RDF adhesion was assayed at 3
concentrations of RDG and RGD, and demonstrated
a dose-response relationship (ANOVA, P<0.001).
SMC adhesion was assayed at the medium
concentration of grafted peptides, and also
demonstrated a significant dependence on peptide significantly different (max P = 0.009)
grafting (ANOVA, P < 0.001).

analysis with Tukey's test demonstrated

that all pairwise comparisons were

except the following pairs: RDG-H and RDG-

M (P = 0.995), RDG-M and RDG-L (P = 0.061), and RGD-L and RGD-M (P = 0.530).
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Figure 5 Effects of peptide-grafting on cell mediated
compaction of free-floating collagen gels

Effects of peptide-grafting on (A) RDF- and (B) SMC-mediated

compaction of free-floating collagen gels (average degree of

compaction +/- standard error). RDF-mediated compaction

demonstrated a dose-response dependence on the
concentration of grafted RGD or RDG peptide (ANOVA, P <

0.001.) Compaction was increased in gels prepared with RGD-

grafted collagen and decreased in gels prepared with RDG-

grafted collagen. Similar significant trends were identified with
SMCs at the medium concentration of peptide grafting
(ANOVA, P =0.007).
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The effects of modulating cell
adhesion to collagen via peptide-
grafting on cell-mediated
compaction of collagen gels were
evaluated in cell-populated, free-
floating collagen gels over a six-
day period (Figure 5). Increasing
cell adhesion via grafting of RGD
peptides increased the degree of
cell-mediated compaction by both
RDFs and SMCs. Conversely,
decreasing cell adhesion via
grafting of RDG peptides
decreased the ability of these cells
to compact collagen gels.
Significant differences were found
in compaction among conditions
at each of the 6 days following cell
seeding for SMCs (ANOVA, max
P=0.009) and RDFs (ANOVA, max
P<0.001). In general, decreasing

adhesion (via RDG-grafting) had a
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greater negative effect on compaction than the positive effect induced by increasing adhesion

(via RGD-grafting).

2.4.4. Migration

The influence of modulating adhesion to collagen gels via peptide grafting on cell migration was
assayed in two and three dimensional systems with RDFs, and in a two dimensional system with
SMCs. Separate sets of RDF dose-response experiments were performed with RGD-grafted
collagen and with RDG-grafted collagen, each with native collagen controls. Cell motility was
significantly decreased below controls for RGD-grafted collagen (P =0.025). No significant
differences were detected among the RGD conditions (Pairwise comparisons with Tukey's test,
min P = 0.99) (Figure 6 A). In contrast, cell motility demonstrated a statistically significant
(ANOVA, P=0.003), bimodal dependence on the concentration of RDG that was grafted to
collagen, first increasing at low and medium concentrations of grafted RDG, and then decreasing
to near control levels when adhesion was further decreased via a high concentration of grafted
RDG (Figure 6 B). Tukey's test revealed significant differences between RDG-L and collagen (P =
0.005) and RDG-L and RGD-H (P = 0.024). No other comparisons were significantly different (min
P =0.077). Cell migration assays were also performed with the RDG-M and RGD-M conditions
for RDFs migrating within a collagen gel (Figure 7 A) and for SMCs migrating on a collagen gel
(Figure 7 B). RDF migration within collagen gels significantly depended on peptide-grafting
(P=0.005). Migration was increased in RDG-grafted gels and decreased in RGD-grafted gels
compared to collagen controls. Similar trends were observed with SMCs migrating on collagen
gels, but these differences were not statistically significant (P = 0.157). No significant differences
were observed in the persistence time of each cell population on or in the various scaffolds (min

P =0.256).
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Figure 6 Effects of peptide-grafting on cell migration on collagen gels

Effects of peptide grafting on (A) RDF migration in collagen gels and (B) SMC migration on collagen
gels. Both cells demonstrated increased migration with RDG-M collagen and decreased migration with
RGD-M collagen. The differences were statistically significant (ANOVA, P = 0.005) for RDFs migrating
in collagen gels, but not significant (P = 0.157) for SMCs migrating on collagen gels.
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Figure 7 Dose-response effects of peptide grafting on the random migration coefficient

Dose--response effects of peptide grafting on the random migration coefficient (average +/- standard error)
for RDFs migrating on collagen gels. (A) RGD-grafted collagen; (B) RDG-grafted collagen. Cell migration
was decreased on RGD-grafted gels compared to collagen (ANOVA, P = 0.025), but no dose-dependence
was identified in post-hoc tests (Scheffe's test, min P = 0.99). Cell migration was significantly affected by
RDG-grafting (ANOVA, P = 0.003). Post hoc tests revealed that migration on the RDG-L condition was
significantly greater than RDG-H (P = 0.042) and collagen (P = 0.010), but was not distinguished from
RDG-M (P = 0.547). The RDG-M condition was not significantly different than collagen (P = 0.119) or RGD-
H (P =0.360).
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2.4.5. Adhesion-Migration-Compaction Relationships

To examine the relationships among cell adhesion, cell migration, and cell traction via cell-
mediated compaction, data from RDF dose-response adhesion, compaction (after 24hrs), and
migration experiments were plotted on the same sets of axes. First, data sets from individual
experiments were normalized to the average control condition for that day, and the normalized
values were averaged across all experiments. These data were then grouped according to the
grafting condition (RGD-L, M, H or RDG-L, M, H) and plotted as [adhesion, migration] and
[adhesion, compaction] X-Y pairs. Figure 8 demonstrates the observed biphasic response of

migration to cell adhesion and the monotonic response of gel compaction.

2.5.Discussion
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Figure 8 Inferred dependence of cell migration and cell-mediated compaction on the level of cell adhesion.
For the dose-response RDF experiments, the average adhesion, migration, and compaction (after 24hrs)
from each experimental set was normalized by the average response in the control conditions for that set.
These normalized values were then averaged across all experiments and plotted as (migration, adhesion)
and (compaction, adhesion) X-Y pairs (+/- standard error). At low levels of adhesion, both cell migration
and cell-mediated gel compaction (via cell traction) are inhibited. As adhesion increases, an optimal level is
reached for cell migration, after which the elevated adhesive forces limit the ability for cells to detach from
the substrate, which is observed as a decrease in migration. Conversely, the elevated adhesive forces
increase the ability for the cells to exert traction and compact the fibrillar collagen network.

It is generally accepted that a biphasic relationship exists between cell adhesion and cell
migration, where an optimum density of integrin-ligand binding creates the most favorable
force balance for cell migration [7]. We demonstrated that this can be accomplished for
naturally adhesive biomaterials by covalently grafting non-adhesive peptide sequences to mask
native adhesion. Addition of non-adhesive RDG decreased adhesion and cell-mediated
compaction, and increased cell migration, whereas addition of bioactive RGD to collagen

increased adhesion and cell-mediated compaction, but had little effect on cell migration.
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In vitro, bioactive peptides are commonly applied to functionalize a synthetic, non-adhesive
surface [35]or are added in a soluble form to inhibit adhesions [36-38]. These peptides can elicit
cell behavior though synergistic adhesion-mediated phenomena [36] and binding-mediated
intracellular pathways [39]. Scrambled sequences or sequences with a substituted peptide are
often used as controls for these experiments, and cells are typically blind to these scrambled
versions [40-43]. Using heterobifunctional coupling systems, covalent grafting of the bioactive
peptides to naturally bioactive biomaterials, including collagen, has been employed to increase
the level and specificity of adhesion without significantly altering the physical structure of the
assembled network of collagen fibers or the mechanical properties [27]. In general, increasing
adhesion will result in increased cell traction [11, 44], which can be inferred from measurements
of gel compaction . Our compaction results with RGD-grafted collagen are consistent with this
notion. However, rarely are the results of grafting control peptides reported. Notable exceptions
are reports from Burgess et al. [8] and Myles et al [27], who demonstrated a monotonic increase
in adhesion of K1735 melanoma cells to increasing concentrations of GRGDSPC grafted to type |
collagen, but a biphasic response in cell migration within a 3D collagen gel. No changes were

noted in adhesion or migration with the scrambled peptide, GRGESPC.

