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ABSTRACT OF THE DISSERTATION

Understanding the Role of the Microenvironment on Cardiovascular Differentiation

Jessica Marie Gluck
Doctor of Philosophy in Molecular, Cellular & Integrative Physiology
University of California, Los Angeles, 2013
Professor Joshua Goldhaber, co-chair

Professor W. Robb MacLellan, co-chair

The goal of this work is to understand the role of the microenvironment on cardiovascular
differentiation. I sought to investigate the role of extracellular matrix (ECM) proteins on early
cardiovascular differentiation and specifically the role of ECM proteins and three-dimensional
(3D) environment using an engineered scaffold that mimics the cardiovascular progenitor cell
(CPC) niche. Chapter one provides background and outlines the significance of this work.
Chapter two describes the development of a 3D scaffold used for later studies. I examined the
role of a 3D hydrogel on the induction of CPCs from murine embryonic stem (mES) cells and
characterized integrin expression in both undifferentiated and partially differentiated mES cells.
These results show that the addition of a 3D element in the microenvironment significantly

increases the amount of CPCs induced from mES cells. Chapter three investigates the role of the

ii



microenvironment on cell fate commitment of CPCs. This work demonstrates the effects of both
ECM proteins and the addition of a 3D scaffold to CPC culture on both vascular endothelial cell
and smooth muscle cell differentiation. I also developed a method to create CPC-derived layered
tissue engineered vascular grafts. Chapter four extends this work into a human induced
pluripotent stem (hiPS) cell model. I show the effects of the microenvironment do influence
cardiac differentiation in a human model, but with differing results from the mouse studies. I also
show that the addition of fibronectin in 3D scaffold can greatly enhance vascular differentiation,
and that cardiac differentiation is time sensitive.

This works provides insight into the role of the microenvironment on cardiovascular
differentiation in both mouse and human stem cell models, introduces a method to create layered
tissue engineered vascular grafts, and raises new questions and directions for future work in the

area of cardiovascular tissue engineering and cardiovascular differentiation.
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CHAPTER ONE

A. Introduction

Heart disease is a leading cause of morbidity and mortality in the United States [1,2].
Conventional therapies range from lifestyle changes to drug therapy to surgical intervention,
with heart transplantation being the final option [3,4]. Recently, regenerative therapies and stem
cell-based approaches in particular have garnered much interest [5]. Stem cells combined with
tissue engineering principles could potentially be used to fabricate cardiovascular tissue, which
can be used as both a more realistic in vitro culture model and potentially as tissue replacement
for heart disease patients in vivo. One such example is stem cell niches. Much work has been
conducted to determine what comprises the niche environment of cardiac progenitor cells (CPCs)
found in small populations in vivo and the mechanisms by which this cell population then
differentiates to form committed cardiovascular tissue. Previously, we established the role of
extracellular matrix (ECM) proteins in the development of CPCs from mouse stem cell lineages
[6]. We also determined a key influence on the expansion of the CPC population from an
embryonic stem (ES) cell population is the addition of a three-dimensional (3D)
microenvironment in the form of hydrogels and electrospun nanofibrous scaffolds.

I propose to use tissue engineering principles and biomaterials to engineer human
cardiovascular grafts. I will investigate 1) how a 3D microenvironment induces a mouse CPC
population, 2) the mechanism(s) by which the microenvironment and ECM proteins influence
differentiation of mouse CPCs, and 3) how the microenvironment alters the cardiovascular
differentiation potential of human induced pluripotent stem (iPS) cells. Through this research, I

envision providing a better, more complete understanding of how cardiovascular tissue is formed



and how the microenvironment interacts with the progenitor cell niche and drives differentiation

using tissue engineering principles and both synthetic and natural biomaterials.

B. Stem Cell Biology and Regenerative Medicine

Cardiovascular disease remains one of the leading causes of death in the developed world;
as such, much focus has been dedicated to developing new and better treatments. Because of the
nature of cardiovascular disease, many researchers have turned to regenerative medicine as a
possible avenue of developing more effective and possibly preventative treatments. By
understanding how cardiovascular tissue is formed, it becomes easier to understand how disease
states develop and how to prevent and treat those disease states.

Stem cell biology has become a major focus of recent cardiovascular research. The idea
of regenerative medicine in practice is evident in the ability of the liver and skeletal muscle to
regenerate itself. Cardiovascular injuries, however, do not result in regeneration. Myocardial
infarctions can lead to the loss of over a billion cardiomyocytes [7]. The hearts that survive the
cardiac injury are then forced to work “overtime” to maintain marginal cardiac function. Over
time, that increased work leads to congestive heart failure [8]. It has been proposed that heart
failure could be reversed if new myocardium could be introduced to the damaged region of the
heart.

Numerous cell types have been evaluated for their potential to repair cardiac tissue [9].
Skeletal muscle satellite cells were among the first candidate cell type investigated [10,11].
Transplantation of theses myoblasts did not result in the necessary integration and development
of gap junction proteins to properly electromechanically couple with other myoblasts or host

cardiac myocytes [12]. After Ferrari et al [13] reported cells from bone marrow can contribute to



skeletal muscle regeneration in 1998 researchers began to investigate the potential for
myocardial regeneration. Several groups reported that bone marrow cells can contribute to
cardiac repair on a small scale using genetic tracking models and lethally irradiated wild-type
mice [14-17]. However, controversy has arisen as there has been difficulty reproducing the
results from these studies. Researchers agree that endogenous bone marrow-derived cells can
contribute to cardiac repair rarely through cell fusion but whether bone marrow cells can lead to
large-scale cardiac repair is still unanswered. Mesenchymal stem cells (MSCs) are found in the
stroma of bone marrow. Work from the Caplan group led to the identification of a multipotent
stem cell population from these marrow stromal cells [18]. Pittenger confirmed the multilineage
potential of the MSCs from clonal studies [19]. Many groups [20] have pursued studying the
potential of MSCs for cardiac repair, including direct injection of MSCs to large animal model
infarcted hearts [21] and finding that MSCs have demonstrated ability to hone to the site of
cardiac injury [22].

In response, to these variable results with adult stem cell researchers have turned their
attention to pluripotent stem cells, ES cells and iPS cells. Human ES cells were derived in 1998
[23] from the inner cell mass of a preimplantation stage mammalian embryo. These
undifferentiated ES cells are capable of proliferation, self-renewal, and the generation of large
number of differentiated cell progeny [24-26]. As the cell differentiates, it commits to a specific
cell-type lineage, with decreasing differentiation potential and is described as a progenitor cell.
Progenitor cells along with adult stem cells are capable of limited differentiation in specific
tissues [27]. In particular, ES cells provide researchers with a unique opportunity to study and

analyze the particular pathway of differentiation to a cardiovascular lineage [28-30]. ES cells



have demonstrated clear evidence of cardiac potential by expressing the necessary molecular
elements required for electromechanical coupling with host myocardium [31-33].

Mouse ES cells have been successfully differentiated into cardiac tissue in vitro using a
variety of methods. Undifferentiated mES cells express several pluripotency markers, including
Oct3/4, FGF-5, Nodal, Sox2, etc. A variety of parameters can determine the differentiation
potential of ES cells, namely the number of cells, media, FBS, growth factors/small molecules,
and the specific cell line being used [32,34]. Doetschman et al were amongst the first to describe
that removal of ES cells from the conditions that maintain pluripotency results in spontaneous
aggregation and the formation of embroyid bodies (EBs) [35]. Several days after EB formation
led to beating cardiomyocytes in vitro. The rate of beating contraction increases with continued
differentiation and will eventually slow with maturation. During early stages of differentiation,
myofibrils are present but lack uniformity and organization. A and I bands are normally evident
in these early stages [32]. With prolonged differentiation and maturation ES cell-derived
cardiomyocytes become elongated with developed myofibrils and sarcomeres and develop cell-
cell junctions consistent with those observed in vivo [34].

In vitro, mES cell-derived cardiomyocytes exhibit developmentally appropriate cardiac
gene expression [36-38]. In particular mES cell-derived cardiomyocytes are known to express
the following: transcription factors Nkx2.5 and GATA-4, as well as myosin light chain (MLC)-
2v, a-myosin heavy chain (a-MHC), -myosin heavy chain (3-MHC), atrial natriuretic factor
(ANF) and Na'-Ca”" exchanger and phospholamban [39]. Sarcomeric proteins are developed in
ES cell-derived cardiomyocytes in this typical order: titin (Z-disk), a-actinin, myomesin, titin (M

band), MHC, SM-a-actin, cardiac troponin T and other cardiac specific markers such



Connexin43 [39]. mES cell-derived cardiomyoctyes have also shown development of
electrophysiological specialization into ventricular, atrial and nodal/pacemaker cell subtypes [38].

The capacity of ES cells to differentiate into almost all types of tissue underlies their
attractiveness as a cell source for regenerative medicine. However, the implantation of direct ES
cells leads to the formation of teratomas in vivo. Therapeutic use will require deriving purified
populations of ES cell-derived cardiomyocytes or progenitor cells free of undifferentiated stem
cells. Many studies have been conducted to identify and characterize the complex steps of
cardiogenesis [40,41]. Endogenous factors have been identified as inducers of cardiac
differentiation, including: transforming growth factor B (TGFf), bone morphogenic proteins
(BMPs), fibroblast growth factors, nitric oxide, and various members of the Wnt signaling family
[42-47]. Small molecules have also been reported to promote cardiac differentiation, including
retinoic acid, ascorbic acid, dynorphin B, activin A, and ROCK inhibitor [47-51].

Human ES cell differentiation to cardiovascular lineages has been harder to achieve but
hES cell-derived cardiomyocytes show the expected molecular, structural, and
electrophysiological properties of nascent embryonic myocardium [33,52,53]. Several different
methods have been investigated, but the methods for cardiovascular differentiation are constantly
evolving.

Nuclear reprogramming resets the fate of somatic cells to a primordial ES cell-like state
producing induced pluripotent stem cells. Somatic cell nuclear transfer showed that an oocyte
can return an adult cell nucleus to a pluripotent state [54, 55]. First introduced by Yamanaka [56]
in 2006, four transcription factors were retrovirally overexpressed to create what is known as an
iPS cell. These four factors, Oct4, Sox2, c-Myc, and Kl1f4 created iPS cells with morphology and

growth properties similar to that of an ES cell. Human iPS cells have been created using Oct4,



Sox2, Nanog, and LIN28 [57]. These cells have shown normal karyotype, express telomerase
activity, cell surface markers, and genes that are used to identify ES cells. Recently, it has been
established that mouse iPS cells have the potential to differentiate into cardiovascular and
hematopoietic lineages [58]. Human iPS cells have also been shown to differentiate into
functional cardiomyocytes [59-61]. These cells were subjected to electrophysiology studies,
which demonstrated their capacity for differentiation into nodal, atrial, and ventricular
phenotypes, as well as exhibiting the necessary molecular markers used to define
cardiomyocytes. It is thought iPS cells could provide an alternative method to using ES cells,
which are subject to ethical and procurement controversy. Progress in the field has made stem

cell therapies an attractive model for regenerative medicine in cardiovascular research.

C. Cardiovascular Progenitor Cell Niche

In vivo, endogenous stem cells reside in tissue-specific anatomically defined clusters
called “niches.” Schofield first proposed the idea of a stem cell niche almost 35 years ago [62].
The first experimental evidence was demonstrated in invertebrates. Germ cells of Dosophila
melanogaster and Caenorhabditis elegans reside in the distal end of a tapered structure, and
depend upon interactions with somatic cells at the end of that structure to maintain stem cell
features [63-65]. Stem cell niches have been identified and studied in the haematopoietic, skin
epithelial, intestinal, and neural systems as well as the germ line in mice [66,67]. Bone marrow
has been one of the most extensively studied stem cell systems and the microenvironment of
their natural niche has led to further studies of the contribution of the niche to stem cell

properties [66,68,69]. The concept of the stem cell niche has been extensively researched in the



last decade [70] but many gaps remain in our understanding the regulatory mechanisms within
the niche.

Cell fate within the stem cell niche is thought to be controlled both spatially and
temporally, as well as through cell-cell and cell-matrix interactions. Paracrine and autocrine
factors are also thought to regulate cell fate within the niche—there is mounting evidence that
stem cells secrete a variety of growth factors, cytokines, chemokines and bioactive lipids which
regulate biology and interactions within the surrounding microenvironment. These factors are
thought to inhibit apoptosis, stimulate proliferation, and promote vascularization [71].
Additionally, interactions with resident niche cells or the surrounding niche ECM are thought to
play an equally important role. Two signaling families known to regulate stem cell fate are
thought to play key roles within the niche regulation: TGFp and Wnt [72]. These signaling
regulators show conservation between species and tissues that self-renew. Wnts activate
transcription through a complex pathway involving p-catenin [73]. TGFf signaling is regulated
through BMPs [74-76]. Additionally, factors secreted from stem cells within the niche that are
thought to have an impact on cell fate regulation are the following: vascular endothelial growth
factor (VEGF), stem cell factor (SCF), hepatocyte growth factor (HGF), insulin-like growth
factor-1 and -2 (IGF-1, IGF-2), and stromal-derived factor-1 (SDF-1) [71,77]. BMP4 has been
shown to regulate the haematopoietic stem (HS) cell niche by controlling the number of HS cells
within the niche through N-cadherin and p-catenin [78§].

The niche ECM is believed to play an important role in cell fate regulation. Those cell-
matrix interactions within the niche are in turn mediated via cadherins and integrins [71,79]. p1
integrins are differentially expressed on primitive cells and selectively expressed on stem cell

populations through presumed interactions with matrix glycoprotein ligands [80-83]. The



presence or absence of tenascin C, a known neural ECM component can alter the number and
function of neural stem cells in the subventricular zone [84]. Tenascin C is thought to modulate
stem cell sensitivity to BMP4 and fibroblast growth factor-2 (FGF2), resulting in an increased
ability to generate glial cells [84]. The deletion of tenascin C is also thought to participate in the
regulation of the HS cell niche [85]. The glycine-arginine-aspartic acid (RGD) amino acid
sequence found on many ECM components and matrix ligands, including fibronectin and
osteopontin, has been shown to regulate HS cells [86,87]. Osetopontin is known to interact with
o4 and a5P1 integrins and it has been shown that osetopontin production can regulate osteoblast
activation and HS cell production [87,88]. Bl integrins have been implicated in HS cell
regulation [89] and have also been used to identify epidermal stem cells [82]. It has also been
shown that 1 deletion gives rise to an increased production of epithelial stem cells due to
impaired Hedgehog signaling [90] and that 1 integrin triggers the expression of stemness
transcriptional regulators through a synthetic matrix engineered to bind and activate specific 1
heterodimers [91].

The physical organization of the niche is thought to be equally important. Ephrins are
thought to mediate structural boundaries in neural and vascular tissue. Graduated expression of
ephrin B2 and its transmembrane tyrosine kinase receptors EphB2 and EphB3 organize mouse
intestinal epithelial cells [92]. Furthermore, the physical properties of the niche ECM have also
been implicated to play a role in cell fate regulation. Collagen I gels mimicking the elasticity of
muscle induced MSCs to upregulate myogenic markers, while more rigid gels caused MSCs to
differentiate down an osteogenic lineage [93]. Additionally, a study using hES cells and muscle-
derived stem cells were plated on rigid spots of 576 different combinations of 25 various

acrylate-based polymers found that there was a wide range of variation in cell attachment,



proliferation, and lineage induction [94]. Neuron differentiation is favored on soft matrices
whereas more rigid surfaces promote glial differentiation from neural stem cells [95]. Most cells
are found to adhere more strongly, spread, and to assemble cytoskeleton structures to stiff
substrates as compared to soft substrates [96]. With gradients of elasticity, cells are found to
accumulate on more stiff substrates in a process called “durotaxis,” [97] which might explain
why MSCs hone to sites of injury and fibrosis [98]. Studies have found that after a myocardial
infarct, fibrotic tissue that forms is more rigid (20-60kPa, common for cartilage and pre-calcified
bone) compared to surrounding ‘normal’ tissue [99,100]. MSCs injected into a mouse infarct
model can develop into bone within the heart tissue [101]. This may be due to the stiff nature of
the fibrotic tissue that forms following a cardiac injury. Fibroblasts have been shown to
differentiate to myofibroblasts in vitro when exposed to a stiff matrix (more than 20kPa) and
TGFp [100]. Likewise, it also well documented that stem cells maintained on rigid tissue culture
dishes (~10°kPa [102]) will spread and exhibit higher amounts of actin-myosin stress fibers.
Synthetic 3D culture systems using a hyaluronic acid (HA) hydrogels were able to support and
maintain hES cells in an undifferentiated state, in part due to the fact HA is a common ECM
component [103]. The exact mechanism for stem cells to sense the matrix are not yet clear,
although it is known that growth factor- and integrin-coupled cell motility, contractility, and
anchorage are regulated by Rac and Rho [104,105]. Rac isoforms regulate engraftment and
marrow retention in HS cells with Rac activation occurring through 1 integrin adhesion to the
matrix [104]. Similar signaling is found in MSCs [105]. Inhibition of the Rho kinase effector,
ROCK causes deactivation of myosin and selectively blocks rigid-directed osteogenesis
[106,107]. Inhibition of ROCK in hES cells dramatically enhanced survival [108]. Neonatal

cardiomyocytes show that ROCK inhibition blocks cells dysfunction that occurs with exposure



to rigid substrates [109], suggesting that future ES cell cardiomyocyte differentiation could
benefit from both ROCK inhibition and careful attention to the microenvironment.

Cardiovascular progenitor cells (CPCs) are thought to reside in niches found in the
developing right atria, ventricle and outflow tract. These CPCs have been shown to differentiate
into all three cardiovascular cell lineages: vascular endothelial cells, vascular smooth muscle
cells, and cardiomyocytes [110]. It has been proposed that there is a rare endogenous population
of CPCs in the adult myocardium exists which are able to repair small damages [111]. CPCs
express embryonic (SSEA-1) and stem cell-related (abcg2, c-Kit, isl-1, sca-1) markers [112-114].
It has been shown that stem cells are able to initially differentiate to this CPC state [28,58].
These progenitor cells are at one of the earliest stages in mesodermal differentiation towards a
cardiovascular lineage. As such, it is theorized that a CPC population could be used as stem cell
therapy for regenerative medicine therapies or treatments.

Various markers have identified mouse CPCs, including Isl-1, Nkx2.5, and Flk-1 (also
known as KDR). Isl-1" progenitor cells were first identified via in vivo lineage tracing in 2005 by
Laugwitz et al [115] in postnatal rat, mouse and human myocardium. The Isl-1" cells remained
undifferentiated progenitor cells in very small, discrete populations within the developing
myocardium and it was shown that these cells maintain the capacity to differentiate to a mature
cardiac cell with the ability to cycle Ca®>" and generate action potentials. Flk-1" murine
progenitor cells were later characterized and identified from a mES cell population and shown
within an in vitro setting to have the capability to differentiate into cardiomyocytes, vascular
endothelial cells and vascular smooth muscle cells [116]. Further evidence was presented by
Moretti et al [117] to characterize a multipotent progenitor cell with the distinction Isl-

1"/Nkx2.5"/Flk-1" with the capability to differentiate into all three major cardiac lineages.
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Similar progenitors have been identified in differentiating hES cells. This KDR™"/c-Kit"®
progenitor cell when exposed to cardiogenic growth factors (BMP4, bFGF, ActivinA, VEGF,
and DKK1) differentiated to cardiac myocytes. hES cell-derived cardiomyocytes were shown to
express cardiac markers including troponin T, as well as generate action potentials and
electrically couple to each other [118]. Isl-1" human progenitors have also been characterized
and shown to contribute to the right ventricle and inflow/outflow tracts [119].