The contradictory results from Myles et al. and Burgess et al. compared to those presented
herein are likely explained by important differences in the respective cell types and/or coupling
agents. Although melanoma cells express a1f31 and o231 integrins, which have a high affinity
for collagen and are generally accepted to recognize the peptide sequence GFOGER [14], the
motility of the highly metastatic K1735 cells is mediated by expression of a3 integrins [45,
46], which primarily recognizes RGD sequences in vitronectin and fibronectin. As such,
increasing adhesion via addition of RGD to collagen shifts the position of the cells on the curve

towards the right, first towards the peak of the curve and an optimal adhesion level for
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migration, and then to a level of adhesion too great for effective migration. Surprisingly,
Burgess et al. found that, while the K1735 cells demonstrated a biphasic relationship between
cell migration and cell adhesion, the relationship was not due to a similar response in cell speed,
but rather a biphasic response in persistence time. Instead, cell speed was found to decrease
monotonically with increasing adhesion. This result may be indicative of the colonizing nature of
the metastatic K1735 cells. Burgess et al. also note potential distinctions between assaying
migration on a 2D surface and within a 3D network. In a 3D system, increased cellular
interactions with and reorganization of the matrix is involved, and the adhesivity, stiffness, and
porosity can work in concert to affect migration [44, 47]. However, we observed an inverse

correlation between adhesion and migration for cells both in and on gels.

In our experiments, we used normal RDFs and SMCs. Both of these cells express 131 and
o231 integrins and employ these integrins in regulating the collagen network and cellular and
tissue functions [48-51]. Moreover, neither cell is naturally motile unless stimulated by a change
in environmental cues, as occurs, for instance during wound healing [20], and both the RDFs and
SMCs would reside naturally on the right end of the biphasic relationship between adhesion and
migration. Accordingly, further increasing adhesion via addition of RGD has a negative to
minimal effect on migration, and a disruption in adhesion is required to increase migration. A
decrease in adhesion would also be reflected in gel compaction, where the ability to exert

traction sufficient to compact the collagen gel is diminished.

The other chief difference between the studies was the reagent(s) used to couple the
peptides to collagen. In Myles et al and Burgess et al., sulfosuccinimidyl 6-[30-2-(pyridyldithio)-
propionamido] hexanoate (Sulfo-LC-SPDP) was used to conjugate RGD peptides to collagen,

whereas we used EDC [8, 27]. Neither technique appears to overly influence the mechanical or



35

structural properties of the fibrillar gels. We note that the confocal technique, with a resolution
limit of ~200nm, offers a less precise estimate of structure than the scanning electron
micrography (SEM) used by Myles, but when combined with the rheological data and dose-
response adhesion data, provides reasonable assurance that the observed differential response

of the cells to the gels was due to adhesive binding (or lack thereof).

The Sulfo-LC-SPDP reacts with the short collagen oligomers to form an amine bond, and
then the 2-pyridil disulfide group is reacted with the sulfhydryl group of the cysteine residue on
GRGDS or GRGES to form a disulfide bond. As a result, a 15A spacer is introduced between the
conjugated peptides and the collagen [52] , and the non-adhesive, scrambled peptide may not
interfere with binding to nearby ligands or with integrin clustering. The spacer may also
influence the traction exerted on the collagen fibers via the grafted RGD by providing a
potentially compliant structure between the peptide and fiber. Conversely, covalent coupling via
EDC leaves no spacer [53], and the grafted scrambled peptide may mask natural adhesion sites
more efficiently, and allow more direct transfer of traction for RGD grafted collagen. Hern and
Hubbell have reported that fibroblast spreading on RGD-modified poly(ethylene glycol)
diacrylate networks, which were naturally non-adhesive, was significantly affected by including a
PEG spacer between the network and grafted peptide [35], though that spacer was ~10x the
molecular weight of the Sulfo-LC-SPDP spacer. Similar results were demonstrated by Park et al

with a non-adhesive, thermoreversible N-isopropylacrylamise hydrogel [54].

Type | collagen has been extensively researched as a biomaterial for a variety of tissue
engineered regenerative therapies, including skin, blood vessels, ligaments and tendons, and
peripheral nerves and spinal cords. The ability to manipulate the intrinsic adhesivity of collagen,

and thereby modulate both cell migration and cell traction, can provide valuable flexibility to
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these approaches, particularly if spatial control of differentially-grafted collagen can be achieved
to provide distinct regions that promote adhesion or promote contraction. It should be
recognized that the cells in these different applications may require different degrees of peptide
grating (scrambled and/or bioactive) to achieve the desired properties. Additionally, the
relationships among migration, adhesion, and traction become more complex when considering
cells within a three-dimensional system capable of cell-mediated reorganization, such as a
collagen or fibrin gel, where the stiffness of the gel and the resultant change in porosity and cell
density can also contribute to the observed behavior [11]. Our technique allows the adhesivity
of these systems to be altered without affecting significantly the initial structure or stiffness, and

may therefore provide a valuable platform to further elucidate these complex relationships.
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Chapter 3

3. Sox-1 Expression of Embryonic Stem Cells in Positively and
Negatively Modulated Adhesive Collagen Gels

3.1. Introduction

Stem cells in vivo exist in an extracellular matrix. The extracellular matrix once thought to
function merely as a scaffold to support the growth of cells and maintenance of tissue and organ
structure has been now identified to regulate many aspect of cell behavior, including cell shape
[1-5], migration [6, 7], adhesion [8], proliferation and growth [1], cell survival and
differentiation[9-17]. It consists of several structural proteins such as collagen, laminin,
fibronectin and elastin that are susceptible to degradation and reassembly. Present on these
structural proteins are unique sequences of peptides that dictate preferential cell binding. These
specialized sequences provide specific signaling and adhesive cues that regulate down stream
signaling and cell behavior. Cells attach to the ECM via integrins and these cell specific adhesion
sites. Integrins link the actin cytoskeleton of the cell to the ECM via cytoplasmic binding proteins
allowing for cells to rprobe, remodel and respond to the ECM surrounding it [18-21]. Matrix

remodeling is particularly noticeable during development.

During the normal process of development, multipotent stem cells make many cell fate
decisions and migrate to form the familiar layers and patterns in a blastula and subsequently the
embryo. These choices are determined by a combination of intrinsic and extrinsic signals. The
genetic make up of the cells determine the intrinsic cues. The intrinsic cues can be regarded as
the set of instructions activated and modulated by the spatial and temporal organization of

extrinsic factors. Extrinsic cues are signals received by the cell that elicit a response that
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mediates a translation of genetic material to proteins. Extrinsic cues may be either soluble or
contact mediated; their sources can be local or distant. Contact cues include physical cues such
as matrix stiffness and adhesion, both of which are perceived by cells primarily via integrins.
Several groups have extensively studied the importance of matrix stiffness in the regulation of
stem cells [22-27]. For example, Engler et al. have shown that the elastic modulus of the
substrate stem cells are grown on is a key regulator for differentiation of mesenchymal stem
cells to a particular lineage[22]. Stem cells will preferentially differentiate towards cells from
tissues that the substrate modulus they are cultured on mimics. To a lesser degree, the
influence of cell matrix adhesion has only indirectly been suggested to direct the differentiation
of stem cells. Hakuno et al have shown that the stabilization of focal adhesions preferentially
differentiates stem cells towards cardiacmyocytes, cells that are derived from the endoderm
germ layer [28]. The discrepancy between the number of studies investigating stem cell matrix
stiffness and adhesion is particularly surprising given the direct correlation of focal adhesion
formation and matrix stiffness[29]. The coupling of the matrix stiffness and adhesion makes it
important to elucidate the response of stem cells to each factor. Herein, we assayed the
differentiation of sox1 reporting murine embryonic stem cells towards Neuroectoderm
formation by increasing and decreasing adhesion of cells to collagen while maintaining the
stiffness constant. Sox-1 is part of the SRY-box containing gene family. Within the developing
CNS sox-1 maintains neural cells in an undifferentiated state and is often used as a marker for
neural stem cells [30].The adhesion of cells to collagen was modulated as in chapter 2. The
adhesion of cells to collagen gels was non-specifically increased by grafting a ubiquitous matrix
peptide binding site ‘RGD’ onto the collagen backbone. Grafting a scrambled version of the
same, ‘RDG’ retarded cell adhesion. The results from this study indicate stem cells can respond

to ubiquitous ECM adhesive cues and integrate the biophysical signal to regulate its
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differentiation. Increasing adhesion differentiates murine embryonic stem cells away from
neural lineages while decreasing adhesion preferentially increases sox-1 expression over a

period of ten days.

3.2. Methods and Materials

3.2.1. Grafted and Collagen Gel Preparation

Peptide grafted and native collagen gels were prepared as in Monteiro et al. [31]. Briefly, Type |
collagen gels were prepared by mixing 20 pul 1M Hepes buffer (Sigma), 140 ul 0.1N NaOH
(Sigma), 100ul 10X Minimum Essential Medium Medium (MEM) (Sigma), 52 pl M199 (Invitrogen,
Carlsbad, CA), 1 pl pen-strep ((5000 units of penicillin and 5000 mg streptomycin/ml in 0.85%
saline) (Sigma), 10 pl L-Glutamine (29.2 mg/ml in 0.85% saline) (Sigma), and 677 pl of 3.0 mg/ml
collagen (grafted or native) to make a 2.0 mg/ml collagen solution. Native and grafted collagen

solutions self-assemble into a gel upon incubation at 37°C.

3.2.2. Cell Culture

Experiments were performed using a Sox1 reporting knock in murine embryonic stem cell line
[32], these cells developed by Dr. Austin Smith of the Institute for Stem Cell Research at the
University of Edinburgh. They have has been previously differentiated into cells from all three
germ layers as well as have been terminally differentiated into astrocytes, neurons and
oligodendrocytes [32]. When cultured in the neural differentiating media the GFP reported for
sox-1 is increasingly expressed for 7 days and then is reduced on days 8 thru 10. Cells were a gift
from Dr. Biju Parekkadan at Harvard University. All cell cultures were maintained in a humidified
379C, 5% CO2 environment. The mES cells were maintained in an undifferentiated state in T-75

gelatin-coated flasks (Biocoat, BD-Biosciences, Bedford, MA) in Knockout Dulbecco’s modified
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Eagles medium (Gibco, Grand Island, NY) containing 15% knockout serum (Gibco, Grand Island,
NY), 4 mM L-glutamine (Sigma—Aldrich, St. Louis, MO), 100 U/ml penicillin (Sigma—Aldrich, St.
Louis, MO), 100 U/ml streptomycin (Sigma—Aldrich, St. Louis, MO), 10 mg/ml gentamicin (Gibco,
Grand Island, NY), 1,000 U/ml ESGRO™ (Chemicon, Temecula, CA), 0.1 mM 2-mercaptoethanol
(Sigma—-Aldrich, St. Louis, MO). ESGRO™ contains leukemia inhibitory factor (LIF), which
prevents ES cell differentiation. Every 2 days, media was aspirated and replaced with fresh
media. Flasks (75-90% confluent) were harvested with 0.5% Trypsin EDTA (Sigma—Aldrich, St.
Louis, MO), following media aspiration and washing with 6 ml of phosphate buffered solution
(PBS) (Gibco, Grand Island, NY). Cells were detached following incubation with 3 ml of trypsin
(Gibco, Grand Island, NY) for 3 min, resulting in a single cell suspension. Trypsin was neutralized
by 4 mls of proliferation media. Harvested cells were then either re-plated in gelatin-coated T-75
flasks at a density of 1 million cells/ml or seeded on native and grafted collagen scaffolds one
hour after gel self-assembly. ES cells at 75% confluence, cells were washed with PBS and placed
in N2B27 medium, which is a 1:1 mixture of DMEM/F12 medium supplemented with N2 and
Neurobasal medium supplemented with B27 (all from Invitrogen, US). The differentiation
(N2B27) medium was changed every two days for the duration of the experiment. Cells were
seeded at a density of 50K/ ml on scaffolds. 200 ul of cells in were added to each well of a 24

well plate.

3.2.3. Adhesion Assay
RGD- and RDG-grafted collagen solutions at low, medium, and high concentration, as well as native
collagen solutions (100ul), were pipetted into separate wells of a 24-well plate in triplicate and
allowed to self-assemble at 37 °C and 100% humidity. ES cells (200 ul of a 50,000 cells/ml

suspension) were seeded on the gels and allowed to settle and attach for 3 hours. Wells were
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rinsed three times with 1ml PBS in five-minute intervals. The remaining cells were stained with
DAPI (Invitrogen) and imaged using an Olympus I1X81 inverted epifluorescent microscope
(Olympus, Melville, NY) with a 4X objective and a DAPI filter. Images were captured digitally
(Hamamatsu ORCA, Hamamatsu City, Japan) using Olympus Microsuite software. The number of
cells in each field of view were counted using Image Pro Plus (Version 5.1 for windows, Media
Cybernetics, MD). Three randomly selected fields were imaged and quantified for each well. The
data were analyzed statistically with ANOVA. Post hoc pair wise comparisons were performed

with Tukey's test. Significance levels were set at P < 0.05.

3.2.4. Fluorescence Activated Cell Counting

The BD FACS CaliburTM (San Jose, CA) system was used to quantify GFP expression of Sox-1
positive cells. Cell medium was aspirated from 24 well plates, cells were washed with PBS and
trypsinized for 1 min and re-suspended in PBS. Cells were then analyzed using histogram plots
measuring count values of FL-1 (green fluorescence). A fluorescence threshold was set at the
base of a bell shaped distribution of FL-1 fluorescence of undifferentiated sox-1 transfected
stem cells cultured in the presence of LIF. Cells above the threshold were considered positive.
GFP expression was measured for 3 independent experiment sets in duplicate every other day
for 10 days. Data was analyzed for statistical significance using an ANOVA. Significance levels

were set at P<0.05. Pair wise comparisons were done using a Tukey's post hoc test.



3.3. Results

3.3.1. Adhesion

Grafting bioactive and scrambled
peptides significantly affected cell
adhesion to collagen gels. Sox 1
expressing ES cell adhesion (Figure
9) increased above controls on
collagen grafted with RGD, and
decreased below controls on collagen
grafted with RDG (ANOVA, P<0.001).
Post hoc analysis with Tukey's test
demonstrated that all pair wise
comparisons were significantly
different (max P = 0.007) except the

following pairs:
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Adhesion of cells on Substrate

# of Cells in a 4X Frame

RDG Collagen RGD TCP
Conditions

Figure 9 Embryonic Stem cell adhesion to peptide grafted
collagen

Sox 1 expressing embryonic stem cell adhesion increased
above controls on collagen grafted with RGD, and decreased
below controls on collagen grafted with RDG (ANOVA,
P<0.001). Cell adhesion to tissue culture plastic varied
considerably between experimental sets.

Collagen: RGD Collagen and RGD Collagen: TCP. The number of cells seen attaching to TCP

varied considerably between experimental sets. On average however, the TCP condition had the

greatest number of cells that remained attached to scaffolds after rinses.
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3.3.2. Fluorescence Activated Cell Counting

For all conditions the
number of sox1 positive
cells that expressed GFP
increased on days 2,4 and
6 and decreased on days 8
and 10. Grafting bioactive
and scrambled peptides
significantly affected the
sox-1 expression of cells as
measured on day 4
(ANOVA .009), day 6
(ANOVA .001), day 8
(ANOVA 0.001) and day 10

(ANOVA 0.001). On

Sox-1 Expression Across Substrates
jald]

Collagen
ROG
RGD
TCP

a0

EOCOM

45
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% of Cells Sox-1 Positive

Cay 2 Cay 4 Day B Cay 8 Cay 10

Figure 10 Percentage of Sox-1 related GFP expressing embryonic stem
cells on various substrates.

For all conditions the number of sox1 positive cells that expressed GFP
increased on days 2,4 and 6 and decreased on days 8 and 10. Grafting
bioactive and scrambled peptides significantly affected the sox-1 expression
of cells as measured on day 4 (ANOVA .009), day 6 (ANOVA .001), day 8
(ANOVA 0.001) and day 10 (ANOVA 0.001). On average the number of sox 1
expressing cells were highest on the RDG grafted gels each day except for
days 0 and 2.

average the number of sox 1 expressing cells were highest on the RDG grafted gels each day

except for days 0 and 2. Post hoc analysis with Tukey's test demonstrated that following

pairwise comparisons were significantly different; day 4 RDG grafted collagen: collagen, day 6

RDG grafted collagen and RGD grafted collagen and on days 8 and 10 all pair wise comparisons

were different with RDG grafted collagen having the highest number of sox-1 positive cells.
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Figure 11 FACS analysis of Sox-1 expression on Day 4.

FACS analysis of sox-1 expression in N2B27 treated stem cells cultured on tissue culture
plastic (blue) compared to day 4 cells cultured on tissue culture plastic in the presence of

leukemia inhibiting factor. At its highest levels there was a 60% increase in FITC positive cells.

Threshold for positive cells were set at base of control, indicated by M1.
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Figure 12 FACS analysis of Sox-1 expression of stem cells cultured on RGD Vs RDG, day 6.