Stem cell niches have been widely studied in the last 10 years. Contributions of the niche
are thought to regulate cell fate decisions through the 3D nature of the niche and ECM
components found in the niche. CPCs are thought to reside in a small niche within the
endogenous heart. The exact nature and mechanism of the niche’s contribution to cell fate is still
unknown and more work needs to be done to identify the contributing components and factors of

the niche to CPC commitment to further cardiovascular differentiation.

D. Stem Cell Niche-ECM Interaction

The cardiac stem cell niche is defined as a 3D microenvironment that regulates self-
renewal, proliferation, and differentiation through cell-cell and cell-matrix interactions. This
makes the native ECM’s role in cardiac development very important to understand. In the
absence of signals coming from the ECM, cells undergo apoptosis. Various studies have shown
the importance of ECM support for angiogenesis and cardiovascular physiology [120]. However,
the exact nature of the ECM’s role during cardiac development is still unknown.

The extracellular matrix was first defined morphologically as extracellular material
visible as fibrils or sheets in the electron microscope. The definition has evolved to reflect

broader view and includes essentially all secreted molecules that are immobilized outside cells
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[121]. Major components of the ECM include collagens, glycoproteins, and proteoglycans;
within these groups fall laminins, fibronectin, tenascin, vitronectin, amongst many other
macromolecules. Binding specificity of the ECM to cells can constitute large sequences and/or
be dependent upon “active” conformation states or be as short as 3 distinct amino acids, namely
the well-known RGD sequence that was first identified as the “fibronectin receptor.” [122]. The
ECM provides the necessary structural support as well as essential support for cell migration,
tissue organization, and even differentiation.

The structure of adhesion sites between cells in vitro and the ECM were first described
by Abercrombie [123,124] forty years ago using interference-reflection microscopy and electron
microscopy. These studies showed that ECM-cell adhesion occurs at specialized small regions
along the ventral plasma membrane, leaving only a gap of ~10-15nm. These sites are called focal
contacts or focal adhesions and have been shown to associate with actin microfilaments, playing
a role in the regulation of the actin cytoskeleton. Focal adhesions are integrin-based interactions
that mediate cell-substrate adhesion and can be used as bidirectional signaling tools between
extracellular molecules and the cytoplasm [125-127]. Focal adhesions anchor actin filament
bundles and mediate a strong adhesion to the substrate. Once a focal adhesion is stable and
mature, it is the anchoring point for a5p1 integrins to translocate centripetally on lamellae
towards the cell body. This maturation of the focal adhesion and translocation begins the
formation of fibrillar adhesions. These structures are made up of extracellular fibrils of
fibronectin, which also facilitate further fibronectin fibrillogenesis to occur in a tension-
dependent manner [128, 129]

Cell adhesion to the matrix is one of the most important regulated processes during

development. The family of integrins largely mediates these cell-matrix adhesions. Cells of all
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type interact with the ECM namely via integrins. Integrin receptors are the primary receptors for
ECM adhesion and provide a transmembrane link between the ECM and actin cytoskeleton [130].
Integrins are non-covalently linked, heterodimeric molecules containing both an a and § subunit.
These subunits are both type 1 transmembrane proteins. To date, 19 a-integrin and 8 B-integrin
subunits have been identified, leading to 25 aff heterodimers, which have been seen in almost
every cell type [131]. Integrins are known to control many cellular processes, including
mediating the attachment of cells to the ECM. They can act both directly and indirectly on signal
transduction pathways, activating signals from both inside and outside of the cell [132].

Integrin function can also be controlled from within the cell; which is called “inside-out”
signaling and is characterized by events that induce a conformational change, which leads to a
higher ligand binding affinity. “Inside-out” signaling has been seen with the f-integrin
cytoplasmic tail associating with talin and kindling proteins [132,133]. There is evidence to
support that “inside-out” signaling pathways stimulate integrin clustering, which contributes to
increased integrin affinity [133], however, the extent and mechanism(s) of this are not clearly
defined. In contrast, “outside-in” signaling is typically initiated by integrins associating with
ECM proteins. Integrins have the capability to initiate “outside-in” signaling by recruiting
various molecules, including focal adhesion kinase (FAK) and Src, signaling intermediates such
as phosphatidylinositol-3 kinase, Rho and Rac GTPases, and actin-binding cytoskeleton proteins
such as talin, o-actinin, paxillin, tensin, and vinculin, which in turn generate signals for
migratory and proliferatory functions of the cells [134]. “Outside-in” signaling can also be seen
through integrin association with growth factor receptors, including epidermal growth factor
(EGF) receptor and fibroblast growth factor (FGF) receptor. Integrins are able to turn signals

from the ECM by co-clustering serine threonine, and tyrosine kinases, phosphatases, and adaptor
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proteins in focal adhesions outside the cell which are able to lead to internal signaling pathways
promoting cell migration and actin remodeling.

Integrin subunits are known to associate specific ligands, In particular, § subunits have
non-specific roles in ligand binding activity, while the o subunit provide high specificity of
signal transduction [135]. a integrin subunit cytoplasmic tails contain a conserved GFFKR
amino acid sequence that is crucial for a salt bridge-mediated interaction with the 3 chain
[133,136]. The cytoplasmic domain of the 1 subunit plays an important role in cytoskeletal
association [137].

Adhesion of ES cells to ECM proteins is essential for differentiation [91,132,138,139].
Undifferentiated ES cells express a subset of integrins, some of which may be up- or down-
regulated during differentiation, indicating the potential importance of integrins in maintaining
an undifferentiated ES cell state [140-142]. Different ES cell lines have reported high expression
levels of integrin subunits a5, a6, av, f1, and B5 [91,131].

B1-associated subunits al, a2, a3, a6, and a7 are regulated developmentally [143,144].
Collagen IV is known to associate with al, a2, a3, aV, pl and $8 while laminin is known to
associate with al, a2, a3, a6, a7, al0, aV, 1, B3, p4 and B8 subunits. The following integrin
subunits have been identified to interaction with fibronectin: a2, a3, a4, a5, a8, a9, aV, p1, B3,
5 and B7. Vitronectin is known to associate with a8, aV, B1, 3, and B5 subunits [134,145-

148]. Further integrin specificity can be found in Table 1.
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Integrin | Known ECM ligands

subunit

alpl Collagen, laminin

a2pl Collagen, laminin, a3f1, fibronectin

a3p1 Fibronectin, invasin, thrombospondin, laminin

o4p1 Fibronectin, VCAMI, invasin, MAdCAM-1, osteopontin

a5p1 Fibronectin, L1-CAM, denatured collagen, fibrinogen, invasion, osteopontin

a6p1 Laminin, merosin, kalinin, invasion, sperm fertilin

a7l Laminin

a8p1 Tenascin, fibronectin, vitronectin, osteopontin

a9p1 Tenascin, fibronectin, thrombospondin, VCAM, collagen, laminin, osteopontin

aVpl Fibronectin, vitronectin, LAP-TGF, osteopontin

ollpl Collagens

al0p1 Laminin, collagen

allpl Collagen

oMp2 ICAM-1, fibrinogen, Candida albicans, Factor X, iC3b, neutrophil inhibitory factor

oxf2 Collagen, iC3b, fibrinogen, ICAM

aVp3 Fibronectin, vitronectin, von Willebrand factor, thrombospondin, tenascin, DEL1,
osteopontin, adenovirus penton base protein, bone sialoprotein, denatured collagen,
disintegrins, fibrinogen, HIV Tat protein, laminin, MMP-2, prothrombin, fibrillin,
LAP-TGFB, PECAM-1, MFG-ES8, BSP

ollp3 Collagens

ollbp3 Borrelia burgdorferi, denatured collagen, decorsin, disintegrins, fibronectin,
fibrinogen, plasminogen, prothrombin, thrombospondin, vitronectin, von
Willebrand factor

o6p4 Laminin 5

aVR4 Collagen, laminin, fibronectin

aVp5s Vitronectin, fibronectin, osteopontin, DEL1, adenovirus penton base protein, bone
sialoprotein, HIV Tat protein, MFG-E8, BSP

aVpB6 Tenascin, fibronectin, LAP-TGFf, osteopontin

oER7 E-cadherin

o4p7 Fibronectin, MAdCAM-1, VCAM-1, osteopontin

a VP8 Fibronectin, LAP-TGFf

Table 1-1. Integrin-ECM interactions Compiled from data from the following references: [122,134,146]

The concept of the ECM regulating stem cells was established in mammalian stem cells

where in the skin B1 integrins are known to be differentially expressed on primitive cells and

participate in constrained localization of a stem-cell population through interaction with ECM
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glycoprotein ligands [82,83]. In particular, Li et al [142] demonstrated the ability of laminin to
overcome a P1 integrin deficiency in mouse embryonic stem cells. They found that basement
membrane assembly and differentiation in the developing embryo requires laminin
polymerization. EBs lacking B1 integrin are unable to form a basement membrane and the
complete knockout of 1 integrin is an embryonic lethal mutation [149]. Exogenous laminin
treatment was able to ‘recover’ the EBs lacking 31 and they were able to form normal basement
membrane. Similarly, Hayashi et al, found that mES cells cultured on fibronectin and laminin
activated integrin and ERK1/2 signaling, while cells cultured on type I and type IV collagen or
poly-D-lysine remained undifferentiated [143]. Braam et al demonstrated that aVP5 integrin
mediated adhesion to vitronectin, a5p1 mediated adhesion to fibronectin, and a6p1 mediated
adhesion to laminin and entactin [147]. Additionally, they found that recombinant vitronectin
supported human ES cells in an undifferentiated state as the only reliable alternative to Matrigel.
Further evidence of the importance of integrin-ECM interactions during development is the fact
that an a5 integrin germ line deletion in mice leads to embryonic lethality at E9.5/E10 [150,151].
o4-null mouse embryos die at E9.5-E11.5 due to failure of allantois-chorion fusion or at E11.5-
E14 due to massive heart hemorrhage. The a4f1 integrin binds with fibronectin and VCAM-1
and it is the lack of these interactions that cause the embryonic lethality [152,153].

Integrin-ECM interactions have also been implicated in angiogenesis [154]. Vitronectin,
fibronectin, fibrinogen, and oestopontin are known to interact with the aV integrin subunit,
which is widely expressed on blood vessels. Various studies have established the clear role of
aVP3 and aVRS integrins for angiogenesis during tumor growth and development [155-158].
Using organ culture systems with branching organs such as lungs, kidneys or salivary glands

have shown that branching morphogenesis involves specific, repetitive steps starting with the
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formation of a cleft in the basement membrane. Sakai et al [159] demonstrated that fibronectin
and its major receptor, the a5p1 integrin, are required for this step of branching morphogenesis.
This study highlights the importance of the ECM-cell interaction during development and helps
to further understanding of the ECM’s role during development.

ECM studies have been based primarily on conventional 2D in vitro models. However,
the importance of the 3D aspect of the matrix is clear when examining epithelial cells, where
polarity is crucial for structure and function [160]. As cell biology understanding evolves,
whether the discrete cell adhesion structures identified in a 2D setting actually exist in cells
cultured in a 3D model system has been questioned. Our basic understanding of cell-matrix
adhesions is predicated on biology techniques and assays developed within the last 30 years for
conventional in vitro 2D culture. As cells in native ECM tissue exist in a 3D nature, recent
studies have begun to explore the validity of established literature as well as further understand
the properties of the 3D ECM and how it affects cellular function.

Early studies reported that fibroblasts embedded within a cell-derived 3D matrix or
collagen gel in vitro had integrins and vinculin make up some of the cell-matrix adhesion
[126,161]. These studies have highlighted the importance of 3D culture techniques to accurately
understand cell-matrix adhesions. Specifically, Cukierman et al [125], demonstrated that focal
adhesions on 2D substrates form firm adhesions to relative stiff substrates. Fibroblasts generate
their own matrix and develop 3D matrix adhesions over the course of several days. However,
when cells were added to a cell-free 3D matrix, they began generating matrix adhesions within
minutes. They were also able to establish that along with three-dimensionality, integrin a5f31 and
fibronectin were required. Tamariz et al [161] showed that fibroblasts within a 3D collagen

matrix are not only capable of local remodeling but undergo morphological changes and create
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mature focal adhesions. They identified the importance of Rho kinase as it is essential for
maturation of fibroblast morphology and formation of focal adhesions. Zhou et al establishes the
essential nature of 3D conformation for neovessel formation [128]. Angiogenesis and
vasculogenesis are processes that disrupt a 2D configuration of endothelium to create vessels and
this group demonstrates that fibronectin fibrillogenesis is what regulates that transition to a 3D
conformation. It has been well established that focal adhesions require tension with the ECM.
Hakkinen, et al compared the effects of 2D vs 3D microenvironments with human
foreskin fibroblasts [162] using four commonly used substrates: cell-derived matrix, basement
membrane extract, collagen, and fibrin. They were able to characterize the cellular results and
found that each microenvironment has its own unique influence on various aspects of cellular
behavior. This type of study highlights the advantages of optimizing a 3D substrate for specific
tissues and functions. Furthermore, the use of 3D matrices in cell culture demonstrates the
variation in cell morphology observed in 2D vs. 3D. Mammary epithelial cells grown in 3D
aggregate, form cell-cell contacts, polarize and establish spherical acini [163], while those
cultured on 2D simply form a cellular monolayer [164,165]. Further investigation is needed to
establish the understanding of 3D matrix-cell adhesions. Geraldo et al [166] have shown that
initial studies to characterize distinct adhesion structures observed in synthetic 3D matrices.
They found that the 3D nature of collagen I matrices influence adhesome proteins, which then
regulate cell migration, as well as further characterizing the differences in cellular morphology
cultured in 2D vs. 3D. The growing amount of evidence highlighting the differences in cellular
morphology and behavior between 2D and 3D confirms the necessity of continuing along this

avenue of research.
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Although, the complex nature of cell-matrix interactions has been studied, there still
remains much that is unknown. Cell-ECM interactions are largely mediated via integrins, which
can then generate signaling cascades and alter cellular morphology, function and behavior. It has
also been shown that cell-ECM interactions can influence development and differentiation.
Recent research has focused on investigating the role of a more physiologically relevant 3D

substrate on cell-ECM interactions.

E. Cardiovascular Tissue Engineering

Cardiovascular researchers have begun to look at tissue engineering as a future strategy
for regenerative therapies. Currently, it is common practice to use biomaterials for grafts and
stent-grafts as well as artificial heart valves [1,2]. Tissue engineered structures could also be used
to create a bioengineered myocardial patch to provide reinforcement to weakened tissue and
promote endogenous healing properties, as well as total replacement of diseased tissues. The
ultimate goal of tissue engineering and regenerative medicine is to mimic the native ECM for
both therapeutic treatment of defects and failing tissues as well as the possibility of replacement
of those tissues. In particular, nanotechnology has become a useful tool for tissue engineers [167-
170]. Development of 3D scaffolds that mimic the natural fibrous ECM can allow for diffusion
of nutrients, metabolites and soluble factors necessary to the seeded cells until they are able to
produce their own functional ECM [171,172]. There are a number of various issues to consider
in scaffold design, including: pore size and morphology, porosity, mechanical properties, surface
characteristics, biocompatibility and biodegradability. There are various methods to create a
scaffold including: electrospinning (random, aligned, and co-axial nanofibrous meshes), self-

assembly (hydrogels), and phase separation (macroporous polymer substrates) [173].
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Cardiovascular specific tissue engineering studies have employed all types of scaffolds. The
choice of polymer to use for scaffold fabrication can be broken into two main categories: natural
or synthetic [174]. Within these categories, there are many options for both degradable and
permanent polymers. Natural polymers that have been used in cardiovascular studies include:
alginate, collagen, gelatin, elastin, and hyaluronic acid [173,175-181]. Polyurethane (PU),
poly(e-caprolactone) (PCL), poly(lactic acid), and poly(glycolic acid) (PGA) are amongst the
most commonly used synthetic polymers for cardiovascular tissue engineering [182-191].
Numerous scaffolds types have been studied for their cardiac tissue engineering potential.
Weinberg and Bell first reported collagen gels used as scaffolds for engineering arterial
vasculature with smooth muscle cells in 1986 [192]. The collagen gel made up the exterior of the
construct, with a suspension of endothelial cells in the lumen. The structure was not mechanical
stable and ruptured at low pressures. Later studies by L’Heureux et al [193] fabricated a structure
made entirely of human origin collagen, which were seeded with smooth muscle cells and able to
reach higher burst pressures. More recent studies have included other natural polymers, including
elastin. Collagen I has been electrospun with elastin and PLGA to create an artificial artery with
similar compliance to a native bovine iliac artery [194]. Scaffolds made of collagen I have been
used with neonatal rat cardiomyocytes to create myocardial tissue with sustained contractions
[195]. Patches made from collagen I and seeded with MSCs were implanted in a rat model
following a myocardial infarction [196]. The animals showed reduction in the left ventricular
diameter at systole, as well as increased anterior wall thickness and a 30% increase in ejection
shortening. Initial results showed that the MSCs seeded did engraft in the surrounding the tissue,
although MSCs or MSC-derived cells were not detected at four weeks. Fibrin has been used to

create a small diameter vascular graft [197]. The in vivo studies in which the constructs were
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implanted in the left external jugular vein of 10-12 week old lambs maintained 71% blood flow
at 15 weeks post implantation and showed significant remodeling with native collagen and
elastin production as well as maintained mechanical integrity for the duration of the study. PLA
was combined with fibrin to create small diameter vascular grafts (Smm) for a large animal
model study [198]. The grafts were implanted in adult sheep. After six months, the grafts showed
no thrombus formation on the luminal surface of the graft. Furthermore, there were no
calcifications or aneurysm formation as well as strong evidence of native cell engraftment and
remodeling. PGA-based copolymer scaffolds have been used with bone marrow-derived vascular
cells to develop tissue-engineered veins [199]. PLGA-collagen scaffolds have been seeded with
and ECs to create a patch for the pulmonary trunk in a canine model [200]. After six months, the
patches exhibited evidence of elastin and collagen remodeling similar to what would be seen in
native tissues and the histological sections showed a morphology resembling native arteries.
Chitosan scaffolds have been created that support contractile heart muscle [201]. Decellularized
ECM has also been used in various forms for cardiovascular tissue engineering. An ECM
emulsion derived from porcine small intestine submucosa was used as method to initiate native
remodeling and induce paracrine effects at the injection site following an infarct in a rat model
[202]. The study showed a significant increase in c-kit" cells at the injection site.
Echocardiography studies showed improved fractional shortening, ejection fraction and stroke
volume after 42 days.