FACS analysis of sox-1 expression in N2B27 treated stem cells cultured on RGD grafted collagen (pink)
compared to stem cells cultured on RDG grafted collagen (brown).
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Figure 13 FACS analysis of Sox-1 expression of stem cells cultured on RGD Vs native collagen, day
6.

FACS analysis of sox-1 expression in N2B27 treated stem cells cultured on RGD grafted collagen (pink)
compared to stem cells cultured on native collagen (green).
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Figure 14 FACS analysis of Sox-1 expression of stem cells cultured on Collagen Vs RDG, day 6.

FACS analysis of sox-1 expression in N2B27 treated stem cells cultured on RDG grafted collagen (brown)
compared to stem cells cultured on native collagen (green).
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Figure 15 FACS analysis of Sox-1 expression of stem cells cultured on various collagen substrates

FACS analysis of sox-1 expression in N2B27 treated stem cells cultured on RDG grafted collagen (brown),
on native collagen (green), and RGD grafted collagen pink. Sox-1 expression as reported by GFP is
inversely proportional to cell adhesion to matrix. Increasing adhesion by grafting the ubiquitous matrix
peptide RGD increases cell adhesion and decreases sox1 expression. Alternatively, decreasing adhesion by
grafting a scrambled version of the peptide, 'RDG' decreases cell adhesion and increases sox-1 expression
as noted by FACS.
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3.4. Discussion

Stem cells, capable of becoming any cell within the body, are of particular interest as a
potentially endless source of versatile cells for regenerative purposes. However, the in vivo
maturation of stem cells into tissues and then into organ systems that comprise living organisms
is a complex process involving coordinated physical and chemical cues to determine their
lineage. The poor understanding of the in vivo microenvironments that direct the differentiation
of stem cells towards specific lineages presents a major challenge to incorporating stem cells in
regenerative medicine practices. To better understand the relationship between stem cells and
their microenvironment, here in, we studied the role of cell adhesion to a ubiquitous ECM
protein collagen, to guide the differentiation of stem cells towards neuronal lineages. In chapter
2 we developed an approach to alter, positively as well as negatively, the specific and non-
specific adhesion of cells to collagen and in the current chapter we assayed the differentiation of

stem cells towards neuronal lineages on these scaffolds.

To assay the differentiation of stem cells we used a stem cell line that was developed by
Dr. Austin Smith at the University of Edinburgh. These cells were genetically modified to with a
GFP reporter for sox-1 expression. Previous research has shown that these cells are cable of
differentiation to cells from all germ layers as well as terminal differentiation towards neurons,
astrocytes and oligodendrocytes{Ying, 2003 #5}. When cultured in the presence of a neural
differentiation media that comprised of a 1:1 mixture of DMEM F12 and Neural basal media on
tissue culture plastic, Dr. Smiths group have reported GFP expression within 95% of the
population. However, in our hand at best a 60% GFP expressing population was noted. The

significant difference in these GFP expressing populations is attributed to the more restrictive
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expression criteria used in these experiments. GFP expression used in FACS analysis was
considered positive only if the relative fluorescence was above 7.5% of the basal level. The
rationale for using this criterion was to avoid the inclusion of false positive data. Using this
criterion a modest increase in differentiation was seen between conditions. At its highest levels
there was 20% difference in the number of sox-1 positive cells that expressed GFP between
conditions. This correlated to a 5% difference in the total population of cells. However, it should
be noted that this increased differentiation was seen in the presence of a neural inducing media.
Basal media was not used to avoid cell-matrix interactions with extracellular components

present in the serum component of basal medias.

Grafting RDG peptides to collagen reduced the cell-matrix adhesions in the absence of
serum containing media, however, promoted cell- cell aggregation. Like most adherent cell
types, stem cells as well when cultured on non-adherent substrates in the absence of serum will
cluster to form larger aggregates. The autocrine and paracrine signaling within these
environments are difficult to control and may play a role in cell differentiation as well.
Previously Parekkadan, et al have shown that Sox-1 expressing stem cells when cultured
juxtaposed to neural differentiating stem cells will follow cell-cell mediated cues and
differentiae towards neural lineages as well [33]. It is therefore possible that stem cells cultured
on RDG grafted collagen scaffolds that aggregated to form larger clusters were directed to
differentiate towards neural lineages via cell-mediated contact and paracrine signaling
pathways. Nonetheless, scaffolds like the RDG grafted collagen environment that reduce cell
adhesion to cell matrices may be used as delivery mechanisms for in vitro transplantation of

stem cells within damaged or diseased neural tissue.
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Ultimately, any therapy that utilizes stem cells for regenerative purposes will require
their delivery and maintenance at the injury site for prolonged periods of time. The cues
present on these delivery systems must be specific to guide the differentiation of resident or
implanted stem cells towards the lineage and cell types of choice. As we understand more and
more of the role that the matrix plays in stem cell differentiation we can incorporate these cues

into therapeutic scaffolds to create a stem cell niche optimal for specific regenerative purposes.
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Chapter 4

4. Defining Stem Cell Niches to Direct Mouse Embryonic Stem
Cell Differentiation towards Neuroectoderm Lineages

4.1. Introduction

The ability for embryonic stem cells to differentiate into functionally competent cells forms the
basis for their use in tissue replacement strategies. In vivo, this is dictated in large part by the
niche surrounding stem cells. Stem cell niches provide a myriad of physical, chemical, and
genetic cues that act in concert to retain pluripotency or guide differentiation, and
understanding and recreating these niches has increasingly become a centerpiece of research
for tissue engineering and regenerative medicine applications. Biomaterials are proving to be a

valuable component of these endeavors.

Biomaterials comprise natural and/or synthetic materials, and form the framework for
tissue engineering scaffolds, which provide a three dimensional architecture on which cells can
adhere, proliferate, differentiate, and secrete extracellular matrix (ECM) to form functional
tissues. A number of biomaterial and scaffold properties influence cell behavior and tissue
growth through biophysical interactions, such as surface charge, stiffness, and topography, or
through direct ligand binding. These properties may also be tuned to design specific
environments for controlling stem cell niches and understanding stem cell differentiation. At the
same time, stem cells provide a powerful cell source that can be used in combination with

biomaterials towards tissue engineering strategies for regenerative medicine applications,
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particularly in tissues where generating significant populations of host cells by traditional culture

means has proven to be difficult to impossible, such as neural, pancreatic, and hepatic tissues.

In this study, we aim to augment the ubiquitous ECM cues provided by a naturally occurring
protein — type | collagen — with specific ligands to direct embryonic stem cell differentiation
towards a neural lineage. Neural tissues present a particularly complex and dynamic
environment to its cellular constituents during and post-development. Carbohydrates are
among the components that directly interact with cell adhesion molecules contribute to the
regulation of cell and tissue differentiation. Herein, we functionalized collagen scaffolds with
peptide mimics of two carbohydrates present in neural stem cell niches in vivo — polysialic acid

and L2/human natural killer-1.

Polysialic acid is present in developing vertebrae embryos as a glycosylation on neural cell
adhesion molecules [1, 2]. The degree of polysialication generally decreases as development
progresses, but is preserved in regions that retain their ability to generate neurons such as the
subventricular zone, the rostral migratory stream, the olfactory bulb, and the dentate gyrus [3,
4]. The human natural killer-1 carbohydrate epitope is also capable of regulating NCAM
adhesion and several other adhesion molecules [5, 6]. This carbohydrate was first indentified on
human natural killer cells [7]. More recently, however, its presence on neural crest stem cells
has established its role in neural development. Several neural recognition molecules as well as
integrins recognize the human natural killer-1 carbohydrate epitope, which functionally links it
to the extracellular matrix and likely regulates behavior and differentiation [8]. In the developing
peripheral nervous system (PNS), the human natural killer-1 (HNK-1) antigen interacts and

regulates the migration of neural crest cells, cell populations containing stem cells [9].
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Studies identifying the role of these molecules in stem cell differentiation have been limited
due to the difficulties associated with isolating and mass-producing carbohydrates. Recently,
however, functional peptide mimics to these carbohydrates have been identified using phage
display followed by functional assays [10-12]. These peptide glycomimics are more cost effective
and easier to produce than their carbohydrate counterparts, and are manipulated using simpler
chemistries. As such, the peptide mimics can be incorporated into biomaterial strategies to
improve the bioactivity of stem cell niches in vitro, and, potentially, in vivo. We have previously
demonstrated that we can alter the bioactive adhesivity of collagen without altering the overall
mechanical properties of the scaffold by grafting functional peptide sequences from matrix
proteins such as fibronectin and laminin [3,4]. Herein, we hypothesized that we can tailor
collagen to guide the differentiation of embryonic stem cells towards a neural lineage by
immobilizing PSA and HNK onto the collagen backbone to recreate the inclusion of these
carbohydrates in the natural neural stem niche. (In this chapter the abbreviations PSA and HNK
will be used to refer specifically to the peptide forms of polysialic acid and human natural killer-

1, respectively.)

4.2. Materials and Methods

4.2.1. Cell Culture

Experiments were performed with the murine embryonic stem cell line D3 (ATCC, Manassas,
VA). All cell cultures were incubated in a humidified 372C, 5% CO2 environment. The mES cells
were maintained in an undifferentiated state in T-75 gelatin-coated flasks (Biocoat, BD-
Biosciences, Bedford, MA) in Knockout Dulbecco’s modified Eagles medium (Gibco, Grand
Island, NY) containing 15% knockout serum (Gibco, Grand Island, NY), 4 mM L-glutamine

(Sigma—Aldrich, St. Louis, MO), 100 U/ml penicillin (Sigma—Aldrich, St. Louis, MO), 100 U/ml
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streptomycin (Sigma—Aldrich, St. Louis, MO), 10 mg/ml gentamicin (Gibco, Grand Island, NY),
1,000 U/ml ESGRO™ (Chemicon, Temecula, CA), 0.1 mM 2-mercaptoethanol (Sigma—-Aldrich, St.
Louis, MO). ESGRO™ contains leukemia inhibitory factor (LIF), which prevents ES cell
differentiation. Every 2 days, media was aspirated and replaced with fresh media. Flasks (75-
90% confluent) were harvested with 0.5% Trypsin EDTA (Sigma—Aldrich, St. Louis, MO), following
media aspiration and washing with 6 ml of phosphate buffered solution (PBS) (Gibco, Grand
Island, NY). Cells were detached following incubation with 3 ml of trypsin (Gibco, Grand Island,
NY) for 3 min, resulting in a single cell suspension. Trypsin was neutralized by 4 mls of complete
media defined below. Harvested cells were then either re-plated in gelatin-coated T-75 flasks at
a density of 1 million cells/ml or seeded on native and grafted collagen scaffolds one hour after
gel self-assembly. Cells were seeded at a density of 50K/ ml on scaffolds. 100ul of cells and 100
ul of differentiating media were added to each well of a 48 well plate. Cell differentiation was
induced using complete media and the withdrawal of LIF. Complete media consists of Iscove’s
modified Dulbecco’s medium Gibco, Grand Island, NY) containing 20% fetal bovine serum
premium select (Atlanta Biologicals, Lawrenceville, GA), 4 mM L-glutamine, 100 U/ml penicillin,
100 U/ml streptomycin, 10 mg/ml gentomicin. No additional growth factors were used to induce
differentiation of stem cells into any lineage. Media was replaced every 2 days for the duration

of the experiment. Cells from passages 10 through 22 were used in the experiments.

4.2.2. Peptide Grafting and Collagen Gel Preparation

Peptide grafted and native collagen gels were prepared as in Monteiro et al. [13]. Briefly, HNK,
PSA, and control peptide sequences, were custom synthesized (Genscript, Piscataway, NJ) and
were conjugated to the backbone of collagen using 1-ethyl-3-(3-Dimethylaminopropyl)

carbodiimide (EDC, Sigma) Chemistry. EDC was used to activate the carboxylic group of the
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peptide by mixing a 1mM solution of EDC in MES buffer (pH 2-4, Sigma) with the peptide of

Peptide Sequence
HNK FLHTRLFV
PSA SSVTAWTTG
HNK Control TVFHRFLL
PSA Control GTTWATVSS

Table 2: Peptide Sequences and scrambled
controls grafted onto collagen conditions.

interest for ten minutes at 37°C. The
peptide-EDC mixture was added to a
3mg/ml suspension of type | collagen
(Elastin Products, Owensville, MO) in
0.02N acetic acid. The activated peptide
covalently binds to free amines on residues

on the collagen backbone via nucleophilic

attack. Peptide-EDC-collagen mixtures were incubated on a shaker overnight at 4°C and then

dialyzed against 0.02N acetic acid for 12 hours using snakeskin dialysis tubing with a 10kD

molecular weight cutoff (Pierce Biotechnology, Rockford, IL) to remove unconjugated peptide.

Dialyzed peptide-grafted collagen was lyophilized at -150°C and 50mTor for 12 hours to remove

all water. Lyophilized product was re-suspended in
0.02N acetic acid to make a 3mg/ml solution of
grafted collagen. The efficiency of peptide grafting
was measured indirectly by grafting peptides that
included a FITC tag during synthesis (Genscript) and
comparing the fluorescence intensity of grafted
collagen after reconstitution to a standard curve
created by admixing fluorescent peptide into
collagen solution. Efficiency ranged between 50-

60%, resulting in 67-80 ug of peptide/mg collagen.

Experimental Conditions

HNK Grafted Collagen

PSA Grafted Collagen

HNK Control Grafted Collagen

PSA Control Grafted Collagen

HNK-PSA Grafted Collagen

Native Collagen (No peptide)

Tissue Culture Plastic

Table 3 Collagen grafted conditions
onh which embryonic stem cell
differentiation towards neural
lineages were assayed.

To prepare collagen gels, acid solubilized collagen (grafted or native) was neutralized to

physiologically relevant pH and ionic strength with 1M Hepes buffer (Sigma), 0.1N NaOH (Sigma)
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and 10X Minimum Essential Medium (Sigma) and supplemented with M199 (Invitrogen,
Carlsbad, CA), pen-strep ((5000 units of penicillin and 5000 mg streptomycin/ml in 0.85% saline)
(Sigma) and L-Glutamine (29.2 mg/ml in 0.85% saline) (Sigma) to make a 2.0 mg/ml collagen
solution. Native and grafted collagen solutions (100 ul ) were pipetted into individual wells of a
48-well plate and allowed to self-assemble into hydrogels upon incubation at 37°C. Mouse
embryonic stem cells were seeded (5,000 cells/well) on the native and grafted collagen scaffolds
one hour after gel self-assembly, and were maintained in differentiation media. In all seven

conditions were assayed.

4.2.3. Inmunocytochemistry

Cells were stained immunohistochemically in 48-well plates for proteins and transcription
factors listed in table 3. Collagen gels were fixed with either 4% paraformaldehyde for 15
minutes at room temperature when staining for cytoskeletal proteins, or with 100% methanol
for 2 minutes at —20°C when staining for transcription factors. A rinse buffer comprising 1%
bovine serum albumin and 0.5% Triton in phosphate buffered saline (PBS) was used to wash
wells when staining for cytoskeletal proteins. Triton was not included in wash buffer when
staining for transcription factors. Wells were rinsed three times for 15 minutes. Normal goat
serum (10%) and bovine serum albumin (5%) in PBS were used for blocking non-specific
antibody binding. Cells were blocked with blocking solution for one hour, and incubated in
primary antibody solutions table 3 overnight at 4°C. Wells were then rinsed 3 times with wash
buffer and incubated in a 1:400 dilution of goat anti-mouse or rabbit Alexa 488 or 568 secondary
antibody (Molecular Probes/Invitrogen, Eugene, OR) for two hours. A DAPI dye was used to label
cell nuclei. Wells were washed a final time and then transferred to an inverted epifluorescence

microscope for imaging (Olympus IX 81, City, State).
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C trati
Antibody Source Purpose oncentration Species
used
Mouse anti- Abcam Pluripotent Stem Cell 0.25ug/ml Rabbit
Marker
Oct4
Brachyury / Bry | Abcam Mesoderm Marker 0.5ug/ml Rabbit
Gatad Millipore | Endoderm Marker 0.5ug/ml Rabbit
Foxa2 Abcam Endoderm Marker 0.5ug/ml Rabbit
Nestin Millipore | Ectoderm/Neural Stem | 1.0ug/ml Mouse
Cell Marker
IgG Control Staining Control 1.0ug/ml Mouse/Rabbit

Table 4 Summary of Antibodies Used to Label Germ Layers

4.2.4. Quantitative Reverse transcription polymerase chain

reaction (qPCR)