Cardiovascular tissue engineering has also recently explored electrospinning as a method
of scaffold creation that has proven to have a high success rate. Electrospinning technology can
be utilized to create customized electrospun nonwoven mats consisting of essentially any

polymer and create microenvironments upon which different cell types have been known to
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proliferate and thrive. The technology was first patented in 1934 [203] and has gained popularity
in lab settings for the ease with which it can be employed to create nanofibrous scaffolds
[204,205]. Scaffolds can be made to specification for explicit needs, including varying
mechanical and physical properties to correctly mimic the target tissues. The high surface area to
volume ratio produced in these scaffolds promotes cell adhesion, migration, and allows for the
appropriate diffusion of biochemical signals necessary for growth and exchange of nutrients and
metabolic waste [171,206,207]. Electrospinning has been used to successfully produce scaffolds
with many different polymers, both natural and synthetic [172,204-208].

Many investigators have electrospun collagen with a synthetic polymer to eliminate
needing to crosslink the material with a fixing agent such as glutaraldehyde to preserve the
material for implantation. Stitzel et al [209] created layered electrospun scaffolds of PLA and
collagen, which promoted the alignment of smooth muscle cells along the direction of the length
of the fiber. Another example of a layered electrospun scaffold is from Kidoaki et al [210] who
used segmented PUs with collagen I and gelatin and was used as a prototype for a small diameter
vascular graft. Poly(L-lactide-co-e-caprolactone) (PLLA-CL) copolymer was electrospun with to
produce a scaffold with mechanical properties similar to that of a human coronary artery [211].
Human smooth muscle and endothelial cells were cultured on the PLLA-CL scaffolds and
demonstrated good cellular adhesion and strong migration to the interior of the scaffold,
suggesting this material could be a promising copolymer to be used for myocardial tissue
engineering. Collagen and PGA have been electrospun to create varying types of composite
scaffolds, which were then seeded with c-kit" progenitor cells [212]. The scaffolds with
nanofibers and collagen demonstrated good cellular attachment and proliferation and represent a

good 3D model for cardiac engineering. Another group combined PCL with various
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combinations of collagen, elastin, and gelatin, which were then electrospun [5]. The scaffolds
were then seeded with adipose-derived stem cells. After two weeks, the cells were shown to have
adhered to the fibrous scaffolds and proliferate along the length of the fibers, which could
potentially be used for the creation of vascular grafts or myocardial tissue. Electrospun
polydioxanone (PDO) scaffolds were seeded with MSCs derived from umbilical cord blood to
create a replacement right ventricular outflow tract (RVOT), which was then implanted in a lamb
model [213]. After eight months, the scaffolds showed no stenosis or aneurysm formation, as
well as less fibrosis and calcification than the control animals. MSC-derived cells with native
cells were shown within the scaffold region to have undergone ECM formation and remodeling.
These electrospun PDO scaffolds represent an attractive option for complete replacement of the
RVOT in congenital diseases. Hong et al [214] decellularized heart valve matrix from a porcine
aortic valve leaflet and then coated with electrospun poly-4-hydroxybutyrate. The resulting
scaffold was then seeded with MSCs. After 14 days in culture, the cell seeded scaffolds exhibited
the mechanical properties similar to that of a native porcine heart valve and represents an option
for a hybrid scaffold made of natural and synthetic material.

Biopolymer hydrogels have been created with proven abilities to promote cell survival,
minimize scar tissue formation, and enhance transplanted cell engraftment [215]. Because of the
macroporous nature of hydrogels, they closely mimic the native ECM. Additionally, the structure
of hydrogels can be altered to more closely mimic the target tissue and has been shown to
enhance cell signaling in vitro [216]. Another advantageous property of hydrogels for tissue
engineering is their ability to incorporate larger biopolymers such as hyaluronan, which are
extremely difficult to handle in other types of scaffold formation [217]. The ability for cells to be

completely encapsulated with the hydrogel network allows for these culture models create ‘true
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3D’ microenvironments as opposed to fibrous or porous scaffolds which require cellular
infiltration to become a ‘true 3D’ model system.

Recent work has focused on the use of hydrogels to create a favorable environment to
drive cardiac differentiation as well as support implantation of cell therapies to a cardiac injury.
Chiu et al developed collagen I hydrogels to evaluate the spatial and temporal effects of TGFf,
BMP4 and VEGF on chicken derived embryonic heart valve progenitor cells [218]. They found
that a small concentration of TGFf (10ng/mL) was useful to promote tissue remodeling and
initiate myofibroblast differentiation, but VEFG and BMP4 did not. Methylacrylate-gelatin
hydrogels were created and used to encapsulate porcine valvular interstitial cells (VICs) [219].
After two weeks, the hydrogels supported and promoted active myofibroblast differentiation.
The cells were observed to exhibit morphology similar to that of native VICs, as well as promote
collagen I deposition and produce smooth muscle a-actin. Prokoph et al [220] created heparin-
polyethylene glycol (PEG) hydrogels that were functionalized with stromal cell-derived factor-
la (SDF-1a). Human endothelial progenitor cells were used and showed increased migration
towards the releasing growth factor. The hydrogels were implanted in mice subcutaneously,
which showed native cell infiltration and increased vascularization after seven days. Deng et al
[221] encapsulated human circulating progenitor cells in hydrogels made from collagen and
chitosan. After seven days, cells had differentiated and showed increased populations of CD31"
and CD133" cells, as well as increasing VE-cadherin. An in vivo subcutaneous implantation
showed vascular growth in mice after seven days. The hydrogels made of collagen-chitosan
demonstrated the ability to recruit vWF" and CXCR4 " endothelial cells compared to hydrogels
made of collagen only. VEGF nanoparticles were created and added to fibrin hydrogels [222].

Using an assay for angiogenic potential with the chorioallantoic membrane of a chicken embryo,
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the host vasculature invaded the gel and created a capillary network within the implanted
hydrogel. Increasingly clustered growth factor nanoparticles promoted more endothelial tube
branch compared to a homogenous distribution. Recently, cardiosphere-derived cells (which are
currently being used in clinical trials as a cell therapy [223]) were encapsulated in a hyaluronan-
based hydrogel and injected into the infarct border zone of a SCID mouse [224]. Three weeks
post injection, cells showed good engraftment into the myocardium and there was a noticeable
improvement in left ventricular ejection fraction. Wang et al [225] created oligo[poly(ethylene
glycol) fumarate] (OPF) hydrogels and encapsulated mES cells. After fourteen days in vitro cells
demonstrated the ability to differentiate into cardiomyocytes. Hydrogels with partially
differentiated mES cells were injected into the left ventricular wall of a rat myocardial infarction
model. Histological analysis showed good engraftment and retention of injected cells in the area
of the injection site. After four weeks, the graft size had increased compared to controls.
Additionally, the infarct size and collagen deposition had decreased and there was a significant
increase in left ventricular fractional shortening.

More specifically to the CPC niche environment, CPC commitment and further
differentiation can be directed by the microenvironment and that an in vitro 3D culture model
can be used to promote cardiac differentiation in a mouse ES model. Collagen IV was identified
as an ECM component with the ability to induce trophoectoderm differentiation in mES cells
[226]. Collagen IV, which can be detected in the mouse embryo as early as the 32-64-cell stage
[227] induced expression of haematopoietic, endothelial, and smooth muscle genes specific to
the mesoderm, as well as a panel of trophoectoderm-markers. Collagen I, laminin, and
fibronectin did not show the same ability to drive differentiation to trophoblasts. Collagen IV and

laminin are present within the endogenous mouse and human CPC niche, while collagen I and
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fibronectin are found outside the niche. Adding ECM proteins to mES cells can induce a CPC
population [6]. The addition of collagen IV with a synthetic 3D electrospun matrix made of PCL-
gelatin nanofibers induced the highest CPC population of the study [5]. Further studies
demonstrated that laminin- or vitronectin-coated 3D scaffolds induced an even higher population
of Flk-1" CPCs as compared to 2D culture conditions [228].

Cardiovascular tissue engineering has progressed rapidly and tissue engineered scaffolds
have demonstrated effectiveness at improving cardiac function for various cardiovascular tissues,
including heart valves. Scaffolds have also been investigated for their effectiveness and
efficiency in directing stem cell fate towards cardiovascular lineages. In particular, tissue

engineered substrates have demonstrated an increased effectiveness to induce a CPC population.

F. Conclusion

Stem cell biology and regenerative medicine has made considerably strides in the last two
decades and continues to be a promising area of research. Cardiovascular research in particular
has benefited from the evolving field of stem cell biology. Various stem cell sources have been
implicated as several potential candidates for stem cell therapies. CPCs have been identified and
characterized in both animal and human models. These progenitor cells reside in discrete niches
but the exact structure of the niche is still poorly understood. However, it is known that the 3D
nature of the niche as well as the ECM components contribute greatly to cell fate decision and
regulation of maintaining a stem cell- or progenitor cell-like state. Tissue engineering principles
have been used to recapitulate native ECM in efforts to drive differentiation. In particular, our
recent studies [6, 228] show that the unique niche microenvironment greatly induces a CPC

population.
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My studies have focused on understanding the nature of the microenvironment’s
contribution to cardiovascular differentiation. I first developed co-axial electrospun scaffolds to
use as a 3D culture system from both natural and synthetic polymers. I then examined the
contribution of the microenvironment to terminal differentiation in a mouse model comparing 2D
and 3D culture systems with various ECM proteins. I finally translated this work into a human
system to determine the role of the microenvironment in differentiating human iPS cells to
cardiomyocytes. Taken together, my work has shown the importance of the unique
microenvironment in cardiovascular differentiation of stem cells using biomaterials and tissue

engineering principles.
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CHAPTER TWO

A. Chapter Introduction

I first examined the effects of the microenvironment on induction of mouse embryonic
stem (mES) cells into cardiovascular progenitor cells (CPCs). To evaluate the microenvironment
effects, I developed a three-dimensional (3D) scaffold system, as well as adapted a hyaluronan-
based hydrogel system to assess the effects of 3D nature on CPC induction. I used a co-axial
electrospinning system to create mechanically stable scaffolds. I determined that the scaffolds do
not elicit an immunological reaction in vivo and can be used as an in vitro 3D culture system for
extended culture time (up to 30 days). We previously determined that the addition of the
extracellular matrix (ECM) protein collagen IV enhances the induction of CPCs from mES cells
and that the addition of a 3D scaffold further enhances CPC induction. As cells take a prolonged
time to migrate into the interior of the scaffold, I used a hydrogel system to completely
encapsulate mES cells and create an immediate 3D microenvironment. Integrins are known to
mediate cell-cell and cell-matrix interactions. In an effort to understand the regulation of the cell-
matrix and cell-scaffold interactions, I examined the integrin expression levels of both
undifferentiated and partially differentiated mES cells. Overall, I have examined the role of the

ECM proteins and 3D microenvironment on the induction of mES cells to become CPCs.
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B. Hybrid co-axial electrospun nanofibrous scaffolds with limited immunological response

created for tissue engineering

B1. Introduction

Tissue engineering is a rapidly growing field of study that aims to repair, and/or replace
damaged tissues and organs using a combination of structured scaffolds, specific cell types, and
biologically active molecules. In general, the goal of tissue engineering is to mimic the
endogenous 3D environment of the target tissue as closely as possible. The natural ECM is
comprised of a complex network of structural and regulatory proteins that are arranged into a
fibrous matrix. Development of 3D scaffolds that can recapitulate the natural ECM will allow
cell attachment and migration as well as diffusion of nutrients, metabolites and soluble factors
until the seeded cells can produce a new functional matrix and regenerate the desired tissue
structures [1-3]. The ideal scaffold must satisfy a number of often conflicting demands: high
porosity allowing for cell migration, sufficient surface area and a variety of surface chemistries
that encourage cell adhesion, growth, migration, and has a degradation rate that closely matches
regeneration rate of the desired natural tissue. Moreover, the scaffold must be biologically inert
s0 as not to stimulate a foreign body response.

A broad range of tissue-engineering matrices have been fabricated from both synthetic
and natural polymers using solvent casting and particulate leaching, gas foaming, freeze drying,
rapid prototyping, thermally induced phase separating, fiber bonding, melt molding, and
electrospinning, as reviewed elsewhere [4-7]. Electrospinning in particular has been used as an
effective method to fabricate biomimetic scaffolds comprised of fibrous meshes. The process

produces nonwoven scaffolds with a large network of interconnected pores that is conducive to
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tissue ingrowth. In conjunction with the porous network, small diameter fibers and high surface
area to volume ratio in the electrospun scaffolds promote cell adhesion and migration as well as
function as a delivery vehicle for biochemical signals needed for the seeded cells and efficient
exchange of nutrients and metabolic waste [8-10]. Electrospinning has successfully been used in
the fabrication of scaffolds made from many different polymers including poly(e-caprolactone)
(PCL), poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(lactide-co-glycolide) (PLGA)
and poly(urethane) (PU) in addition to the natural proteins, such as collagen, elastin and gelatin
[9-12].

Synthetic polymers provide many advantages over natural proteins due to price,
availability and reliability [13-14]. They possess a wider range of mechanical properties than
natural polymers and their lot-to-lot uniformity translates into the production of consistently
uniform scaffolds. They can also be combined with natural proteins to produce hybrid scaffolds,
which demonstrate beneficial properties of both starting materials. For example, the weak
mechanical properties of natural proteins are overcome by combining them with a synthetic
polymer, reinforcing the strength and durability of the scaffold while retaining the specific cell
affinity of the natural polymer [13]. Many natural polymers exist such as gelatin, a natural
biopolymer derived from collagen by controlled hydrolysis, which is a heterogeneous mixture of
single or multi-stranded polymers. Gelatin has several potential advantages over other natural
proteins, such as its biological origin, biodegradability, biocompatibility, and commercial
availability at low cost [15-16].

As with all tissue engineered structures, the body’s native tissue reaction to the implanted
cell-scaffold construct can cause an immunogenic response. As such, it is necessary to limit that

response as much as possible. Macrophage and foreign body giant cells play a crucial role in the
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foreign body reaction, and their responses toward implanted materials have significant impact on
the proper functioning of medical devices. The formation of a fibrous capsule during the foreign
body reaction is one of the most common barriers observed prohibiting normal function of
medical devices, such as biosensors, drug delivery systems, eye implants, etc. Material surface
chemistry, physical properties, and morphological features all play a part in modulating cellular
reactions towards implant materials [17-19].

In this study, we fabricated co-axial electrospun hybrid scaffolds, which combined
synthetic materials with natural proteins to overcome limitations seen with scaffolds constructed
with either one alone, such as poor cell adhesion and weak mechanical properties. We produced
electrospun nanofibers composed of two distinct polymer solutions arranged in a core-sheath
configuration. We used scaffolds made of bicomponent fibers with a gelatin-PCL mixture in the
sheath and a PU core, which were determined to provide optimal fiber diameter, pore size and
strength, leading to enhanced seeding of the electrospun scaffolds with cells in vitro. No
immunogenic reaction to the fabricated scaffold was observed in this study in vivo. The
mechanical properties of the scaffold should prove useful for their application in the field of

cardiovascular tissue engineering and regenerative medicine.

B2. Materials and Methods

B2.1. Scaffold Fabrication

Unless otherwise noted all reagents were purchased from Sigma Aldrich (St. Louis, MO).
In general, relatively volatile solvents are quite suitable for electrospinning polymeric fibers to
ensure rapid drying of electrospun mats. We, like others, noted that 1,1,1,3,3,3-hexafluoro-2-

propanol (HFP) is sufficiently volatile (Boiling Point 61°C) and has been used as a solvent in
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Figure 2-1: Creation of nanofibrous scaffolds A) Schematic of standard system for electrospinning B) Schematic of two-
syringe system for electrospinning co-axial scaffolds

which proteins and simpler amino acid sequences have been suspended for various
conformational analysis studies [14]. In this study, in order to create a customized electrospun
scaffold, a solution of gelatin type B (bovine skin) (10% w/v) and poly(e-caprolactone) (PCL)
(10% w/v) and a solution of PCL alone (10% w/v) were dissolved in HFP. The solution was then
loaded into a 10 ml-syringe, to which an 18-gauge blunt ended needle (spinning nuzzle) was
attached. A core solution of 5% w/v poly(urethane) (PU) dissolved in HFP was loaded into a 3
ml-syringe, to which a 25-gauge needle was attached. This syringe and needle was then loaded
into the 10 ml-syringe containing the sheath solution. The entire syringe system was then loaded
into a modified syringe pump, as seen in Figure 2-1. The positive output lead of a high voltage
supply (28 kV; Glassman High Voltage Inc., NJ, USA) was attached to the needle on the 10 ml-

syringe, spinning nuzzle. In the created electric field, a thin jet was ejected from the solution in
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the syringe at a speed of 70uL/min from the raised syringe pump. The grounded target was
placed 16 cm under the needle tip and upon introduction of the electric field Taylor cone
formation at the base of the spinning nuzzle was observed. By the time the jet reached the target,
a dry fiber was collected in the form of a flat 3D mat (300-400 um thick). After the
electrospinning process, the scaffold was then sterilized by soaking scaffolds for 30 minutes in
70% ethanol, and then washed with sterile Dulbecco’s phosphate buffered saline (PBS 1x) before

seeding with cells for in vitro or in vivo studies.

B2.2. Ultrastructural Scaffold Analysis

Scanning electron microscopy. For ultrastructural analysis, unseeded scaffold samples
were processed for characterization by scanning electron microscopy (SEM) as described
previously [14]. Fiber samples were cut from different, randomly selected locations on the
electrospun mat to obtain representative fibers. The samples were mounted onto stubs and sputter
coated with gold/palladium (Au/Pd to a thickness of ~10um) using Denton Desk II before
scanning with a JEOL 6610 Low-Vacuum SEM (JEOL, Ltd, Tokyo, Japan). Fiber diameters in
the electrospun scaffolds were measured on scanning electron micrographs. Average fiber
diameter was determined from measurements taken perpendicular to the long axis of the fibers
within representative microscopic fields (20 measurements per field). The pores formed at the
interstices of the fibers were measured using Imagel] software (free download available at

http://rsbweb.nih.gov/ij/). For each sample, at least 5 scanning electron micrographs at 2000x

magnification were used for image analysis and pore size measurement.
Transmission electron microscopy. For transmission electron microscopy (TEM),

polymer solutions were prepared for regular scaffold fabrication. Gold nanoparticles (GoldSol,
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Aurion, The Netherlands) of a 10nm particle size were added to the sheath solution before
electrospinning. After scaffold fabrication, scaffolds were embedded in Eponate 12 Resin (Ted
Pella, Inc, Redding, CA) and sectioned with a Leica EM UC6 Ultramicrotome before scanning
with a JEOL 100CX Transmission Electron Microscope. Images were analyzed using Imagel
software.

Contact angle measurement. For contact angle measurement, the static sessile drop
method (ASTM D7334-08 Standard Practice for Surface Wettability of Coatings, Substrates and
Pigments by Advancing Contact Angle Measurement) was used with a goniometer to capture
images of the scaffolds immediately after a 10pL drop of water was applied to the surface of

each scaffold.

B2.3. Mechanical Testing

Electrospun samples were cut into 40mm x 10mm pieces, an average width:length ratio
of 3:1, for mechanical testing. Scaffolds that were tested for degradation analysis were left in a
desiccator for at least 72 hours to ensure complete dryness before testing. Initial monotonic
tensile testing was conducted on an Instron 5564 (Norwood, MA, USA) using a IN load cell at a

speed of 10mm/min and a gauge length of ~30mm with a pneumatic flat jaw clamp.

B2.4.Cell Seeding

Murine fibroblast NIH 3T3 (ATCC, CRL-1658) cells were cultured to a confluent state
and at passage 4 were seeded onto the electrospun scaffolds at a density of 10° cells/cm” to reach

a confluent cell layer. The 3T3-seeded scaffold was then cultured for 4 weeks under dynamic
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conditions in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS at

37°C and 5% CO..

B2.5. Surgical Procedure and Implantation of Scaffolds

UCLA Animal Research Committee approval (protocol # 2010-007-01) was obtained for
all procedures. NIH guidelines for the care and use of laboratory animals were observed. Four
different groups -- co-axial, co-axial without gelatin (denoted as ‘co-axial #2’), porcine small
intestine submucosa (SIS) scaffolds (Cook Medical, Bloomington, IN, USA) and sham were
tested at three different time points (2, 4 and 7 weeks). Co-axial #2 scaffolds were fabricated as
previously described with the modification of no gelatin in the sheath polymer solution.
Anesthesia was induced with 5% isoflurane and maintained with 2% isoflurane. Four 1 x 1- cm
sections of sterile scaffold from each group were cut and implanted in the lateral superior region
of the subcutaneous dorsum, approximately one-third the distance between the head and tail,
c57/BL6J male mice with an average weight of 30g. Inflammation at the implant site, behavioral
changes and other adverse reactions to the implant were monitored for the duration of the
experiment and no significant abnormalities were observed. Sham control mice had a

subcutaneous incision with no scaffold implant.

B2.6. Tissue Collection, Histology and Immunohistochemistry

On weeks 2, 4, and 7 postimplantation, the animals were euthanized and tissue was
harvested. Following fixation, the tissue was then embedded in paraffin. Paraffin-embedded
tissues were cut into 5-um sections and stained for different histological analysis using

hematoxylin and eosin (H&E) (American Mastertech, Lodi, CA, USA), Masson’s trichrome
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(American Mastertech, Lodi, CA, USA). [14]. CD 45 (BD Biosciences, dilution 1:100), a mouse
monoclonal antibody, and IL-6 (Abcam, dilution 1:400), a rabbit monoclonal antibody were used
for immunohistochemistry following standard protocols [14]. Fluorescence images were
acquired using a confocal TCS SP2 AOBS laser scanning microscope system (Leica
Microsystems Inc., Exton, PA, http://www.leica.com) with x40 (1.3 numerical aperture [NA]).
Images were processed with Adobe Photoshop CS3 (Adobe Systems Inc., San Jose, CA,
http://www.adobe.com).

To detect the cell attachment on the electrospun scaffolds as well as cell migration
through the scaffolds in vitro, the scaffolds were analyzed at three time points, 7, 14, and 28 days
in culture. Cell-seeded scaffolds were fixed in 4% formaldehyde and paraffin-embedded. To
determine cell migration through the interior of the scaffolds, sections were cut in Spum
thicknesses at a vertical cross-section, deparaffinized permeabilized with 0.5% Triton X-100 and
nuclei stained with DAPI. To determine the extent of cell migration into the interior of the
scaffold, the following equation was used:

Equation 2-1: M=(X/T)*100
where M is the percent migration, X is the distance migrated from the surface of the scaffold into

the interior (as determined via DAPI staining), and T is the thickness of the scaffold.

B2.7. Statistical Analysis

Results are presented as mean=standard error of mean. Statistical significance was tested

using ANOVA. Probability values of P<0.05 were considered statistically significant.
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B3. Results

B3.1 Scaffold Fabrication and Morphology

Gelatin, PU, and PCL were dissolved in HFP and electrospun, either separately or mixed

together. Previously, we have determined that a PCL-only scaffold does not sufficiently support

Figure 2-2: Representative SEM micrographs of electrospun scaffold morphology A) Standard 10% PCL-10% gelatin
scaffolds at 1,000x with an average fiber diameter of 1.245 + 0.413um B) Standard scaffolds at 5,000x C) Co-axial scaffold
at 1,000x with an average fiber diameter of 0.537 + 0.231um D) Co-axial scaffold at 5,000x. Scale bar equals 10um A and C,
Scale bar equals Sum B and D.

cell growth and the addition of gelatin is necessary to promote cell adhesion qualities [14]. We
have established in previous studies that a minimum polymer concentration is required for pure
synthetic nanofibrous scaffold fabrication, thus a minimum polymer concentration of 5% PU was
used [14] and 10% PCL-10% gelatin solution was chosen for the hybrid scaffold synthesis based
on our previous work. We used these “standard” scaffolds to compare scaffolds prepared via the
co-axial system. 5% PU concentration was used for the core of the co-axial system, and a 10%

PCL-10% gelatin concentration was used for the sheath (Figure 2-1). SEM and TEM image
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analysis of the standard and co-axial electrospun scaffolds showed a 3D nanofibrous mat of
random fiber orientation (Figures 2-2 and 2-3).

Analysis of the images obtained from SEM (Figure 2-2) showed uniform fiber
morphology for both the standard and co-axial electrospun scaffolds, regardless of needle
configuration. However, upon visual observation of the SEM images the standard scaffolds had
less fiber volume when compared to the co-axial scaffolds possibly secondary to increased
variation in fiber diameter in the standard scaffolds, which is likely related to the development of

multiple Taylor cones during the electrospinning process. TEM image analysis (Figure 2-3)

Figure 2-3: Representative TEM micrographs of electrospun scaffold morphology A) TEM micrograph of cross-section of
bicomponent nanofibers in the co-axial scaffold. Outer sheath contains gold nanoparticles (small black dots, arrows) to
distinguish from inner core. Scale bar = 2pm. B) Further magnification of cross-section of bicomponent nanofiber of co-axial
scaffold. Arrows indict gold nanoparticle presence in sheath of fiber. Scale bar = 740nm

confirms the existence of the core-sheath structure in the co-axial scaffolds. Gold nanoparticles
were included in the sheath polymer solution to identify the outer sheath. These nanoparticles
were visible in the electron micrographs as “black spots.” The sheath layer is well delineated and

no gold nanoparticles are seen within the core section.
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B3.2 Fiber Diameter and Pore Size

The average fiber diameter and pore size of the various scaffolds are shown in Table 2-1
and Figure 2-4. As shown, the average fiber diameter was significantly smaller for the co-axial
scaffolds as compared to the standard scaffold (P<0.001). More specifically, the co-axial
scaffolds had an average fiber diameter of 0.537+0.053um, while the standard scaffolds had an
average fiber diameter of 1.245+0.113um.

Consistent with these findings there were larger pore sizes and more variation of those
pore sizes with the standard scaffolds (Figure 2-4). The contact angle of the standard scaffolds
was 49.06 + 1.77°, while the co-axial scaffolds had a contact angle of 51.67 + 1.10°.

Measurements were taken immediately after the drop was applied to the surface of the scaffold.

A Standard Scaffold B Co-axial Scaffold
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Figure 2-4: Pore size distribution of standard and co-axial scaffolds A) Pore size distribution of standard scaffolds with an
average fiber diameter of 1.245 + 0.413pm B) Pore size distribution of co-axial scaffold with an average fiber diameter of
0.537+0.231um

Within 60 seconds, both scaffolds absorbed the water droplet, respectively. The scaffolds

demonstrated similar hydrophilic properties predicting good cell adhesion properties.
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B3.3 Mechanical Analysis

The stress and strain properties of the standard versus co-axial scaffolds are shown in
Table 2-1. The standard scaffold exhibited the lowest tensile stress value at 0.83 MPa, while the
co-axial scaffold exhibited a peak stress of 1.67 MPa. The average strain at peak stress is also

shown in Table 2-1. The standard scaffold was only able to withstand a strain of 2.7%, while the

co-axial scaffold demonstrated a strain of 36% at peak stress.

Scaffold Avg. Fiber Young’s Tensile Strength Strain
Diameter (wum) | Modulus (MPa) (MPa)

Standard 1.245+0.113 76.80 + 14.66 0.83+0.25 0.027 +0.013

Co-axial 0.537 +0.053 93.36 +9.11 1.67 +0.47 0.36 + 0.054*

Table 2-1: Fiber size and mechanical analysis of electrospun scaffolds *P<0.05

While the mechanical properties of the two scaffolds demonstrated no significant
difference, the co-axial scaffolds were significantly more stable under culture conditions and
were able to retain all structural integrity as compared to the standard scaffolds, which lost
structural and mechanical integrity after 7 days in vitro. As such, the standard scaffolds were not
tested as part of a degradation study. After one week in culture, the standard scaffolds could not
be physically handled for any volume, mass or tensile measurements (Figure 2-5 and Table 2-2).
The co-axial scaffolds exhibited an average volume retention compared to the original volume
and mass measured before the samples were subjected to culture media and stored at 37°C of
76.71% after 1 week and 54.37% after 2 weeks in culture-like condition. Likewise the average
mass retention was 73.20% after 1 week and 68.30% after 2 weeks in culture-like condition.
After 2 weeks the volume and mass loss tapered off and remained steady for a total of 4 weeks.

The tensile properties did drop dramatically after 1 week in culture-like condition (Table 2-2):
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the modulus of the co-axial scaffolds dropped to 47.92 + 2.82 MPa, the tensile strength dropped

to 1.41 + 0.14 MPa, and the strain dropped to 0.10 + 0.018. After 1 week in culture-like

condition, the tensile properties remained steady and did not continue to decrease significantly.

Week 0 Week 1 Week 2 Week 3 Week 4
Young’s Modulus 93.36 + 47.92 + 47.99 + 46.91 + 40.43 +
(MPa) 9.11 2.82 10.28 6.99 3.98
Tensile Strength | 1.67+047 | 1.41+0.14 | 1.42+0.19 | 1.63+0.11 | 1.29+0.08
(MPa)
Strain | 0.36 +0.05 | 0.10+0.02 | 0.12+0.05 | 0.15+0.02 | 0.13 +0.01

Table 2-2: Mechanical analysis of co-axial scaffolds over four weeks

Degradation analysis of co-axial scaffolds
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Figure 2-5: Degradation analysis of electrospun scaffolds over four weeks Volume and mass retention of co-axial
scaffolds.
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B3.4 Cell-Scaffold Interactions

Cell-scaffold interactions were studied in vitro by seeding murine NIH 3T3 fibroblasts on
both the standard and co-axial scaffolds for analysis at various time points. No additional surface
modification of the electrospun scaffolds was necessary to ensure robust attachment of 3T3 cells
to the scaffold. After 7 days in dynamic culture, cells began to migrate into the interior of the
scaffolds (Figure 2-6). The cells seeded on the standard scaffolds migrated 21.0 + 1.4% of the
entire scaffold thickness, while cells seeded on the co-axial scaffolds migrated 17.6 + 1.1% into

the scaffold. After 14 days in culture, the standard scaffolds showed significant evidence of

7 days 14 days 28 days
.
. -

Figure 2-6: 3T3 cells seeded on scaffolds for 7,14, and 28 days Nuclei stained (DAPI) NIH 3T3 fibroblasts cultured on A-
() Standard scaffolds, D-E) Co-axial scaffolds, scale bar = 100um.

Standard

Co-axial

degradation and had begun to lose their structural and mechanical integrity, thus no cell
migration measurements were possible. However the co-axial scaffolds retained their structural

integrity and cells migrated 33.5 + 1.7% and 31.0 + 2.2% after 14 and 28 days respectively.
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B3.5 Immunogenicity of Scaffolds

2 weeks 4 weeks ‘ 7 weeks

Co-axial (with gelatin) Co-axial #2 (no gelatin)

SIS

Sham

Figure 2-7: H&E staining of implanted scaffolds at 2, 4, and 7 weeks Tissue sections stained with hematoxylin and eosin
reveals cellular ingrowth of native cells into electrospun scaffolds (original magnification 20x, scale bar = 50 wm). A-C)
Co-axial #2 at 2, 4 and 7 weeks respectively. D-F) Co-axial at 2, 4, and 7 weeks. G-I) SIS scaffolds at 2, 4, and 7 weeks,

J-L) Sham at 2, 4, and 7 weeks. Arrows indicate scaffold boundaries
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To determine the extent of the immune response to the electrospun scaffolds in vivo,
scaffolds were inserted subcutaneously into mice and H&E staining was done on scaffolds
explanted from the animals at 2, 4, and 7 week time points. SIS scaffolds are commonly used for
many cardiovascular surgical procedures and were included as a benchmark for immune
response levels and cellular infiltration. As depicted in Figure 2-7, nuclei staining is detected at 2
weeks in both electrospun scaffolds (Figures 2-7A and 2-7D), while there is almost no cellular
infiltration at any time point for the implanted SIS scaffolds. Because we were unable to detect
any cell migration into the scaffold in the SIS scaffolds (Figures 2-7G-I), we did not anticipate
finding any cellular ingrowth into the interior of the electrospun scaffolds. However, at later time
points, cellular ingrowth of host cells is clearly visible in both the electrospun co-axial scaffolds
with and without gelatin. The scaffold boundaries are readily detectable even at the 7 week time
point (depicted by arrows, indicating scaffold boundaries), suggesting the slow degradation of
the synthetic polymers used in the fabrication of the scaffolds. Immunological response to
foreign bodies is often associated with fibrous capsule formation. This is easily detected by
trichrome staining, which shows collagen deposition along the longitudinal axis of the implanted
scaffold. As shown in Figure 8, relatively small fibrous capsules are seen around all scaffolds
(Figures 2-8G-I, depicted as “FC”). Cellular ingrowth is visible at all time points in these
scaffolds, suggesting the lack of structure of the fibrous capsules as barriers to the scaffolds. To
further characterize the immunological response, we performed an immunohistochemical
analysis of the scaffold for IL-6 expression or the presence of CD45 positive cells (Figure 2-9).
No CD45 and IL-6 staining was observed suggesting the scaffolds elicit no immunological

response.
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2 weeks 4 weeks 7 weeks

Co-axial (with gelatin) Co-axial #2 (no gelatin)

SIS

Figure 2-8: Masson’s trichrome staining of implanted scaffolds at 2, 4, and 7 weeks Tissue sections stained with Masson’s

trichrome shows minimal fibrous capsule (FC) formation of electrospun and SIS scaffolds (original magnification 20x, scale

bar = 50 um). A-C) Co-axial #2 at 2, 4 and 7 weeks respectively. D-F) Co-axial at 2, 4, and 7 weeks. G-I) SIS scaffolds at 2,
4, and 7 weeks, J-L) Sham at 2, 4, and 7 weeks. Arrows indicate scaffold boundaries.
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Figure 2-9: Immunofluorescence staining of implanted scaffolds at 2, 4, and 7 weeks Immunohistochemistry staining of
implanted scaffolds to detect immunological response by staining for markers CD45 (red) and IL6 (green) and DAPI (blue). A)

positive control tonsil tissue. B-D) Co-axial #2 at 2, 4 and 7 weeks respectively. E-G) Co-axial at 2, 4, and 7 weeks. H-J) SIS
scaffolds at 2, 4, and 7 weeks. K-M) Sham at 2, 4, and 7 weeks. Scale bar = 50 um
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B4. Discussion

In the present study we created and characterized hybrid co-axial electrospun scaffolds
that incorporated PU and PCL synthetic polymers as well as natural polymers to enhance cell
adhesion and migration for future tissue engineering applications. We compared these co-axial
scaffolds to conventionally electrospun standard fibrous scaffolds. Co-axial scaffolds, at least
theoretically, would incorporate the beneficial properties of all of its components. PU
electrospun scaffolds have demonstrated extreme elasticity and better handling characteristics
but poor cell adhesion and no degradability (data not shown). In contrast the hybrid polymer
solution (10% PCL-10% gelatin) for the outer surface, is inherently stiffer, but has excellent cell
adhesion qualities, as determined previously [14]. The mechanical properties of the co-axial
scaffold were superior to that of the standard scaffold (Table 2-1). While there are increased
values for both the Young’s Modulus and tensile strength for the co-axial scaffolds as compared
to the standard scaffolds, the differences are not significant. A significant difference exists
between the strain properties of the two scaffolds. The co-axial scaffolds exhibit a much higher
elastic potential than the standard scaffolds. Overall, the inclusion of PU in our system adds the
necessary elasticity to the mechanical properties of our scaffolds. Additionally, the inclusion of
PU to the core of the scaffolds helps to maintain the structural and mechanical integrity for long-
term studies both in vitro and in vivo. Likewise, the co-axial scaffolds exhibited superior
handling and structural integrity after one week in culture-like conditions (Figure 2-5). The
standard scaffolds fell apart during the transfer out of the culture dish to be measured for volume
and mass retention. As such, these scaffolds were not included in further degradation or in vivo
studies. Additionally, after one week of culture-like conditions, SEM image analysis of the

standard scaffolds showed no distinguishable fiber boundaries (data not shown). The
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morphology of the fibers of the co-axial scaffolds observed through SEM image analysis showed
no significant difference in fiber diameter or pore size at each time point (data not shown). The
co-axial scaffolds did show signs of degradation after one week in culture. The tensile properties
of the scaffolds dropped significantly, but remained steady for the remaining three weeks of the
degradation study. The slow degradation was again visible during the in vivo studies, as the
scaffold borders were still visible in the histological analysis (Figures 2-7 and 2-8).

While both scaffolds have exhibited similar tensile strength, the standard scaffolds
demonstrated higher initial cell migration into the interior of the scaffold. However, this
migration could not be sustained as the mechanical and structural integrity of the scaffold
degraded quickly in aqueous conditions. The longer the scaffolds are submersed in liquid, the
less stable they become and gross handling of the scaffolds is impossible without imparting
damage to the structure of the scaffold. However, the co-axial scaffolds support less initial
migration into the scaffold, but keep their mechanical integrity in vitro for at least 28 days. We
believe the difference in migration capabilities resides in the differences in fiber diameter and
pore sizes. Future work will include fabricating co-axial scaffolds with larger fiber diameters and
consequently larger pore sizes (by varying the distance between needle tip and collection plate as
well as flow rate), which we will expect to support even better cellular ingrowth.

Scaffolds were implanted subcutaneously to ascertain the extent of immunological
response in the murine host. Due to the poor handling and obvious mechanical deterioration of
the standard scaffolds over longer time points, we were not able to include these in the in vivo
study as we were unable to implant the scaffolds in the animals. In addition, we used co-axial
scaffolds with no gelatin in the sheath polymer solution to determine if any immunological

response would be mounted due to the species difference of the bovine source of gelatin
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implanted in the murine host. These scaffolds were denoted ‘“co-axial #2 The scaffold
morphology was almost identical to that of the co-axial scaffolds with gelatin. Likewise, the
mechanical analysis of the co-axial #2 scaffolds without gelatin was very similar to that of the
co-axial scaffolds with gelatin (data not shown). SIS scaffolds, which are FDA-approved and
used in various surgical procedures routinely, were included as a guideline to demonstrate
acceptable immunological response.

Soft tissue response to porous and fibrous biomaterials is influenced, in part, by the
microarchitecture of the implant [20-21]. For porous materials like our electrospun scaffolds,
effects of change to the pore size have been studied, suggesting that pore size dimensions of at
least 10 wm are needed to allow connective tissue ingrowth and to avoid global encapsulation.
The fabricated electrospun scaffolds clearly have pore sizes < 10um (Figure 2-4) and we
correctly anticipated the scaffolds to support at least minimal cell migration in vitro. Cellular
infiltration has rarely been reported on electrospun nanofibers which usually demonstrate a two-
dimensional behavior as the distance between layers of fibers is too small to allow cells to
migrate through the scaffold without being impinged upon by a layer of fibers underneath the
surface layer, thus preventing cellular infiltration. However, as seen in Figures 2-7 and 2-8,
cellular infiltration did occur in the interior scaffolds in both the in vifro and in vivo studies.
Interestingly, we observed a greater cell migration from in vivo studies than those observed in the
in vitro studies. Given that the scaffolds were implanted with no cells seeded, the infiltrating
cells are clearly those of the murine hosts.