The fold change in mRNA expression of four genes — Oct4, Nestin, Brachyury, and Gata-4 were
assayed at day 7 and day 14. Total RNA was extracted from cells cultured on various conditions
using an Omega Bio-tek EZNA kit (VWR). Each washing step was repeated twice to minimize the
amount of protein present in the extracted RNA. Immediately following the extraction, RNA was
reverse transcribed to cDNA using a Perfecta cDNA synthesis kit (Quanta Bioscience) with
included random hexamers. At least three distinct cDNA templates from seven different culture
conditions for each of the two time pointswere used for gPCR with previously optimized
conditions. gPCR was performed on a Roche Lightcyler system using a Perfecta SYBR Green
fastMix kit (Quanta Bioscience). Each template was run in duplicate and only runs with single

product peaks as observed in the melting curve cycle were tabulated. 18S was used as a
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housekeeping gene. Results were normalized to gene expression of cells cultured on collagen for
the same time point. The parameters used for PCR were as follows: 10 min activation at 95 °C,
50 cycles of amplification (95°C for 5 seconds, 57 °C for 25 seconds and 72 °C for 30 seconds)
and a melting curve that went from 50 °C to 99 °C at a rate of 20 °C minute. Primers used are
listed in Table 4. A crossing threshold of 45 was used for gene expression for samples condition

in which no increase in SYBR green fluorescence intercalation was noted during PCR cycling.
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Gene Primer Source

18S CCCGAGCCACCTGGATAC Jayaraman [14]
CCAGTCGGCATCGTTTAT

Oct4 GGAAAGCCGACAACAATGA Parashurama [15]
CAAGCTGATTGGCGAATGT

Nestin CGCTGGAACAGAGATTGGAAGG Parashurama [15]
GTCTCAAGGGTATTAGGCAAG

Gata-4 CCCTACCCAGCCTACATGG Wang [16]
ACATATCGAGATTGGGGTGTCT

Brachyury GCTGGATTACATGGTCCCAAG Wang [16]

GGCACTTCAGAAATCGGAGGG

Table 5 Summary of Primers Used for gPCR
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Results

4.3.

4.3.1. Immunocytochemistry and qPCR Results
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Figure 16 gPCR results for germ layer expression on days 7 and 14 post seeding
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Germ layer-specific molecular marker expression in ES cells under the indicated conditions on day 7 or day
14 (Brachyury: Mesoderm, Gata4: Endoderm, Nestin: Ectoderm). Expression was normalized to ungrafted
collagen conditions for each time point. On day 7 Mesoderm and Endoderm marker expression was
significantly down regulated in HNK-PSA grafted collagen and PSA grafted collagen conditions while Nestin,
a Neuroectoderm marker was up regulated during the same time period. There were no significant
differences in gata4 expression between conditions at the day 14-time point; however, brachyury expression
was unregulated in the TCP condition. On average Nestin expression was upregulated in the HNK, PSA
and HNK-PSA grafted collagen conditions when compared to scrambled peptide and ungrafted control
collagen and TCP conditions on day 14.
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Oct4

The expression of Oct4 was significantly different between conditions 7 days post seeding cells
in differentiating media (ANOVA, P<0.001). Oct 4 expression was highest in cells cultured on
tissue culture plastic.. No expression of Oct 4 was noted before 45 cycles of amplification during
the PCR cycling for any of the collagen or grafted collagen conditions. Tukey’s post hoc analysis
demonstrated Oct4 expression was significantly different in TCP cultures when compared to all
other conditions (max p < 0.01). There was no difference in the Oct 4 expression between any of
the grafted or native collagen conditions. Immunocytochemistry confirmed Oct4 PCR results.
Oct 4 staining was present in large populations of cells cultured on Tissue culture plastic seven
days post seeding. No Oct 4 staining was seen in cells cultured on collagen or grafted collagen
conditions. On day 14 Oct4 gene expression was down regulated in all conditions when
compared to day 7. No oct4 expression was noted in either the PCR or Immunocytochemistry

assays for all conditions.

stic 7 days

's following the
antly reduced
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Nestin

Differentiation into neuroectoderm was evaluated via nestin expression. Nestin gene expression
was measured using 18S as an internal control. Fold change in nestin gene expression is relative
to that of cells on native collagen. An ANOVA comparison of the mean fold change in nestin
mRNA levels from cells cultured on various conditions revealed a significant difference
(P<0.003). Post hoc analysis using Tukey’s test demonstrated that the HNK- PSA grafted
conditions was significantly greater than all other conditions (max. p=0.018) except for PSA
grafted collagen (p<0.281). Immunocytochemistry revealed nestin protein labeling in cells
cultured on PSA- and HNK/PSA-grafted collagen 7 days post seeding in differentiation media.
Fewer nestin positive cells were seen in tissue culture plastic and control grafted collagen

conditions.

On Day 14 mouse embryonic stem cells differentiated towards a Neuroectoderm lineage
within all conditions as denoted by nestin mRNA expression and Immunocytochemistry. The
extent of differentiation was significantly different between grafted collagen conditions, as
suggested by qPCR (p<0.047). A pair wise comparison using a Tukeys post hoc analysis did not
reveal any pair wise differences. On average however, there was a 7.5 fold increase in nestin
MRNA expression in the HNK-PSA, a 5 fold increase in the HNK and a 3.75 fold increase in the
PSA conditions over mRNA expression from cells cultured on native collagen. In the HNK and
PSA conditions positive nestin expression was noted both within spontaneously formed
embryoid bodies as well as region away from embryoid bodies. On the other hand, mES cells
cultured on TCP, native collagen or control peptide grafted collagen had nestin expression

primarily limited to embryoid bodies when present.



70

COLLAGEN TGP

NESTIN

PSA

HNK-PSA

DAPI NESTIN OVERLAP

Figure 18 Nestin expression of stem cells cultured on collagen and grafted collagen conditions 7 days post
seeding on gels.

Nestin, an intermediate filamentous protein was used as a marker for Neuroectoderm differentiation of stem
cells. Nestin expression was up regulated in the PSA and HNK-PSA conditions 7 days following a change to
differentiation medium Nestin expression in the PSA and HNK-PSA conditions were noted in both cells that
aggregated into clusters as well as those away from clusters. Add different kinds of arrows and maybe a
high mag image? Bar = 200 pm.
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Figure 19 Nestin expression of stem cells cultured on collagen and grafted collagen conditions 14 days post
seeding on gels.

Day 14 Nestin Expression in ES cells cultured on listed experimental conditions. Nestin filament expression
was present in all conditions; however, nestin expression was up-regulated on collagen grafted with HNK,
PSA and HNK-PSA carbohydrate mimics 14 days following the withdrawal of LIF. Extensive nestin positive
staining was noted in regions away from cell clusters in the HNK, PSA and HNK-PSA carbohydrate mimic
conditions. (Green: Nestin, Blue: Dapi, Bar = 200 pm.)
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Brachyury

Brachyury gene expression was measured similar to Nestin expression on day 7. An ANOVA was
used to compare mean fold change in brachyury gene expression between conditions, a
significant difference was observed (p< 0.020). A pair wise comparison using Tukey’s post hoc
analysis revealed brachyury mRNA expression in cells cultured on native collagen was
significantly different from all conditions except HNK and HNK control grafted collagen. The
HNK-PSA grafted condition had the lowest mean level of brachyury mRNA expression.
Immunocytochemistry resultson day 7 revealed brachyury preotein expression in native
collagen conditions only (Figure 20). Bracuhyury mRNA expression level varied significantly
between culture conditions (p=0.025). A pair wise comparison between conditions
demonstrated that Brachyury mRNA expression in cells cultured on TCP for 14 days was
significantly different when compared to all other conditions (max p<0.05) except HNK grafted
collagen. TCP cultured stem cells had the highest average incidence of brachyury expression.
This up-regulation in expression may be a result of the differentiation of cells that had

previously remained undifferentiated as seen in Oct4 expression of ES cells on TCP on day 7.
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Figure 20 Brachyury Expression of Stem cells cultured on peptide grafted adn native collagen gels on day 7.

Brachyury expression of stem cells cultured on Collagen, PSA-grafted collagen and HNK-PSA grafted
collagen. Samples were fixed and stained 7 days following the withdrawal of LIF. Brachyury expression was
significantly reduced on carbohydrate-grafted collagen conditions. Dapi was used to label the nuclei,

Bar = 200 pm.
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Gata4

Day 7 TCP

Day 7 Collagen

Figure 21 Gata 4 Expression on day 7 post seeding of ES cells on substrates

Gata-4 expression (C and D) with corresponding Dapi staining (A and B). No staining was noted in any of
the experimental conditions.