The formation of the fibrous capsule is dependent upon both the physical and mechanical
properties of the implanted biomaterial and the thickness of the fibrous capsule can have a

significant influence on the functionality of the implant. Scaffolds with smaller pore sizes and a
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high surface area-to-volume ratio are more likely to induce dense fibrous capsule formation, thus
the thickness of the fibrous capsules can be greatly reduced when implants are more porous with
larger pore sizes, in turn promoting greater cellular ingrowth [22-23]. As we observed in Figure
2-8, the fibrous capsule formation around the periphery of both our fabricated electrospun
scaffolds and commonly used, commercially available SIS scaffolds was minimal (as depicted
by “FC” in Figure 2-8). The presence of native cells in the interior of the scaffold with a small
fibrous capsule formation suggests the bovine source of gelatin in the sheath component of the
electrospun scaffolds does not elicit a strong immunological response.

As seen in Figure 2-9, we observed a limited immune response with nearly no
macrophage or common immunological marker present. Interleukin (IL) 6 was not clearly
detected at any of the time points of the implanted electrospun scaffolds. Similarly, CD 45 a
common immunological marker was not detected in any of the implanted scaffolds. We can
conclude that not only does the bovine source of gelatin not cause an immune response, but
neither do the scaffolds themselves. We can also conclude the architecture of the electrospun
scaffolds readily supports cell migration and can be used for further tissue engineering

applications.

BS5. Conclusion

ECM consists of a complex network of structural and regulatory proteins in vivo. The
multifunctional nature of natural ECM will need to be considered in the design and fabrication of
tissue-engineered scaffolds. The introduction of a protein/polymer hybrid such as PCL-gelatin or
a co-axial system to include a core of PU and a sheath of PCL-gelatin provides both favorable

mechanical properties and binding sites for cell attachment and proliferation. We anticipate these
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co-axially electrospun scaffolds to prove extremely useful for tissue engineering applications,
particularly those applications that will be used under dynamic conditions. The added elasticity
and handling properties from the inclusion of PU to the core of the scaffolds will be extremely
beneficial for future cardiovascular tissue engineering applications. We believe electrospinning
with natural and synthetic polymers can be used to produce tissue-engineered scaffolds for
various applications. These scaffolds better recapitulate key features of the native ECM
including its mechanical and biochemical properties. We can conclude the physical properties of
our electrospun scaffolds are not only adequate in both fiber diameter and pore size, but will
encourage and promote cellular migration and proliferation within the interior of the scaffold. By
detecting robust native cell migration into the interior of the scaffold and observing minimal
fibrous capsule formation and immunological response in vivo, we are confident our electrospun

co-axial scaffolds will support further tissue engineering studies.
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C. Hyaluronan-based three-dimensional microenvironment potently induce cardiovascular

progenitor cell populations

C1. Introduction

The mammalian heart is believed to originate from a common progenitor cell. CPCs
further differentiate into the three main cardiovascular lineages: endothelial cells, smooth muscle
cells and cardiomyocytes. Using our mES cell model, we have isolated CPCs using Flk-1 (also
known as KDR), a cell surface marker for VEGF-R2. Endogenous CPCs are found in anatomical
clusters in the developing right atria, ventricle and outflow tract. These clusters are suggestive of
a stem cell niche. Niches are 3D microenvironments the regulate self-renewal, proliferation, and
differentiation through cell-cell and cell-matrix interactions [24,25]. This makes the role of the
native ECM surrounding the CPC niche important to understand.

Hyaluronic acid (HA) is one of the major components found in ECMs throughout the
body. It is a linear, high molecular weight polymer with visco-elastic properties [26]. HA is
involved in many biological processes, including wound repair, inflammation, and metastasis.
The carboxyl group of HA is a major target site for further derivatizing. HA-based hydrogels can
be particularly useful to encapsulate various cell types to determine the effects of a 3D
microenvironment.

Previously, we have established that the ECM protein collagen IV induces a greater
amount of CPCs than other proteins [25]. Additionally, incorporating a modified 2D substrate, a
nanofibrous scaffold, into the culture system further induces a CPC population [27]. In order to
further examine the full effects of a 3D microenvironment, we will develop a 3D in vitro culture

system using a HA-based hydrogel.
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C2. Materials and Methods

C2.1 Mouse ES cell culture

Murine ES v6.5 cells were purchased from Open Biosystems and maintained in an
undifferentiated, feeder-free state in leukemia inhibitory factor (LIF) supplemented medium
(Knockout Dulbecco’s modified Eagle’s medium, Invitrogen, Carlsbad, CA USA) with 15% ES-
FBS (Invitrogen), 0.lmM f-mercaptoethanol, 2mM L-glutamine (Invitrogen), 0.lmM
nonessential amino acids (Invitrogen), 1000U/mL recombinant LIF (Chemicon, Temecula CA
USA), and 2mM HEPES (Invitrogen). Cells were cultured on gelatin-coated (0.1% gelatin in
PBS, coated for 2h at 37C) T-75 flasks at 37°C, 5% CO2 in a humidified incubator. Cells were
passaged every 2-3 days to maintain an undifferentiated state.

For initial differentiation assays, mES cells were introduced to collagen IV flasks (BD
Biosciences, San Jose, CA USA) and maintained in o-minimum essential medium (a-MEM)
(Invitrogen) supplemented with 10% ES-FBS (Invitrogen), 0.1mM f-mercaptoethanol, 2mM L-
glutamine (Invitrogen), 0.lmM nonessential amino acids (Invitrogen), and 2mM HEPES
(Invitrogen). After five days, cells were harvested for FACS analysis, fixed for immunostaining

or RNA was collected for PCR analysis.

C2.2 Hydrogel formation

HA-based hydrogels were purchased from Glycosan Biosystems (subsidiary of BioTime,
Alameda, CA USA) and crosslinked with a PEGSSDA crosslinker. The hydrogel consists of a
hyaluronan-backbone and thiolated gelatin. The PEGSSDA crosslinker allows for easy
dissolution of the hydrogel at various time points. To encapsulate mES cells in the hydrogel

microenvironment, the manufacturer’s protocol was followed. Briefly, the two components of

71



the hydrogel backbone were dissolved in the provided diH20O and allowed to homogenize for
30min on a rocker plate. mES cells were collected from the culture flask and centrifuged. The
cell pellet was then resuspended in the hydrogel backbone components. The cross-linking agent,
PEGSSDA is then introduced at 4:1 ratio to the backbone components. Gelation occurs within
30minutes from the cross-linker introduction. Equal volume of media (a-MEM) is added to the
hydrogel after 2h. In order to dissolve the hydrogel for further cellular analysis after 5 days, a
reducing agent is added to the hydrogel. 40mM L-glutathione solution is added directly to the
hydrogel to break up the disulfide bonds formed from the cross-linking agent. After 1-2hrs, the
hydrogel-L-glutathione mixture is collected and centrifuged to obtain a cell pellet. The cells are

then processed for FACS analysis, RNA collection, or cytospin imaging.

C2.3 Live/Dead Cell Assay

Live/Dead cytotoxicity assay was performed using the kit purchased from Invitrogen
specific for mammalian cells and the manufacturer’s recommended protocol was followed.
Briefly, a solution of sterile PBS with 1:1000 Calcein AM and 1:500 Ethidium homodimer-1 was
made. Cells were washed thoroughly with sterile PBS and the live/dead solution was added to

the dish. Imaging immediately followed.

C2.4 Fluorescence-activated cell sorter analysis (FACS)

Cells were harvested from both standard 2D and 3D (hydrogel) culture, pelleted via
centrifugation, washed in PBS supplemented with 1% ES-FBS and 2% BSA and stained with
purified rat anti-mouse Flk-1 antibody (BD Biosciences). The cells were gated by forward scatter

(FSC) versus side scatter (SSC) to eliminate debris. A minimum of 10,000 events were counted
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for each analysis. All analyses were performed using a Becton Dickinson FACScan analytic flow
cytometer (BD Biosciences) with FCS Express software (DeNovo Software, Thornhill, Ontario,

Canada) at the UCLA Flow Cytometery Laboratory.

C2.5 Quantitative real-time polymerase chain reaction (PCR)

Total RNA was extracted from cells using TRI Reagent (Sigma-Aldrich) according to the
manufacturer’s instructions. First-strand cDNA was generated from RNA by using the Quantitect
Reverse Transcription kit (Omniscript, Qiagen, Valencia, CA USA). Real-time quantitative PCR
was conducted using the ABI PRISM 7900 Sequence Detection System (TagMan, Applied
Biosystems, Carlsbad, CA USA) with the UCLA GenoSeq Core. PCR amplicons were detected
by fluorescent detection of SYBR green (QuantiTect SYBR green PCR kit, Qiagen). Data was
analyzed using the AACt method, using ribosomal protein S26 as a stable reference gene for

normalization control. Primers used were purchased from Qiagen (QuantiTect Primer Assay).

C2.6 Immunofluorescent staining

mES cells at both undifferentiated and partially differentiated states were fixed using 4%
paraformaldehyde in PBS for 20min and rinsed with PBS. All samples were then washed with
0.05% Tween-20 in PBS three times, Smin each, followed by a 15min wash of 0.1% Triton-X in
PBS. Three more washes of 0.05% Tween-20 in PBS for 5min each followed. A blocking
solution of 1% BSA and 2% goat serum in PBS was used on the cells for 30min followed by
incubation with the primary antibody overnight at 4°C. The samples were then washed in PBS. A
secondary antibody with Alexa Fluor 488 or 546 conjugation was then applied and incubated at

room temperature for 30min. After several washes of fresh PBS, cells were then counterstained
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with 4’-6-diamidino-2-phenylindole (DAPI) followed by anti ProLong Gold antifade mounting
medium (Molecular Probes, Carlsbad, CA USA). Digital images were acquired using a Leica
DM IRB inverted microscope system equipped with 20x (0.40 numerical aperture (NA)) and 40x

(0.75 NA) objective lenses (Leica Microsystems Inc, Bannockburn, IL USA).

C2.7 Statistical Analyses

All results are presented as mean values + standard error of mean (SEM). Statistical
significance was assessed by t-test and ANOVA as necessary. P< 0.05 was defined as

statistically significant.

C3. Results

C3.1 Cells maintained in HA-hydrogel survive

Hyaluronan hydrogels have been studied previously [28,29] and in particular, Hystem-C
hydrogels have been characterized [30,31]. We have further investigated the biocompatibility of
the encapsulated microenvironment of the hydrogel with mES cells. Using a live/dead
cytotoxicity assay, we can see in Figure 2-10 that the environment of the hydrogel supports mES
cell growth. We did observation a slower proliferation rate (data not shown) of the cell
encapsulated within the hydrogel as compared to cells maintained on gelatin- (for control) and
collagen IV-coated dishes in 2D culture conditions. Additionally, we observed different
morphology of cells in 2D culture versus 3D culture. Cells supported in 2D culture (Figure 2-10)
exhibit a more cluster or colony phenotype, characteristic of stem cell culture, while cells

encapsulated in the 3D hydrogel (Figure 2-10C) are maintained in a more single cell suspension-
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like phenotype. We also found a larger number of cells in the 2D culture dishes compared to the

cells suspended in the hydrogel, which is evident from the images in Figure 2-10.

C3.2. CPC induction in both 2D and 3D microenvironments

We have previously shown that collagen IV in 2D culture conditions induces a greater
CPC population and that the addition of an electrospun scaffold further enhances induction of a
Flk-1" CPC population [25,27]. While electrospun scaffolds can be classified as a 3D
microenvironment, it can take mES cells up to seven days to migrate to the interior of the

scaffold (data not shown). In order to investigate the true 3D effects, we encapsulated mES cells
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Figure 2-10: Schematic of experimental design mES cells are cultured on either 2D or 3D conditions in differentiation
media for five days. mES cells are then evaluated via a cytotoxicity assay, fixed for immunofluorescence, or harvested
for FACS analysis and PCR. mES cells on 2D culture conditions with gelatin (undifferentiated) (A) or collagen IV (B)

show a high amount of live (green) cells compared to dead cells (red) at 5 days. mES cells encapsulated in the Hystem-C

hydrogel (C) also show a high number of live cells.
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in the Hystem-C hydrogel system. After 5 days, we isolated cells for FACS analysis and checked
for CPCs using the Flk-1 surface marker =~ We found that the addition of the 3D
microenvironment greatly enhances CPC induction (Figure 2-11). After 5 days in differentiation
media, undifferentiated mES cells (0.24+0.04% Flk-1+) expressed less than 1% Flk-1" cells.
Collagen 1V, the protein previously shown to have the highest capacity to induce a Flk-1" CPC
population in 2D conditions [25], had 5.45+0.66 % Flk-1" cells, while 11.32+1.34 % cells
encapsulated in the Hystem-C hydrogel expressed the CPC marker. The hydrogel environment

induced a significantly higher population of CPCs compared to both undifferentiated mES cells

and those cultured on collagen IV-coated 2D dishes.
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Figure 2-11: FACS analysis of Flk-1"CPC population FACS analysis of Flk-1" cells from undifferentiated mES cells.
mES cells cultured on collagen IV-coated 2D dishes and encapsulated in the 3D hydrogel were harvested for FACS
analysis after five days in differentiation media. *P-value < 0.005, **P-value <0.0001.

We also performed immunofluorescence staining for selected CPC markers, including
Nkx2.5, Isl-1, c-kit, and Flk-1. We used cytospin to stain cells encapsulated within the 3D

hydrogel. As seen in Figure 2-12, there is no signal for any CPC markers on the undifferentiated
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mES cells (Figure 2-12A,D,G). Cells maintained in differentiation media on 2D collagen IV-
coated dishes exhibited expression for Nkx2.5 and Isll (Figure 2-12B), as did the cells
encapsulated in the 3D hydrogel (2-12C). Encapsulated cells in the 3D hydrogel also displayed

positive staining for c-Kit and Isl-1 (2-12F) as did those cells cultured on collagen IV in 2D

Undifferentiated mES cells

A Fik-1 |B

2D collagen IV 3D hydrogel

Figure 2-12: Immunofluorescence of CPCs mES cells cultured in 2D culture conditions were immunostained for CPC
markers after five days in differentiation media. Undifferentiated mES cells are shown in the first column of panels (A, D,
G). Cells cultured on 2D collagen IV-coated dishes are shown in the middle column of panels (B, E, H). Cells encapsulated
in the 3D hydrogel are shown in far right column of panels (C, F, I). CPC markers Flk-1 (green) and Nkx 2.5 (red) are shown
in the top row (A, B, C). Isl-1 (green) and c-Kit (red) are shown in the middle row (D, E, F) and Flk-1 (green) and c-kit (red)
are shown in the bottom row.

conditions (2-12E). Additionally, cells cultured on both 2D collagen IV dishes and the 3D
hydrogel both exhibited signals for Flk-1 and c-Kit (2-12H,I). It is notable that the cells

maintained on the 2D collagen IV-coated dishes were more plentiful and were almost completely
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confluent by day five. Cells maintained in the hydrogel maintained a single-cell morphology,
similar to that seen in Figure 2-10C.

To confirm the results we observed from the immunostaining and FACS analysis, we
performed qPCR (Figure 2-13). Using undifferentiated mES v6.5 cells as our comparison group,
we observed relatively no difference between undifferentiated mES cells and cells cultured on
2D collagen IV for one of the CPC markers Isll (Figure 2-13D). mES cells cultured in 2D
conditions on collagen IV showed a higher expression for the VEGF receptor surface markers,
which are known CPC markers: Flk-1 (5.06+5.01 fold expression, 2-13A), Fltl (7.85+7.77 fold
expression, 2-13B), and Flt4 (0.23+0.13 fold expression, 2-13C). Additionally, we examined the
cardiac development genes Nkx2.5 (2.39+1.22 fold expression, 2-13D) and Isl1 (0.31+0.04 fold
expression, 2-13E). However, when we encapsulated cells in the 3D hydrogel environment, we
observed significantly higher expression of the two CPC markers examined. Isl1 expression was
increased dramatically when encapsulated in the hydrogel (390.734+70.10) compared to 2D

collagen IV (0.31+0.04). The other CPC marker, Nkx2.5 was also significantly increased in the
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Figure 2-13: qPCR analysis qPCR was performed on RNA collected from 2D and 3D culture conditions after five days in
differentiation media. The AACt comparison method was used to calculate the fold-level expression with the undifferentiated
mES cells as the reference group. CPC markers Flk-1 (A), Flt1 (B), FIt4 (C), Isl-1 (D), and Nkx2.5 (E) were evaluated.
N=3 *p-value <0.05, **p-value < 0.01
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3D hydrogel (147.56+37.86) compared to 2D collagen IV (2.39+1.22). Additionally, we
observed about 30x significantly higher expression in 3D hydrogel than the 2D collagen IV-
cultured cells for Flk-1 (152.50+32.73 fold expression, 2-13A). We also observed a marked
increase in expression for Fltl (338.35+205.45 fold expression, 2-13B) and Flt4 (35.37+30.41

fold expression, 2-13E).

C4. Discussion

The role of the ECM within a stem cell niche has been widely studied; however, the role
of the ECM within the cardiovascular niche is unknown. Recently, it has been shown that the
addition of ECM proteins to an in vitro culture contributes to the induction of a CPC population
[25,27]. Here, we demonstrate that the addition of a 3D element further enhances that induction.

Many factors are known to regulate cell fate decisions, including growth factors,
components of the ECM, neighboring cells, and the physical characteristics of the niche. The
idea of a stem cell niche as a specialized microenvironment was first introduced by Scholfield
almost 35 years ago [24]. The stem cell niche is defined as an in vivo microenvironment that
regulates stem cell survival, self-renewal, and differentiation. The niche also regulates
interactions between stem cells and growth factors, cell-cell contacts, and cell-matrix adhesions
[32]. These interactions are extremely important to understand not only how stem cells
terminally differentiate, but also maintain their multipotent state while residing within the
confines of the niche. The hematopoietic stem cell niche has been widely studied for many years
[32]. One way to induce differentiation is to add growth factors to the culture medium,
additionally growth factors can be added to culture substrates [33]. The use of feeder cells in

human ES cell cultures suggests that paracrine effects are equally important.
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Recently, researchers have begun to examine the physical characteristics of the niche
environment [30]. The ECM of the niche mediates cell-cell and cell-matrix interactions, which
are extremely important to sell-fate regulation. Various ECM proteins have been used in ES cell
culture. Notably, Matrigel is used commonly, which is a milieu of common ECM proteins. We
have previously identified the importance of collagen IV to induce a CPC population from a
murine ES cell population [25].