Gatad gene expression was measured to assay the differentiation of mES cells towards an
endodermal lineage. No significant differences in Gata4 gene expression between conditions
were noted on day 7 (ANOVA, p<0.49). Immunocytochemistry did not reveal gata4 protein
expression in any condition. Foxa2 expression however was noted in TCP and collagen
conditions. Fox a2 was co-localized with dapi staining in the TCP condition where as in the
collagen condition Foxa2 was present punctuated and perinuclear. No other condition stained

positive for Foxa2 protein on day 7.
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Endoderm
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Dapi (Blue)

Foxaz TCP FaxaZ Collagen

Faxaz HMNE Foxa? PSA FoxaZ HMK-PS4 grafted Collagen

Figure 22 FoxA2 Staining for endoderm lineage cells.

FoX A2 staining was used to verify non-staining of gata4 marker. Fox a2 was co-localized with dapi
staining in the TCP condition where as in the collagen condition Foxa2 was present punctuated and
perinuclear. No other condition stained positive for Foxa2 protein on day 7

No significant differences were noted in the endoderm germ layer marker Gata4 on day

14.
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4.4. Discussion

Recent advances in developmental biology have demonstrated the role of carbohydrates in neural
stem cell niches. Both Human natural killer-1 and polysialic acid are present in the developing
CNS as well as in regions of the adult CNS that retain the ability to regenerate. Knock in and
Knock out experiments targeting Human natural killer-1 and polysialic acid formation have
identified their roles in spatial learning, memory formation and overall Nervous system
development (REF). Encouraged by these finding and the concurrent development of peptide
mimics to these otherwise complex carbohydrates we assayed the differentiation of the embryonic
stem cells towards a Neuroectoderm lineage in collagen scaffolds with PSA and HNK mimitopes
grafted to them.The results of this study showed preliminary evidence that both HNK and PSA
carbohydrate mimics grafted to collagen can influence the differentiation of stem cells towards
Neuroectoderm lineage and when used together have some synergistic effects, as indicated by
nestin protein and gene expression 7 and 14 days after initial seeding of cells on scaffolds. We did
not add NGF or other known chemokines or chemical reagents to the culture medium in order to
exclude the action of the growth factor that would induce neural differentiation. However, the
serum containing media used in these experiments may be responsible for cells differentiating

towards other lineages.

4.4.1. Polysialic Acid and Human Natural Killer-1

Polysialic Acid and Human Natural Killer-1 are carbohydrates present in neural stem niches that
appear to have important roles in cell-cell or cell-matrix adhesions during neurogenesis. The
long, negatively charged polysialic acid chains that attach to ncam confer anti-adhesive
properties on the molecule. Polysialic acid attenuates the binding properties of ncam by
creating a negatively-charged hydrated sphere around the molecule, preventing ncam-binding

sites from efficiently contacting by keeping ncam molecules and cell membranes physically
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separated from each other (yang et al., 1992). Human natural killer-1 is a carbohydrate that was
originally identified on human natural killer cells (abo and balch, 1981), hence the name.
However, it is highly expressed in the developing and adult nervous systems and is generally
accepted as a marker for neural crest cells. (tucker et al., 1984; vincent et al., 1983). Human
natural killer-1 epitopes are present on several neural adhesion molecules, including 11, neural
cell adhesion molecule, j1, and the myelin-associated glycoprotein. It is a sulfated glucuronic
acid attached to n-acetyllactosamine on the non-reducing termini of glycans [9] and is involved

in cell-cell and as cell-matrix interactions [5, 6] as well.

The peptide versions of these carbohydrates used in this study were identified using a
phage display technology and functional studies [10, 17]. We attribute the observed effects to
the structural similarity of the mimic peptides with the HNK-1 and PSA epitopes, and thus to
carbohydrate-related functional effects. Lack of effects in control peptide grafted collagens is
one argument in favor of peptide—related specificity. The signal transduction mechanisms
underlying the functions of the HNK-1 and PSA epitope are unknown, so we can only speculate
on the action of the mimics. However, given the lack of NCAMs on the surface of stem cells it
suggests alternate pathways of signaling must be in play. It may be that these molecules activate
non-specific integrin pathways that may play a role in regulating differentiation. Alternatively,
differentiation may not be directed by these peptides but rather upon differentiation towards
neuroectoderm lineage cells do these peptides become important in propagating and

maintaining neuroectoderm lineage cells.

4.4.2. Collagen Vs. TCP

It should be noted that cells cultured on TCP retained pluripotent ES cell markers 7 days into

differentiation protocols. Oct 4 expression was not seen in any of the collagen grafted or native
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collagen conditions at that time point. Several stem cell differentiating preferences have been
identified in various collagen sub types that may initiate/promote specialization of stem cells.
Collagen IV induces trophoectoderm differentiation of mouse embryonic stem cells [18].
Chondrogenic differentiation of human mesenchymal stem cells is promoted in collagen type I
hydrogels[19]. In addition, the physical information such as the stiffness or the mechanical
compliance of the collagen matrix sensed by mES cells and those on TCP are significantly
different. Collagen based substrates provide a more realistic mimic to in vivo differentiation.
Traditional tissue culture plastic materials offer a substrate and surface that is physiologically

removed.

4.4.3. Advantages of grafting peptides to scaffolds to direct
differentiation

There are several advantages to grafting niche peptides onto scaffolds to direct differentiation of
stem cells. It provides for the continuous presentation of a signaling molecule without the need
for significant amounts of replenishment over time. Additionally, as more peptides and signaling
cues are identified they can be easily incorporated within materials using similar techniques.
Small peptide sequences derived from ECM proteins allow for a greater concentration of active
groups on a surface compared to protein adsorption. All of which can be incorporated towards

developing implantable biomaterials for regeneration purposes.

4.4.4. Future Implications

As stem cell replacement therapies slowly but surely become commonplace in treatments for

degenerative diseases, there is an increasing need for the development of delivery materials that
support the attachment, differentiation and proliferation of stem cells in vitro and in situ. Natural
biomaterials inherently support proliferation and attachment of stem cells but are limited in their

ability to direct differentiation. Masking these materials with directive bioactive cues may allow



for the development of biomaterial niches that offer a unique platform to study differentiation

niches in vitro and transplant the differentiation niche in vivo.
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Chapter 5

5. Conclusion and Future Applications

5.1.Regenerative Medicine and Stem Cells

The fundamental goal of regenerative medicine and tissue engineering is to replace damaged,
lost or scar tissue, often seen in diseased or injured organs, with a replacement engineered
biological substitute that can restore and maintain the normal functioning of the organ[1-4].
Stem cells, capable of becoming any cell within the body, are of particular interest as a
potentially endless source of versatile cells for regenerative purposes[5-11]. However, the in
vivo maturation of stem cells into tissues and then into organ systems that comprise living
organisms, is a complex process involving coordinated physical and chemical cues to determine
their lineage. The poor understanding of the in vivo microenvironments that direct the
differentiation of stem cells towards specific lineages presents a major challenge to
incorporating stem cells in regenerative medicine practices. To better understand the
relationship between stem cells and their microenvironment, here in, we studied the role of cell
adhesion to a ubiquitous ECM protein collagen, to guide the differentiation of stem cells
towards neuronal lineages. We have developed an approach to alter, positively as well as
negatively, the specific and non-specific adhesion of cells to collagen and assayed the
differentiation of stem cells towards neuronal lineages on these scaffolds. We then extended
this approach to assay the regulation of stem cell differentiation by specific neural niche
carbohydrates, HNK and PSA by grafting peptide mimics of these carbohydrates onto collagen.
Using these approaches we are able to manipulate the differentiation of stem cells towards

ectoderm lineage cells. Combining stem cell therapies with tissue engineering approaches offers
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unique opportunities to deliver in vivo as well as direct the differentiation of potentially

therapeutic stem cells.

5.2.Thesis limitations.