The stem cell niche also provides a 3D structure to the microenvironment. Within this
environment, different forces are imposed on the cells. In efforts to replicate these forces,
substrates have been made of varying stiffness. Harder surfaces promote a terminal
differentiation towards an osteogenic lineage [34,35]. Softer surfaces promote differentiation
down a soft tissue lineage. Neurons, in particular, seem to respond favorably to softer surfaces
with the addition of the appropriate chemical cues [36]. It has also been shown that simply
incorporating a mechanistic strain to the cell culture can induce a smooth muscle differentiation
pathway [37]. This type of stiffness has been observed in the cardiovascular field. Fibrotic scars
that develop after myocardial infarction create local rigid surface. This can create a signal to
surrounding cells and has been shown to induce bone formation in the heart [38-40]. Future work
will including examining the effects of the modulus of the 3D hydrogel on the cardiovascular
commitment of mES cells.

Research has turned to synthetic materials to attempt to recapitulate the native stem cell
niche using tissue engineering approaches. Cell shape has been indicated as a regulator of cell
fate. In an effort to control shape, researchers have modified cell culture surfaces with various
nanotopography. Cell alignment has been observed on highly porous 3D polystyrene substrates

as compared to traditional 2D surfaces [41]. Alignment has also been observed along the
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direction of grooves formed in laminin [42]. We have also shown that incorporating
nanostructures into a culture can influence cellular behavior [43]. Additionally, cellular
morphology is greatly different between in vitro 2D culture and in vivo 3D native tissue. The
addition of a 3D component has become more widespread in many research groups. Study of ES
cells often leads to the development of embryoid bodies, which are a 3D structure that
spontaneously forms. This is further evidence of the importance of incorporating a 3D aspect
into the study of stem cells.

In an effort to study the 3D effects of the niche microenvironment, we have opted to use
the Hystem-C hydrogel. Previously we have worked with nanofibrous scaffolds. However, we
observed that cells will take on average seven to 10 days to migrate into the interior of the
scaffold. As we wanted to evaluate a shorter time point and a true 3D microenvironment, we
decided to use a hydrogel system. In particular, this hydrogel system has been used in many stem
cell studies, including a recent study to determine the effects of progenitor cells delivered in vivo
following a cardiovascular insult.

In this study, we demonstrate the ability of a hyaluronan-based 3D hydrogel to potently
induce a Flk-1" CPC population. We have shown that not only does the addition of a ECM
protein known to be present within the endogenous CPC niche enhances the development of a
CPC population, but incorporating a 3D aspect to the culture model further augments the CPC
population. With the rise of stem cell therapies, developing a useful multipotent progenitor cell
for potential treatments of cardiovascular disease remains elusive. Such progenitor cell
populations exist in very small populations endogenously and in vitro work yields low
differentiation potential. This study presents an opportunity to scale up the induction of

cardiovascular progenitor cells for potential therapeutic use. Additionally, this study highlights
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the importance of three-dimensionality when studying not stem cell niches. The addition of a 3D
element presents a more in vivo-like cell culture model for the laboratory setting. Future studies
will include further characterization of the contributing factors of the 3D hydrogel to both
maintaining multipotency of the progenitor cell population and external factors that lead to

further cell differentiation.

C5. Conclusion

We show that 3D of mES cells greatly enhances induction of Flk-1" CPCs. We have
shown that cells encapsulated in a 3D system exhibit significantly higher expression of CPC
markers than cells maintained in traditional 2D cell culture systems. This evidence provides

important understanding the impact of the ECM on the stem cell niche.
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D. Stem cell extracellular matrix interactions in three-dimensional system via integrins

D1. Introduction

Cells of all type interact with the ECM via integrins. Integrin receptors are the primary
receptors for ECM adhesion and provide a transmembrane link between the ECM and actin
cytoskeleton [44]. Integrins are non-covalently linked, heterodimeric molecules containing both
an o and B subunit. To date, 19 a-integrin and 8 B-integrin subunits have been identified, leading
to 25 af heterodimers, which have been seen in almost every cell type [45]. Integrins are known
to control many cellular processes, including mediating the attachment of cells to the ECM. They
can act both directly and indirectly on signal transduction pathways, activating signals from both
inside and outside of the cell [46].

Adhesion of ES cells to ECM proteins is essential for differentiation [47-49].
Undifferentiated ES cells express a subset of integrins, some of which may be up- or down-
regulated during differentiation, indicating the potential importance of integrins in maintaining
an undifferentiated ES cell state [50-52]. Different ES cell lines have reported high expression
levels of integrin subunits a5, a6, av, B1, and 5 [47,53]. Additionally, it has been shown that
Pl-associated subunits al, a2, a3, ab6A, and o7 are regulated developmentally [54,55].
Collagen IV is known to associate with al, a2, a3, aV, fl and $8 while laminin is known to
associate with al, a2, a3, a6, a7, al0, aV, 1, B3, p4 and B8. The following integrin subunits
have been identified to interaction with fibronectin: a2, a3, a4, a5, a8, a9, aV, 1, B3, pS and
7. Vitronectin is known to associate with a8, aV, 1, $3, and p5 integrin subunits [56-60]. Not

a lot is known about integrin expression in stem cells. Integrin expression in undifferentiated and
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partially differentiated stem cells has not been well characterized, nor has the integrin
contribution to differentiation.

In vivo, endogenous stem cells reside in tissue-specific anatomically defined clusters
called “niches” [24]. Within the stem cell niche, cell fate is thought to be controlled both
spatially and temporally, as well as through cell-cell and cell-matrix interactions [61]. Those
cell-matrix interactions are in turn mediated via integrins. CPCs from fetal heart samples are
thought to reside in niches found in the developing right atria, ventricle and outflow tract [62-65].
CPCs from ES cell models have been shown to further differentiate into the main cardiovascular
cell lineages: vascular endothelial cells, vascular smooth muscle cells, and cardiomyocytes.
CPCs from an mES cell model can be identified by various markers, specifically Isl-1, Nkx2.5,
and Flk-1 (also known as KDR) [62,66,67]. Currently, the limitations in this field of study
include understanding what keeps progenitor cells to remain in the niche and what causes those
cells to leave the niche and continue differentiation?

In order to recreate the three-dimensionality of the CPC niche, we have fabricated
electrospun scaffolds. Electrospinning in particular has been an effective method to create
biomimetic scaffolds [68]. Electrospun scaffolds are nonwoven fibrous meshes consisting of a
large network of interconnected pores that is conducive to tissue ingrowth. The small diameter of
the fibers and the high surface area to volume ratio in electrospun scaffold promote cell adhesion
and migration [12,69]. Electrospun scaffolds can be created from a variety of both synthetic and
natural polymers, including poly(e-caprolactone) (PCL), poly(lactic acid), poly(glycolic acid),
poly(lactide-co-glycolide), poly(urethane), collagen, elastin, fibronectin, chitosan, and alginate
[9,10,12,25,27,69-72]. Electrospun scaffolds have been used successfully in a variety of tissue

engineering applications.
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In particular, recent studies have demonstrated the ability of ECM proteins to recapitulate
the cardiovascular stem cell niche. We have shown that collagen IV induces a cardiovascular
progenitor cell (CPC) population [25] and that adding a vitronectin 3D microenvironment further
induces a CPC population [27]. We have previously developed a biomaterial scaffold system to
mimic a 3D microenvironment [27,72]. In this study, we have characterized how both a 3D
microenvironment and ECM proteins affect integrin expression. We found that integrin
expression changes significantly as mES cells begin to differentiate and causes significant
differences in cell adhesion in 2D and 3D culture when exposed to different ligands (ECM

proteins).

D2. Materials and Methods

D2.1 Mouse ES cell cultures and in vitro differentiation

Murine Flk-1 GFP-labeled embryonic stem cells (mES) were a kind gift from Dr. W.
Robb MacLellan’s laboratory at the Department of Medicine/Cardiology at the University of
California, Los Angeles. mES cells were maintained in a feeder-free condition in ESGRO
CompleteTM medium (Chemicon, Temecula, CA USA) in a humidified incubator at 37C and 5%
CO2. Cells were expanded for two passages before being used in experiments.

For differentiation assays, mES cells were introduced to a 2D or 3D culture environment.
Conventional monolayer culture techniques in a standard tissue culture dish is further denoted as
‘2D’ while cultures with the inclusion of an electrospun scaffold are denoted as ‘3D’ culture
conditions. 2D culture included mES cells being cultured on plates coated with collagen type IV
(CollV, 5Spug/cm?, BD Biosciences, San Jose, CA USA), vitronectin (50ng/cm?, Chemicon),

fibronectin (Spg/cm?, Sigma), laminin (Spg/cm?, BD Biosciences), Matrigel (4pg/cm? BD
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Biosciences), or gelatin (0.1% gelatin in PBS). Coating concentrations were based upon
manufacturer’s recommendation and what we have used previously [25,27]. Undifferentiated
mES cells were detached from the culture dishes and transferred to protein-coated dishes for 2D
culture or protein-coated scaffolds for 3D culture. Cells were maintained in differentiation media,
a-Minimum Essential Medium (a-MEM, Invitrogen, Carlsbad, CA USA) supplemented with 10%
ES-FBS (Invitrogen), 0.1mM p-mercaptoethanol, 2mM L-glutamine (Invitrogen), 2mM HEPES
(Invitrogen), and 0.1mM nonessential amino acids (Invitrogen). After four days, the cells were

either harvested for cell adhesion assays or FACS analysis.

D2.2 Fluorescence-activated cell sorting (FACS)

Cells were harvested from 2D and 3D culture systems using Accutase (Chemicon),
pelleted by centrifugation, washed in PBS, and stained with various primary antibodies
(supplemental table 2-1). Secondary antibodies of fluorescein isothiocyanate (FITC) or
phycoerythrin (PE) were used. Nonspecific fluorochrome- and isotype matched IgGs (BD
Pharmingen) served as controls. Staining with 7-aminoactinomycin D (BD Pharmingen) was
performed to exclude dead cells according to the manufacturer’s instructions. Cells were gated
by forward scatter (FSC) versus side scatter (SSC) to eliminate debris. A minimum of 10,000
events was counted for each analysis. All analyses were performed using a Becton Dickinson
FACScan analytic flow cytometer (BD Bioscience, San Jose, CA USA) with FCS Express
software (DeNovo Software, Thornhill, Ontario, Canada) at the UCLA Flow Cytometry

Laboratory.
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D2.3 Immunofluorescent staining

mES cells in both an undifferentiated and differentiated state were fixed with 4%
paraformaldehyde (Sigma-Aldrich) in PBS for 20minutes and rinsed in PBS. All samples were
blocked with a 2% goat serum, 1% bovine serum albumin (BSA, Sigma-Aldrich), 0.1% cold fish
skin gelatin, 0.1% Triton X-100, and 0.05% Tween-20 in PBS for 30minutes, followed by
incubation with primary antibodies overnight at 4°C. After several washes with PBS, Alexa
Fluor (Invitrogen) 488 or 546 secondary antibodies were used and incubated at room temperature
for 30min. Cells were counterstained with 4’-6’-diamidino-2-phenylindole (DAPI) followed by
adding ProLong Gold antifade mounting medium (Molecular Probes, Carlsbad, CA USA).
Staining without primary antibodies served as controls. Digital images were acquired using a
Leica DM IRB inverted microscope system equipped with 20x (0.40 numerical aperture (NA))

and 40x (0.75 NA) objective lenses (Leica Microsystems Inc, Bannockburn, IL USA).

D2.4 Scaffold fabrication, cell culture, and in vitro differentiation in 3D culture

Electrospinning has been used to produce scaffolds with nano- to microdiameter fibers
with similar structural properties to the ECM as described before [72]. Briefly, gelatin type B
(bovine skin 10% w/v, Sigma-Aldrich) and e-polycaprolactone (PCL, 10% w/v, Sigma-Aldrich)
were mixed together and dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP, Sigma-Aldrich).
The solution was then loaded into a 10mL syringe to which an 18-gauge blunt-ended needle was
attached. A core solution of polyurethane (PU, 5% w/v, Sigma-Aldrich) was dissolved in HFP
and loaded into a 3mL syringe to which a 25-gauge needle was attached. This syringe and needle
system was then loaded into a modified syringe pump. The positive output lead of a high voltage

supply (28kV; Glassman High Voltage Inc, NJ USA) was attached to the 10mL syringe needle.
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In the created electric field, a thin jet was ejected from the polymer solution in the syringe at a
flow rate of 70uL/min. The grounded copper target (Scm x Scm) was placed approximately
17cm under the needle tip and upon introduction of the electric field Taylor cone formation was
observed at the base of the needle tip. A dry fibrous scaffold was collected in the form a 3D mat
(100-200um thick). The electrospun scaffolds were then sterilized by soaking the scaffolds in 70%
ethanol for 30min at room temperature. After 3 washes of sterile PBS, the scaffolds were
aseptically cut into lem x lcm squares and coated with collV, fibronectin, laminin, vitronectin,

Matrigel, and gelatin as described previously in section D2.1.

D2.5 Proliferation Assay

mES cells were detached from the culture dish and seeded in a flat-bottom 96-well plate
for 2D experiments and on the scaffold (scaffold covered the surface area of the bottom of the
wells of a flat-bottom 96-well plate) for 3D experiments. The culture plates and scaffolds were
coated with collagen IV, laminin, fibronectin, and vitronectin as described previously in section
D2.1. Approximately 35,000 cells/well in triplicate per condition were seeded in each well in a
mixture of a-MEM, (Invitrogen, Carlsbad, CA USA) supplemented with 10% ES-FBS
(Invitrogen), 0.lmM f-mercaptoethanol, 2mM L-glutamine (Invitrogen), 2mM HEPES
(Invitrogen), 0.1mM nonessential amino acids (Invitrogen), and AlamarBlue (Serotec, Raleigh,
NC; in an amount equal to 10% of the total culture volume). Samples were incubated with a-
MEM-AlamarBlue mix for at least 24hrs and up to 96hrs. The metabolism levels were evaluated
on a Benchmark Plus Microplate Spectrofluorometer (BioRad, Hercules, CA) at wavelengths of
570 and 600nm (the amount of reduced AlamarBlue is Absorbance 570nm—Absorbance

600nm).
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D2.6 Cell Adhesion Assay

mES cells were detached from the culture dish, counted, and incubated for 30 minutes in
the presence or absence of integrin antibodies in culture medium (Supplemental Table 2-1) or
bovine serum albumin (BSA, Sigma). Isotype control antibodies were used at the same
concentration as functional antibodies. mES cells were subsequently seeded into flat-bottom 96-
well plates, which were previously coated with CollV, Fibronectin, Laminin, and Vitronectin as
previously described, at 50,000 cells/well in triplicate per condition, in a-MEM supplemented
media (as described previously). Cells were allowed to adhere for 60 minutes then washed with
PBS three times, fixed with 4% paraformaldehyde, counterstained with DAPI and visualized
using fluorescent microscopy. Three images at 10x and 20x magnification were taken of each
well with three internal replicates and later stained nuclei per field area were quantified using
Image]J software (free download, NIH). Briefly, nuclei were counted for each image and then

averaged.

D2.7 Statistical analysis

All results are presented as mean values + standard error of mean (SEM). Statistical
significance was assessed by student’s t-test or ANOVA with Tukey’s multiple comparison tests.

P<0.05 was defined as statistically significant. N=5 for all experiments.

D3. Results

D3.1 Integrin expression in undifferentiated mES cells

In order to investigate the presence of various integrin subunits in undifferentiated mES

cells, we performed immunohistochemistry and FACS analysis. Figure 2-14A-F illustrates
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Figure 2-14: Integrin expression in undifferentiated mES cells. Inmunofluorescence of undifferentiated mES cells and
selected integrin subunits, ol (A), a2 (B), a5 (C), aV (D), 1 (E), and B3 (F). FACS analysis of integrin expression of
undifferentiated mES cells (G) shows relatively high expression for all integrin subunits.

integrin expression in undifferentiated mES cells. To further investigate ECM-mES cell

interaction at a molecular level, we determined the baseline integrin expression of
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undifferentiated mES cells through cell surface markers of al, a2, a5, a6, av, p1, B3, 5 and
a VPS5 via FACS analysis (Figure 2-14G). As seen in Figure 2-14B and 2-14D, integrin subunits
a2 and aV are strongly present through immunofluorescence. This is further confirmed by
FACS analysis in Figure 2-14G. There is a high level of all integrins expressed. a5 has the
lowest expression (64.75 +1.25%) as compared the other a-subunits (al 85.45 +13.63%, a2
80.97 +17.58%, a6 98.81 +0.70%, aV 97.07 +1.05%). Likewise 33 has a lower expression
(64.89 +0.36%) than the other [} integrin subunits (f1 98.50 +0.34%, B5 98.81 +0.15%). a VPS5

exhibited a similarly high expression level at 97.48+0.38%.

D3.2 Integrin expression in 2D and 3D culture

We performed FACS analysis of integrin surface marker expression of mES cells
maintained in both 2D and 3D culture conditions with the addition of our ECM proteins of
interest. We exposed the cells to ECM proteins, namely collagen IV, laminin, fibronectin, and
vitronectin. Figure 2-15 illustrates the various differences between 2D culture conditions (further
denoted as ‘2D’) (Figure 2-15A) and 3D culture conditions (further denoted as ‘3D’) (Figure 2-
15B). Supplemental table 2-2 gives the exact values of those represented in Figure 2-15. The
main differences are highlighted in a significantly lower a2 subunit expression in 2D culture
compared to 3D culture for all ECM proteins (CollV p<0.001, laminin (LM) p<0.005,
fibronectin (FN) p<0.00, vitronectin (VN) p<0.001). The expression of the integrin a6 subunit is
significantly lower in 3D culture on vitronectin compared to other 3D ECM proteins (p<0.001).
The expression of the integrin av subunit exhibits the greatest difference—there is a significantly
lower expression in 2D for both collagen IV and vitronectin, compared to expression in 3D

culture conditions (collV p<0.001; VN p<0.001). Additionally, there is a significant difference
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Figure 2-15: FACS analysis of integrin expression of differentiated mES cells in 2D and 3D culture. mES cells were exposed
to differentiation media, ECM proteins, and 2D/3D culture conditions for 4 days. Integrin expression was analyzed for 2D (A)
and 3D (B) culture conditions exposed to collagen IV, laminin, fibronectin and vitronectin. N=5 *P<0.05, **P<0.005,
***%P<(0.001. Single * indicates a significant difference between 2D (A) and 3D (B) of the same protein * indicates a significant
difference within the group of proteins for the integrin subunit evaluated.

between collagen IV (p<0.001) and vitronectin (p<0.001) in 2D compared to fibronectin and
laminin in 2D for expression of av integrin. The expression of $1 in the 3D condition is lower
for both collagen IV (p<0.001) and vitronectin (p<0.001). There is no significant difference in
expression of Pl integrin in the 2D culture for any of the proteins of interest (p=0.26). 5
expression under 2D culture conditions is significantly lower for fibronectin coating compared to
the other ECM proteins (p<0.001). There is also a significant difference in the expression of 5
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between 2D and 3D culture conditions for all ECM proteins of interest (CollV p<0.001; LM
p<0.05; FN p<0.005; VN p<0.001). We observed a significantly higher expression of aVp5 on
3D culture conditions compared to 2D culture conditions for all ECM proteins (collV p<0.001;
LM p<0.001; FN p<0.001; VN p<0.001). There was also a significant difference in integrin
expression of aVB5 on 2D culture conditions between the different protein coatings (p<0.001),
as well there is significant differences between the 3D culture conditions for the different protein

coatings (p<0.001).

D3.3 B1 integrin and cell proliferation on 2D and 3D

In order to further understand the role of 1 integrin, a known important integrin subunit
for both mES cells and 3D culture conditions [46,52,73,74], we analyzed the proliferation rates
of mES cells on a variety of microenvironments when exposed to both a f1 activator and a p1
inhibitor in both 2D and 3D.

Figure 2-16 graphically represents the proliferation of mES cells in 2D and 3D culture
with exposure to 1 activator and inhibitor, as based upon enzymatic activity. Supplemental
Table 2-3 gives the exact values of those represented in Figure 2-16. More specifically, mES
cells cultured on collagen IV in 2D (2-16A, 2-16F) show no change in proliferation rate when
exposed to the B1 inhibitor as compared to the $1 activator. There is a difference in proliferation
rates between exposure to the f1 activator vs. §1 inhibitor at 96 hps for mES cells cultured on
collagen IV in 3D conditions. A significant difference exists in proliferation rates of mES cells
cultured on 2D and 3D collagen IV conditions at 24 (p<0.05) and 96hps (p<0.05) for the 1
inhibitor and at 24 (p<0.05) and 96hps (p<0.05) for the P1 activator. Laminin (2-16B, 2-16G)

exhibits similar proliferation rates for 2D culture when exposed to both the 31 inhibitor and
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Figure 2-16: Proliferation rates of mES cells exposed to bl integrin inhibitor and activator. mES cells were grown on
ECM proteins (CollV: A,E; LM: B,F; FN: C,G; VN: D,H). Proliferation rates were analyzed at 24, 48, 72 and 96 hours
post seeding (hps). All cultures were exposed to either a 1 integrin inhibitor (A-D) or activator (E-H).
n=5 *P<0.05, **P<0.005
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activator. 3D proliferation rates appear increased with the inhibitor and proliferation rates
continued to increase at 96hps. When exposed to the 1 activator, overall proliferation rates for
the 3D laminin conditions were decreased and peaked at 48hps. We found a significant
difference in proliferation rates of mES cells culture on laminin coatings in 2D and 3D at 24
(p<0.05) and 96hps (p<0.05) when exposed to the Pl activator. However, there was no
significance between 2D and 3D laminin+f1 inhibitor. Fibronectin (2-16D, 2-16H) proliferation
rates of mES cells on fibronectin coatings in 3D continue an increasing trend even at 96 hps for
both inhibitor and activator exposure, although the activator exposure lowers the overall
proliferation rate. There appears to be difference between the activator and inhibitor exposure in
the 2D culture of fibronectin. At 24hps there is a significant increase of proliferation of mES
cells under 3D conditions with the addition of the 1 inhibitor (p<0.005), whereas there is no
significant increase of proliferation of cell on 2D fibronectin with the 1 activator. The
proliferation rate of mES cells on vitronectin in 2D conditions (2-16D, 2-161) has a significant
difference when exposed to the 1 inhibitor at 48hps (p<0.05) between 2D and 3D conditions.
When exposed to the 1 activator, there is a significant decrease in proliferation rates of cells

cultured in the 3D conditions at 72hps (p<0.05).

D3.4 Cell adhesion on 2D and 3D

To further elucidate the role of $1 and a5 integrins, we performed a cellular adhesion
assay. 50,000 mES cells were added to each culture condition and allowed to adhere for 60
minutes before being analyzed. All values are relative to the baseline control condition of
Matrigel. Figure 2-17 and Supplemental Table 2-4 illustrate the difference of cell adhesion of
mES cells on 2D and 3D culture surfaces coated with different ECM proteins when exposed to a
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B1 integrin subunit inhibitor and activator, as well as an a5 inhibitor and activator. When the 1
integrin inhibitor (2-17A) is added to the culture conditions of collagen IV (p=0.21) and
fibronectin (p=0.61), they experience a higher relative cell adhesion in 2D culture conditions
compared to their 3D counterparts, however it is not significant. Vitronectin coatings maintain a
similar level of cell adhesion in both 2D and 3D. mES cell adhesion to 2D laminin coated
surfaces is significantly decreased when exposed to the 31 inhibitor as compared to the other 2D
ECM proteins (p<0.05). Similarly, when examining the addition of the a5 integrin inhibitor to
the culture (Figure 2-17B), there is a significant increase of cell adhesion in the 2D condition of

CollV, fibronectin, and vitronectin as compared to their 3D counterparts (CollV p<0.05; FN
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Figure 2-17: Relative cell adhesion assay with exposure to B1 and a5 inhibitor/activator. mES cells were incubated with
one of the following: 1 inhibitor (A), a5 inhibitor (B), B1 activator (C), or a5 activator (D) for 30 minutes then seeded on
either 2D or 3D cultures of collagen IV, laminin, fibronectin, and vitronectin. After 60 minutes, cells were fixed with 4%
PFA and counted to determine the total number adhered to that surface. All cell numbers are relative to a control count of
cells adhered to Matrigel after 60 minutes. N=5 * P<0.05, **P<0.005, ***P<0.001. Single * (Laminin, A) indicates a
significant decrease compared to the other proteins in 2D for panel A. * indicates a significant difference comparing 2D to
3D for that protein.
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p<0.05; VN 0.05). However, there is no significant difference between cell adhesion to laminin
in 2D compared to 3D (p=0.48) when exposed to the a5 inhibitor.

There is a higher overall amount of cells adhered to the $1 and a5 integrin activators
(Figure 2-17C and 2-17D) compared to the f1 and a5 inhibitors. Contrastingly, there is a trend
of higher number of adhered cells in 3D culture when exposed to the 1 integrin activator
(Figure 2-17C) as compared to the 2D culture conditions. Again, with exposure to the $1 integrin
activator there is a significant decrease in cell adhesion to 2D laminin as compared to the 3D
conditions (p<0.001). There is no difference between relative cell adhesion of mES cells on 2D
and 3D CollV with the addition of the 1 integrin activator (p=0.77). There is also a significant
difference in relative cell adhesion between the 2D and 3D conditions for both fibronectin
(p<0.005) and vitronectin (p<0.001) when exposed to the f1 activator. When examining the a5
integrin activator, there is a significant difference between the 2D laminin mES cell adhesion as
compared to its 3D counterpart (p<0.05). Similar to the a5 inhibitor, there is a significantly
lower amount of relative cell adhesion in 3D culture for fibronectin when exposed to the a5
integrin activator as compared to the 2D culture conditions (p<0.05). There exists a significant
difference between the 2D and 3D culture conditions in the presence of the a5 integrin activator
for CollV (p<0.05). No significant differences were observed on the mES cell adhesion to
vitronectin coating in 2D and 3D culture conditions in the presence of the a5 integrin activator
(p=0.35).

Upon examining these cell adhesion assays, we wanted to expand our investigation to
include several more integrin subunits known to interact with a 3D culture condition (Figure 2-
18). In addition to examining P1/a5 activators and inhibitors, we included aV, B5, aVp5

integrin subunits, as well as controls of BSA and no antibody. There is a low relative cell
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Figure 2-18: Relative cell adhesion assay with exposure to aV, 5, and aVB5 integrins. Similar to Figure 17, mES cells were
exposed to aV (A), B5 (B), aVB5 (C), bovine serum albumin (BSA, D), and no antibody (E) to determine the total cell number
adhered to the surface after 60 minutes. All cell numbers are relative to a control count of cells adhered to Matrigel. N=5
*P<0.05, **P<0.005, ***P<0.001

adhesion for all ECM proteins in both 2D and 3D for the aV integrin subunit assay (Figure 2-
18A). When looking at the B5 integrin, there exists a significant difference in cell adhesion for
the 3D culture conditions for CollV (p<0.001) and fibronectin (p<0.005) as compared to both
their 2D counterparts (Figure 2-18B). All the 3D culture conditions show a significantly
increased cell adhesion for a V5 integrin (Figure 2-18C: collV p<0.05; LM p<0.05; FN p<0.005;
VN p<0.05). All of these known 3D interacting integrins shown in Figure 2-18A-C have shown
an increase in relative cell adhesion in 3D culture compared to 2D. There is no difference
between the 2D and 3D culture conditions for the control assays of BSA and No AB (Figure 2-

18D, 2-18E).

D4. Discussion
Regenerative medicine is focused on the goal of repairing or replacing damaged or

diseased tissue. Various strategies have been investigated such as cell-based, tissue-engineered
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bioscaffolds implanted to stimulate endogenous repair mechanisms. The source and availability
of cells for tissue engineering is very critical. ES cells have the capacity to differentiate into all
somatic cell types.

Stem cells are maintained in niches in vivo. The development and normal function of
endogenous stem cells is thought to be maintained by interactions through the surrounding
microenvironment of the niche as well as signaling molecules found within the niche. The stem
cell niche is defined as an anatomical 3D microenvironment that regulates stem cell self-renewal,
cell proliferation, and differentiation through cell-cell and cell-matrix interactions [61]. Not
much is known about niche matrix-cell interactions and what specifically contributes to
maintaining an undifferentiated state versus what contributes to further terminal differentiation.
Two major components are thought to contribute to the function of the niche, the structure of a
3D microenvironment and the inclusion of ECM proteins [61]. These microenvironment
interactions are thought to be regulated through integrins.

We have previously developed a biomaterial scaffold system to mimic a 3D
microenvironment [27,72]. We have previously found that the microenvironment induces as
cardiovascular progenitor cell population [27]. In this study, we have characterized how both a
3D microenvironment and ECM proteins affect integrin expression using the same
differentiation conditions as previously used for initial cardiovascular differentiation [27]. We
found that integrin expression changes significantly as mES cells begin to differentiate. There
was relatively high expression of all integrin subunits of interest in an undifferentiated state,
similar to what was seen in the study by Hayashi et al [54]. This is confirmed by the fact that
several knockout models of integrin subunits are embryo lethal, including 1, a5, a6, and aV

[46]. Additionally, due to the specificity of integrin subunits to ligands, we have found that
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various ECM proteins (collagen IV, fibronectin, laminin, and vitronectin) also have influence on
the integrin expression of mES cells. Many integrins recognize the binding motif RGD (arginine-
glycine-aspartic acid), which was originally identified as the “fibronectin receptor” [75]. It is
now known that the RGD sequence is still very important for binding and many other proteins
also contain the sequence, but the flanking-residues and having a 3D environment can also
influence integrin specificity. Of the integrin subunits of our study, collagen IV is known to
associate with a1, a2, and 1, while laminin is known to associate with al, a2, a6, aV, p1, and
3. Vitronectin associates with oV, 1, B3, B5, and aVB5 subunits. Fibronectin associates with
the most subunits of our interest: a2, a5, aV, p1, B3, B5, and aVRS [56-60,75].

However, as cells were exposed to differentiation media, ECM proteins and 3D culture
conditions to reach a cardiovascular progenitor cell (CPC) state, as shown previously [27],
integrin expression as determined by FACS analysis decreased for several subunits. Specifically,
a2, a5, aV, B3, 5, and aVPS were all significantly decreased in 2D culture for all proteins
(CollV, laminin, fibronectin, and vitronectin), while a2, a5, B3, f5, and aVB5 were decreased in
3D. In particular, we have found a significant difference in various integrin subunit expression of
mES cells cultured in a 3D environment as compared to conventional 2D culture techniques,
specifically a2, aV, and aVP5. Interestingly, we observed a decrease in integrin expression
with collagen IV for f1 and 5 in 3D culture. Likewise, we saw a drop of expression for 1 with
vitronectin in 3D culture. f1 and B5 integrin subunits are both known to associate with those
integrins and 3D conditions. This could be due to the heterodimer configuration of integrin o and
[ subunits, or suggest that the 3D environment for collagen IV and vitronectin favors an

alternative binding partner.
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Specifically, we observed an overall trend of 2D culture conditions supporting higher
proliferation rates than 3D culture conditions for almost all ECM proteins with both the {1
activator and inhibitor. This supports what other studies have seen in the past—that 2D culture
conditions facilitate generally higher proliferation rates than those maintained in 3D culture
conditions [71,74,76]. Specifically, we have observed a similar trend for all ECM proteins
exposed to the B1 inhibitor—cell proliferation rates remain increased for 2D cultures through
72hps. However, 3D culture conditions support increased proliferation rates at 96hps. We
believe this is due to the nature of 3D culture techniques. From our general observation of
various studies, after cells are seeded on a 3D substrate, a group of cells adhere to the substrate,
while a large amount of cells do not survive. This could account for the delay in proliferation
rates. Additionally, B1 integrin inhibition has been known to lead to apoptosis [73]. We speculate
that this is the reason for the decrease in proliferation rates after 72hps in 2D culture and that
cells cultured in 3D adhere to the substrate via different integrin subunits, thus leading to
increased proliferation in spite of the 1 integrin inhibition. Those cultures, both 2D and 3D
exposed to the 1 activator show an increasing proliferation rate for all ECM proteins except for
laminin and vitronectin. These two culture conditions show a significant decrease in proliferation
rates at later time points for 3D cultures.

Upon further examination, we found significant differences in our cell adhesion assays.
In particular, laminin demonstrated an increase 3D culture conditions compared to 2D culture for
all the investigated integrin subunits. Laminin has been shown to associate with both 1 and a5
[76] integrin subunits. The significant difference between the 2D and 3D laminin cultures when
exposed to the B1 inhibitor can be explained by the ability of exposure to laminin to overcome
the Bl integrin deficiency [52]. B1 integrin null cells were able to adhere and survive when
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exposed to exogenous laminin [52]. The lack of cell adhesion with exposure to the $1 activator
in 2D laminin conditions is surprising, yet we did expect to see a higher amount of cell adhesion
in 3D which is evident. We observed a lower attachment of mES cells to 2D laminin without
integrin exposure/assays (data not shown) and hypothesize a higher seeding density would be
required. We did observe a higher amount of cell adhesion for all the proteins of interest in 3D
culture condition when exposed to both the 31 and a5 activators as compared to the inhibitors.
The relatively high amount of cell adhesion under the 1 activator for 3D laminin (14.43+0.44)
and vitronectin (7.29+0.18) suggests the addition of the 3D microenvironment encourages
adhesion through the activation of the 1 integrin subunit. This has also been shown previously
by Hayashi et al [54]. We hypothesize these two integrin subunits, §1 and a5, are of particular
importance for 3D culture and enhance cellular activity. Previous studies [73,74,77,78] have all
observed that $1 integrin subunit play an important role in 3D cell culture. When exposed to a
3D culture system, a high presence of $1 integrins have been observed in various cell types. Our
data is consistent with this previous observation, especially the cell adhesion assays for specific
B1 integrins. Furthermore, a5 integrins have been shown previously to associate with 3D culture
conditions and enhance cellular attachment [76], which is again what we observed in our data
with a higher adhesion in 3D when exposed to the a5 activator as compared to the inhibitor.
Furthermore, the aV, B5, and aV5 integrins all demonstrate a higher cell adhesion in
3D culture conditions for all ECM proteins. These integrin subunits have been previously
identified as important for 3D culture [47,53,76]. Specifically, we observed the significantly
higher amount of adhesion for the 5 integrin in 3D collagen IV (12.34+0.75) and fibronectin
(5.68+0.60). Additionally, the higher adhesion levels in 3D for all ECM proteins with the av5

integrin subunit clearly suggests its importance in cellular adhesion in 3D microenvironments.
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Both the aV and B5 integrin subunits have been implicated as important mediators of cellular
activity for 3D culture conditions, and have also become the targets of more specialized studies
of stem cell niches [59,78-81].

In particular, activating a5, aV, 1, and 5 integrins in a 3D microenvironment have
been shown to maintain a stem cell niche-like environment for mES cells [47]. We have
previously found that the inclusion of a 3D collagen IV environment potently induces a
cardiovascular progenitor cell population [25], which could be due in part to the high adhesion

levels seen here in 3D collagen IV for 5 and V5.

D5. Conclusion

We have characterized integrin expression on undifferentiated mES cells and have
established a 3D system for evaluating the influence of ECM-integrin interactions on
differentiation. We demonstrated a difference in proliferation rates of a 2D culture condition vs.
a 3D culture system. Differences in cell adhesion in 2D and 3D culture systems with various
ECM proteins have highlighted the importance of understanding the complex relationship of
ECM-integrin interactions. We have also demonstrated the importance of a5, aV, B1, 5, and
a VPS5 integrin subunits in 3D culture for all ECM proteins of interest. Further studies will
elucidate the relationship between 3D microenvironments, ECM proteins, and integrins in the

role of stem cell niches and terminal differentiation.
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E. Chapter Conclusion

I have demonstrated the effects of the microenvironment on the induction of CPCs. I
created a stable co-axially electrospun scaffold system for 3D culture. I provided evidence
showing there is no significant immune response to the implantation of the electrospun scaffolds
in vivo. I also demonstrated that a 3D hydrogel system potently induces CPCs as compared to
conventional 2D culture systems. I also characterized the integrin expression of undifferentiated
mES cells and compared the expression to partially differentiated mES cells in both 2D and 3D

culture systems with various ECM proteins present.
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Supplemental Material

undifferentiated DAPI 488 594

-
-

G : -

Supplemental Figure 2-1: Inmunofluorescence of undifferentiated mES cells CPC markers Individual filters of
immunofluorescent images from Figure 2-12 (A,D,G). Original merged images are shown in the first column. Second
(DAPI), third (488), and fourth (594) columns shown their respective filters. First row shows Flk-1 and Nkx2.5. Second row
shows Isl-1 and c-kit. Third row shows Flk-1 and c-kit.
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2D collagen IV DAPI 594

Supplemental Figure 2-2: Immunofluorescence of 2D collagen IV CPC markers Individual filters of immunofluorescent
images from Figure 2-12 (B,E,H). Original merged images are shown in the first column. Second (DAPI), third (488), and
fourth (594) columns shown their respective filters. First row shows Flk-1 and Nkx2.5. Second row shows Isl-1 and c-kit. Third
row shows Flk-1 and c-kit.
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3D hydrogel DAPI 488 594

Supplemental Figure 2-3: Immunofluorescence of 3D Hydrogel CPC markers Individual filters of immunofluorescent

images from Figure 2-12 (C,F,]I). Original merged images are shown in the first column. Second (DAPI), third (488), and

fourth (594) columns shown their respective filters. First row shows Flk-1 and Nkx2.5. Second row shows Isl-1 and c-kit.
Third row shows Flk-1 and c-kit.
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Supplemental Table 2-1: Antibody List

Antibody Manufacturer
Mouse anti-al integrin antibody Santa Cruz
Mouse anti- a 2 integrin antibody Santa Cruz
Armenian hamster anti-a5 integrin antibody | Santa Cruz
Rat anti- a6 integrin antibody R&D Systems
Rabbit anti-aV integrin antibody Santa Cruz
Rabbit anti-b1 integrin antibody Abcam

Mouse anti- b3 integrin antibody BD Biosciences
Rabbit anti- b5 integrin antibody Abcam

Mouse anti-aVb5 integrin antibody Abcam

Mouse anti-aVb5 integrin antibody Chemicon

Mouse anti-bl integrin inhibiting antibody

Developmental Studies Hybridoma Bank (DSHB)

Mouse anti-bl integrin activating antibody

DSHB

Rat anti-a5 integrin inhibiting antibody

DSHB

Mouse anti-a5 integrin activating antibody

R&D Systems
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Supplemental Table 2-4: Relative cell adhesion assay with exposure to §1 and o5 integrin
inhibitor/activator (corresponding to Figure 2-17).