This thesis aims to develop and understand the role of peptide modified collagen scaffolds in
tissue engineering and stem cell differentiation. Stem cells are capable of differentiating into
cells from all three germ layers. What cell types they eventually become is directed by the
surrounding environment and signaling cues they receive. Here in our goal was to understand
the role of cell adhesion on differentiation. To do so we developed a method that positively and
negatively attenuates the adhesion of cells to collagen, in chapter two. Fibroblast and smooth
muscle cells were used to develop this method. Fibroblast and smooth muscle cells are relatively
hardy when compared to embryonic stem cells and are often associated with a dense basement
membrane rich in collagen. The adhesion of cells to collagen was extended by adding a
ubiquitous integrin binding peptide ‘RGD’ to the collagen fibers, while grafting a scrambled
version of the same peptide ‘RDG’ was used to retard the adhesion of cells to collagen. These
approaches were then used in chapter 3 to assay the differentiation of stem cells on collagen
scaffolds of varying adhesion. Although stem cells in vivo exist in a three-dimensional matrix, in
this thesis we assayed the differentiation of stem cells on the surface of collagen scaffolds of
varying adhesion. Cells may be easily entrapped within these collagen scaffolds and a more
realistic three dimensional matrix may be realized, however, cells entrapped within collagen
scaffolds are difficult to assay using traditional experimental techniques such as
immunohistochemistry and polymerase chain reaction. For convenience purposes, stem cell
differentiation in chapter 3 was assayed using a knock in reporter for sox-1 gene expression.

Additional germ layer markers were not assayed. The rationale for omitting the assessment of
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other germ layer markers was twofold; one, the stem cells line used in this chapter had been
previously characterized and established by several other research groups and two, basal neural
differentiating media was used in all experimental protocols in chapter 3. A more thorough and
complete characterization of stem cell differentiation was carried out in chapter 4. In chapter 4
we assayed the regulation of stem cell differentiation by specific neural niche carbohydrates,
human natural killer-1 and polysialic acid by grafting peptide mimics of these carbohydrates
onto collagen. Again, stem cell differentiation was assayed only on the surface of these
scaffolds. However, as opposed to chapter 3, in chapter 4 a complete media was used in
experimental protocols. We did not add NGF or other known chemokines or chemical reagents
to the culture medium in order to exclude the action of the growth factor that would induce

neural differentiation.

5.3.Advantages of using peptide grafted collagen scaffolds for
regenerative purposes

The advantage of using peptides grafted to collagen as scaffolds to study the differentiation of

stem cells is several fold:

® (Collagen is a naturally occurring ECM protein that is abundantly available and very
biocompatible. It has been extensively used in the past for various clinical applications

and wide-ranging clinical data is available with regard to its use in vivo.

® Grafting peptides to collagen allows for the continuous presentation of signaling cues

that would otherwise need to be replenished every so often.
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® Grafting peptides onto any substrate allows for a controlled presentation of the active
sites to cells, by manipulating the degrees of freedom with which a peptide is attached

to the surface of a structural protein.

® Several peptides can be presented simultaneously. As more and more peptides/proteins
that regulate the differentiation of stem cells are identified they can be easily
grafted/incorporated into this system and their effects assayed. Additionally, the
synergistic and antagonistic effects of various peptide combinations can be readily

deduced.

5.4.Disadvantages of using peptide grafted collagen scaffolds for
regenerative purposes

Grafting peptides to collagen for regenerative therapies has its disadvantages as well:
e Collagen is a ubiquitous extracellular matrix component. Present on collagen are several
adhesion and differentiating cues that may regulate the normal differentiation of stem
cells. These natural cues may interfere with the peptides being used to guide the

differentiation of stem cells for regenerative purposes.

e Grafting peptides on collagen presents scale up challenges. Peptides sequences can be
difficult to synthesize and purify. Longer sequences present greater challenges when
compared to shorter sequences. Every method presents a short coming. Peptide
coupling makes joining large peptide segments efficiently and with sufficient yields
challenging. In solid-phase synthesis the challenge is application of polar supports and
alternative N .-protection. In the protecting groups approach the challenge is to achieve

guantitative cleavage at the end of synthesis [12]. Additionally challenges exist in
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separating and purification of peptides after they are synthesized. New and alternative

approaches need to be developed before large-scale synthesis of peptides is possible.

e Chemicals used to graft peptides to collagen can alter both the peptides as well as the
natural architecture of collagen fibers; these changes may present additional variables

that may regulate differentiation.

® The majority of grafting techniques create a covalent bond between the peptide and the
collagen backbone. These bonds are relatively stable and difficult for cells to digest. The
formation of covalent bonds between peptides and the collagen backbone mitigates the

possibility of temporal changes in peptides presented on the surface of the collagen.

® Form a clinical perspective the addition of peptides to a matrix scaffold classifies the
scaffold as a drug. The regulatory pathways set forth by the FDA to bring a new drug to

market are significantly more expensive when compared to that of a medical device.

5.5.Addressing Temporal and Spatial Changes in Matrix
Compositions
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During the normal process of development, multipotent stem cells make many cell fate
decisions based on combinations of intrinsic and extrinsic signals that are regulated spatially and
temporally. For example, during embryo development in vivo opposing gradients of noggin and
BMP signaling
persists from
the dorsal side
to the ventral
front [13-18]. It
is believed that
these gradient
cues are
pertinent for
the formation
of the germ
layers that give
rise to specific
endoderm and mesoderm cell types as well as the formation of the central cavity at the focal
point. The effects of such spatial patterns of signaling cues have not been considered in these
experiments. Future work with peptide-grafted matrices should incorporate these variables.
One approach to study the effects of spatial patterning of signaling cues within matrices may be
achieved by using microfluidic technologies[19, 20]. Using micro channels and a low Reynolds
number flow controlled gradients of peptide-grafted collagen have been created.
Sundararaghavan et al. used this approach to assay the migration of neurities across spatial

gradients of laminin derived peptides. These techniques can be readily extended to assay the
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differentiation of stem cells in spatially controlled environments. Initial experiments to recreate

the environment have been outlined in Figure 23.

In addition to spatial changes in matrix signaling cues, another variable that the current
work does not address are the temporal changes in matrix composition that occur during
development. Temporal changes in matrix composition during development may provide a
bigger challenge to replicate in vitro. These methods may include the introduction and removal
of engineered cells into in vitro stem cell niches. Methods used to manipulate the matrix
temporally should not interfere with the regulation pathways of differentiation. Creating an
artificial extracellular matrix by the inclusion of engineered cells in the scaffold matrix that
secrete signaling cues or proteins of interest when triggered [21] may provide a means to
temporally alter the extracellular matrix. Triggers may be chemically, physically or even light
induced. The ability to potentially present multiple signals in a combination is another
advantage of using peptides grafted to proteins. This would perhaps be a more accurate
simulation of stem cell niches. Furthermore, the ability to entrap cells in 3D matrices that may
be cross linked to alter stiffness could be used to generate three dimensional structures to

further replicate the natural spatial organization and signaling patterns.

5.6.L1 adhesion molecule and L1 over expressing embryonic stem
cells.

One potential candidate that may be explored in the future is the L1 adhesion molecule.
The L1 adhesion molecule is a member of the immunoglobulin superfamily shared by neural and
immune system cells. In the nervous system L1 can mediate cell binding by a homophilic and
heterophilical mechanism. L1 is expressed by neurons but not by astrocytes and

oligodendrocytes in the CNS and by neurons and Schwann cells in the peripheral nervous system
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[22-24] . L1 promotes neuronal survival, neurite outgrowth and synaptic plasticity both in vivo
and in vitro [25-31]. Its role in neural stem cell proliferation and differentiation was identified by
Dihné et al [32-34]. L1 coated substrates led to an approximately twofold higher number of 3.
tubulin® neurons after differentiation when compared with PLL substrates. In addition, the
number of GFAP" astrocytes was reduced by ~33%. Furthermore, L1 has been shown to
promote functional recovery in adult rats after contusion-induced spinal cord injury, although

the mechanism by which L1 induced locomotor recovery is still unclear [35].

Additionally, Schachner et al. have engineered a murine embryonic stem cell line
constitutively expressing L1 at all stages of neural differentiation. They have demonstrated that
L1-transfected cells show decreased cell proliferationin vitro, enhanced neuronal differentiation
in vitro and invivo, and decreased astrocytic differentiation in vivo [32, 33]. L1 over expression
also resulted in an increased yield of GABAergic neurons and enhanced migration of embryonic
stem cell-derived neural precursor cells into lesioned striatum [32, 33] . Work to assess the

therapeutic benefit of L1 over expressing stem cells in SCI mice is currently ongoing.

5.7.Conclusion

As stem cell replacement therapies slowly but surely become commonplace in treatments for
degenerative diseases, there is an increasing need for the development of delivery materials that
support the attachment, differentiation and proliferation of stem cells in vitro and in situ. Natural
biomaterials inherently support proliferation and attachment of stem cells but are limited in their
ability to direct differentiation. Masking these materials with directive bioactive cues may allow
for the development of biomaterial niches that offer a unique platform to study differentiation

niches in vitro and transplant the differentiation niche in vivo.
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