Relative cell adhesion
B 1 inhibitor B1 activator a5 inhibitor as activator
Protein 2D? 3D 2D 3D 2D 3D 2D 3D
Collagen IV | 2.49 131 |2.45 224 |2.01 0.33 3.03 1.08
+0.50 +0.41 | +0.22 +0.52 | +0.28' +0.10" | +0.28? +0.18?
Laminin | 0.12 1.13 ] 0.06 14.43 | 0.17 0.20 0.14 3.56
+0.03 +0.23 | +0.01* +0.44* | +0.03 +0.02 | +0.01° +0.55°
Fibronectin | 2.15 1.83 | 1.59 3.44 223 0.36 2.94 0.90
+0.43 +0.23 | +0.08° +0.31° | +0.49’ +0.02" | +0.28" +0.17"
Vitronectin | 1.13 1.16 |0.38 729 | 2.04 0.79 1.30 0.97
+0.27 +0.29 | +0.01° +0.18° | +0.46"° | +0.09" | +0.28 +0.10

1. p-value 0.0098

2. p-value 0.0089

3. p-value 0.019

4. p-value 1.20x107
5. p-value 0.0071

6. p-value 0.0093

7. p-value 0.035

8. p-value 0.0069

9. p-value 5.68x10°
10. p-value 0.048
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Supplemental Table 2-5: Relative cell adhesion assay with exposure to oV, 5, and a VP35
integrins (corresponding to Figure 2-18).

Relative cell adhesion

aV BS a Vb5
Protein 2D 3D 2D 3D 2D 3D
Collagen IV | 0.94 +0.10 | 1.09 0.57 12.34 0.89 4.99
+0.17 +0.13" +0.75" +0.05° +0.65°

Laminin 0.06 +0.02 | 0.94 0.17 0.63 0.13 4.54
+0.11 +0.03 +0.12 +0.05° +0.81°

Fibronectin | 0.88 +0.15 | 1.06 1.09 5.68 1.37 9.53
+0.19 +0.17* +0.60" +0.12° +0.88°

Vitronectin | 0.54 +0.08 | 1.07 0.51 1.15 0.65 2.32
+0.17 +0.24 +0.24 +0.03° +0.50°

p-value 0.00022
p-value 0.0066
p-value 0.011
p-value 0.0040
p-value 0.0017
p-value 0.027

Nk =
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CHAPTER THREE

Microenvironment influences cardiovascular differentiation of murine cardiovascular

progenitor cells

A. Introduction

In vivo, endogenous stem cells reside in tissue-specific anatomically defined clusters
called “niches.” The idea of the stem cell niche was first proposed by Schofield almost 35 years
ago as he studied mammalian haematology [1]. Within the stem cell niche, cell fate is thought to
be controlled both spatially and temporally, as well as through cell-cell and cell-matrix
interactions. Paracrine and autocrine effects are also thought to regulate cell fate within the
niche—there is mounting evidence that stem cells secrete a variety of growth factors, cytokines,
chemokines and bioactive lipids which regulate biology and interactions within the surrounding
microenvironment. These factors are thought to inhibit apoptosis, stimulate proliferation, and
promote vascularization [2]. Additionally, interactions with resident niche cells or the
surrounding niche ECM are thought to play an equally important role.

Cardiovascular progenitor cells (CPCs) are thought to reside in niches found in the
developing right atria, ventricle and outflow tract. A small endogenous population of CPCs in the
adult myocardium exists which are able to repair small damages [3]. Stem cells are able to
initially differentiate to this CPC state [4,5]. These progenitor cells are at one of the earliest
stages in mesodermal differentiation towards a cardiovascular lineage. Because the ECM
contributes to cell-fate decision it makes the native CPC niche ECM’s role in cardiac

development very important to understand. In the absence of signals coming from the ECM, cells
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can undergo apoptosis. Various studies have shown the importance of ECM support necessary
for angiogenesis and cardiovascular physiology [6]. However, the exact nature of the ECM’s role
during cardiac development is still unknown.

Cardiovascular tissue engineering presents an opportunity to not only attempt to recreate
native tissue in vitro, but also gain a better understanding of how the tissue develops [7-9].
Tissue engineered structures could also be used to create bioengineered myocardial patches to
reinforce a weakened tissue and promote endogenous healing properties, as well as potentially
replace damaged/diseased tissues [10-12]. Development of 3D scaffolds that mimic the natural
fibrous ECM can allow for diffusion of nutrients, metabolites and soluble factors necessary to
the seeded cells until they are able to produce their own functional ECM [12,13]. Electrospinning
technology can be utilized to create customized electrospun nonwoven mats consisting of
essentially any polymer and create microenvironments upon which different cell types have been
known to proliferate and thrive [13-18].

More specific to the CPC niche environment, we have shown that CPC commitment and
further differentiation can be directed by the microenvironment and that an in vitro 3D culture
model can be used to promote cardiac differentiation in a mouse ES model by adding both ECM
proteins and a 3D electrospun scaffold [19]. Further studies demonstrated that laminin- or
vitronectin-coated 3D scaffolds induced an even higher population of Flk-1" CPCs as compared
to 2D culture conditions [20].

We aim to determine the role of the microenvironment on further committed
cardiovascular differentiation of mouse CPCs using electrospun scaffolds and ECM proteins to
create an in vitro 3D culture system. Additionally, we will bioengineer a CPC-derived vascular

graft.
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B. Materials and Methods

B1. Mouse ES cell culture

Murine ES v6.5 cells were purchased from Open Biosystems. mES cells were maintained
in an undifferentiated, feeder-free state in leukemia inhibitory factor (LIF) supplemented
medium (Knockout Dulbecco’s modified Eagle’s medium, Invitrogen, Carlsbad, CA USA) with
15% ES-FBS (Invitrogen), 0.1mM (-mercaptoethanol, 2mM L-glutamine (Invitrogen), 0.1mM
nonessential amino acids (Invitrogen), 1000U/mL recombinant LIF (Chemicon, Temecula CA
USA), and 2mM HEPES (Invitrogen). Cells were cultured on gelatin-coated (0.1% gelatin in
PBS, coated for 2h at 37°C) T-75 flasks at 37C, 5% CO; in a humidified incubator. Cells were
passaged every 2-3 days to maintain an undifferentiated state.

For initial differentiation assays, mES cells were introduced to collagen IV flasks (BD
Biosciences, San Jose, CA USA) and maintained in o-minimum essential medium (a-MEM)
(Invitrogen) supplemented with 10% ES-FBS (Invitrogen), 0.1mM f-mercaptoethanol, 2mM L-
glutamine (Invitrogen), 0.lmM nonessential amino acids (Invitrogen), and 2mM HEPES
(Invitrogen). Media was refreshed daily. After five days, cells were isolated for Magnetic-

Activated Cell Sorting (MACS).

B2. Magnetic-Activated Cell Sorting (MACS)

To induce differentiation into Flk-1" cardiovascular progenitors, undifferentiated mES
cells were detached from the collagen IV flasks using TrypLE Select (Invitrogen) after five days
as described previously [19,20]. To purify a Flk-1" population, indirect magnetic-activated cell
sorting (MACS, Miltenyi Biotec, Auburn CA) was used. Cells were pelleted via centrifugation

and resuspended in MACS rinsing buffer supplemented with 2% ES-FBS and incubated with rat
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anti-mouse Flk1 antibody (1:200, BD Pharmingen, San Diego, CA) at 4°C for 20 minutes. Cells
were then washed, pelleted and resuspended in rinsing buffer with magnetic microbeads (20uL
beads + 80uL buffer per 10° cells, Miltenyi Biotec) and incubated at 4°C for 15 minutes. Cells
were again washed, pelleted and resuspended in 500uL rinsing buffer. The cell suspension was
run through an MS-column and MiniMACS separator to purify the Flk-1" population per
manufacturer’s instructions. Cells were then used for differentiation experiments.

For differentiation assays, the mES cells were either cultured on 2D plates coated with
collagen IV (CollV, 5ug/cm®, BD Biosciences, San Jose CA), laminin (Sug/cm’ BD
Biosciences), fibronectin (5ug/cm?, Sigma), vitronectin (50nm/cm?, Chemicon), and gelatin (0.1%
w/v in sterile PBS) or 3D electrospun scaffolds coated with collagen IV, laminin, fibronectin,
vitronectin, and gelatin following the same protocol as 2D dishes. Cells were maintained in
smooth muscle growth medium (SmGM-2; Lonza, Walkersville, MD) supplemented with
10ng/mL platelet-derived growth factor-BB (PDGF, R&D Systems Inc, Minneapolis, MN) for
SMC differentiation or endothelial growth medium (EGM-2; Lonza) supplemented with
50ng/mL vascular endothelial growth factor (VEGF, R&D Systems, Inc) for EC differentiation

for up to 14 days at 37°C and 5% CO”.

B3. Electrospun scaffold and tubular structure fabrication

Electrospinning has been used to produce scaffolds with nano- to microdiameter fibers
with a similar 3D nature to the ECM as described before [21]. Briefly, gelatin type B (bovine
skin 10% w/v, Sigma-Aldrich) and e-polycaprolactone (PCL, 10% w/v, Sigma-Aldrich) were
mixed together and dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP, Sigma-Aldrich). The

solution was then loaded into a 10mL syringe to which an 18-gauge blunt-ended needle was
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attached. A co-axial electrospinning system was used to provide mechanical integrity as previous
scaffolds lacked the ability to be cultured for more than two to three days [21]. A core solution of
polyurethane (PU, 5% w/v, Sigma-Aldrich) was dissolved in HFP and loaded into a 3mL syringe
to which a 25-gauge needle was attached. This syringe and needle system was then loaded into a
modified syringe pump. The positive output lead of a high voltage supply (28kV; Glassman High
Voltage Inc, NJ USA) was attached to the 10mL syringe needle. In the created electric field, a
thin jet was ejected from the polymer solution in the syringe at a flow rate of 70uL/min. The
grounded copper target (Scm x Scm) was placed approximately 17cm under the needle tip and
upon introduction of the electric field Taylor cone formation was observed at the base of the
needle tip. A dry fibrous scaffold was collected in the form a 3D mat (100-200um thick). The
electrospun scaffolds were then sterilized by soaking the scaffolds in 70% ethanol for 30min at
room temperature. After 3 washes of sterile PBS, the scaffolds were aseptically cut into 1cm x
lem squares and statically coated with collV, fibronectin, laminin, and vitronectin as described
previously in section B2. Cells were then seeded statically.

Tubular structures were fabricated by collecting randomly aligned nanofibers on a
grounded rotating mandrel in lieu of a flat copper collection plate, as seen in Figure 3-1A. The
tubular structures were approximately 2cm in diameter and 300-500um in thickness. They were
sterilized with 70% ethanol and placed in a bioreactor system, LumeGen V60 (Tissue Growth
Technologies, Minnetonka, MN, USA). A pump source was used to introduce a flow of media
through the lumen of the electrospun tubular scaffold at a constant pressure of 120mmHg (as
seen in Figure 3-1B). Flk-17 CPCs were isolated as described and 5x10° were seeded in the
lumen of the tubular scaffold and maintained in smooth muscle cell growth media. The exterior

of the scaffold was also maintained in smooth muscle cell growth media. The entire bioreactor
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system was rotated 90 degrees approximately every 12hrs for the first 3-4 days, then the media
flow was applied for about 2 week. A second cell seeding of 5x10° Flk-1" CPCs was then seeded
in the lumen of the same scaffold and maintained in endothelial cell growth media. The media
reservoir was also changed to endothelial cell growth media to supply the media flow in the
lumen of the scaffold. The exterior of the scaffold remained maintained with smooth muscle cell

growth media.
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Figure 3-1 Electrospun tubular scaffold fabrication Electrospun fibers were collecting on a rotating mandrel (A). The
electrospun tubular scaffolds were placed in a bioreactor chamber and seeded with Flk-1" CPCs. Media from the reservoir was
pumped through the lumen of the tubular scaffold at a controlled pressure of 120mmHg.

B4. Immunofluorescence

The mES cells plated on ECM-coated culture slides as well as undifferentiated mES cells
were washed and fixed with 4% paraformaldehyde, for 20 min and rinsed with PBS. Slides were

then blocked with 1% bovine serum albumin (BSA) and 2% goat serum in PBS for 1hr at room
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temperature. Slides were then incubated with primary antibodies (smooth muscle specific
markers: SM-a-actin (Dako, Carpinteria, CA), h-caldesmon (Dako), basic calponin (Dako), SM-
myosin (Sigma); endothelial specific markers: CD31 (Pecam, Dako), VE-cadherin (CD144,
Santa Cruz Biotechnology, Santa Cruz, CA) and von Willebrand Factor (vWF, Dako);
cardiomyocyte specific markers: troponin (Santa Cruz), MF20 (Developmental Hybridoma Bank,
Iowa, CA), connexin 43 (Santa Cruz)) for 1hr at room temperature or overnight at 4°C followed
by several washes with PBS. Alexa Fluor 488- or 546-conjugated secondary antibodies
(Molecular Probes, Eugene, OR) were applied to the samples and incubated for 30 minutes at
room temperature. After several washes, the cells were counterstained with 4'-6-diamidino-2-
phenylindole (DAPI) followed by mounting ProLong Gold antifade mounting medium
(Molecular Probes, Carlsbad, CA). Staining without primary antibodies served as controls.
Digital images were acquired using a Leica DM IRB inverted microscope system equipped with
20x (0.40 numerical aperture (NA)) and 40x (0.75 NA) objectives (Leica Microsystems Inc.,

Bannockburn, IL).

B5. Fluorescence-activated cell sorter analysis (FACS)

Cells were harvested from both 2D (conventional culture) and 3D (scaffold) culture,
pelleted via centrifugation, washed in FACS buffer (sterile PBS supplemented with 1% ES-FBS,
2% BSA and 0.25% saponin) and stained with primary antibodies (smooth muscle marker: SM-
myosin; endothelial cell marker: CD31). The cells were gated by forward scatter (FSC) versus
side scatter (SSC) to eliminate debris. A minimum of 10,000 events were counted for each

analysis. All analyses were performed using a Becton Dickinson FACScan analytic flow
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cytometer (BD Biosciences) with FCS Express software (DeNovo Software, Thornhill, Ontario,

Canada) at the UCLA Flow Cytometery Laboratory.

B6. Quantitative real time-PCR analysis (RT-PCR)

Total RNA was extracted from cells using the Qiagen RNeasy Kit (Qiagen) according to
the manufacturer’s instructions. First-strand cDNA was generated from RNA by using the
Quantitect Reverse Transcription kit (Omniscript; Qiagen). Real-time quantitative PCR was
conducted using the ABI PRISM 7900 Sequence Detection System (TagMan; Applied
Biosystems) with the UCLA GenoSeq Core. PCR amplicons were detected by fluorescent
detection of SYBR green (QuantiTect SYBR green PCR kit; Qiagen). Data was analyzed using
the AACt method, using ribosomal protein S26 as a stable reference gene for normalization

control. Primers used were purchased from Qiagen (QuantiTect Primer Assay).

B7. Bioreactor Analysis

For ultrastructural analysis, unseeded tubular scaffold samples were processed for
characterization by scanning electron microscopy (SEM) as described previously [21]. Fiber
samples were cut from different, randomly selected locations on the tubular scaffold to obtain
representative fibers from both the inner and outer circumferences. The samples were mounted
onto stubs and sputter coated with gold/palladium (Au/Pd to a thickness of ~10um) using Denton
Desk II before scanning with a JEOL 6610 Low-Vacuum SEM (JEOL, Ltd, Tokyo, Japan). Fiber
diameters in the electrospun scaffolds were measured on scanning electron micrographs.
Average fiber diameter was determined from measurements taken perpendicular to the long axis

of the fibers within representative microscopic fields (50 measurements per field). The pores
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formed at the interstices of the fibers were measured using Imagel] software (free download

available at http://rsbweb.nih.gov/ij/). For each sample, at least 5 scanning electron micrographs

at 2000x magnification were used for image analysis and pore size measurement.

After 30 days, the electrospun tubular scaffolds were removed from the bioreactor
chamber and fixed in 4% PFA. The tubular scaffolds were cut perpendicular to the lumen as
well as parallel to obtain a representative sample of both the cross-section of the cell-seeded
tubular scaffold and the inner and outer cell layers. Samples were then paraffin-embedded and

prepared for immunofluorescence staining as previously described in section B4.

B8. Statistical Analyses

All results are presented as mean values + standard error of mean (SEM). Statistical
significance was assessed by a general linear model, which was fit with main effects for time
points (day 7 or day 14), environment (2D or 3D) and protein (ECM proteins of interest: gelatin,
collagen IV, laminin, fibronectin, or vitronectin) and two-way interaction terms (environment x
protein, environment x day, and day x protein). The interaction terms were left in the model even
if they were not statistically significant as these terms helped to explain some of the total
variability and consumed a relatively small number of degrees of freedom. P< 0.05 were defined

as statistically significant.
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C. Results
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a-MEM media on collagen IV *
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Figure 3-2: Experimental Design Schematic depicting experimental design. mES cells were expanded in initial
differentiation media and then sorted for Flk-1" CPCs. Isolated CPCs were then exposed to various microenvironments in
both 2D and 3D and analyzed at day 7 or 14.

As depicted in Figure 3-2, we first expanded mES v6.5 cells then exposed them to initial
differentiation conditions in o-MEM media. After five days, we isolated Flk-1" CPCs using the
MACS system and then seeded the CPCs in both 2D and 3D microenvironments for either seven

or 14 days in both endothelial and smooth muscle cell specific culture media.
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C1. Immunofluorescence Imaging

Collagen IV Laminin Fibronectin Vitronectin

Figure 3-3: Vascular endothelial cell differentiation mES cell-derived Flk-1" CPCs were exposed to different
microenvironments for both 7 and 14 days. Cells were analyzed for vVWF (red) and VE-cadherin (green).

We were able to successfully differentiate the isolated CPCs into all three main
cardiovascular lineages—endothelial cells (Figure 3-3), smooth muscle cells (Figure 3-4) and
cardiomyocytes (Figure 3-5) as shown by immunofluorescence. Examining the endothelial cells
in Figure 3-3, we see that all four ECM proteins of interest (collagen IV, laminin, fibronectin,
and vitronectin) are able to support vascular endothelial cell differentiation. It appears that
laminin (Fig 3-3B,F) and vitronectin (Fig 3-3D,H) cultures exhibit a slightly delayed
differentiation pattern, as the signal for vVWF, a marker of more mature endothelial cells, is faint
at both day7 and dayl14. Collagen IV cultures exhibit both VE-cadherin and vWF at both time
points (Fig 3-3A,E), while fibronectin appears to support the most robust differentiation, as
evidenced by the strong positive signal of vWF at day14 (Fig 3-3G). Figure 3-4 examines the
smooth muscle cell differentiation of the CPCs. All four ECM proteins supported smooth
muscle cell differentiation with no significant difference between the two time points evaluated

(Figure 3-4). Cardiomyocyte differentiation is analyzed in Figure 3-5.
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Figure 3-4: Vascular smooth muscle cell differentiation mES cell-derived Flk-1" CPCs were exposed to different
microenvironments for both 7 and 14 days. Cells were analyzed for SM-myosin (green).

We demonstrated that cardiomyocyte differentiation is possible from the isolated CPCs and all
four ECM proteins of interest support differentiation. Collagen IV (Fig 3-5A,E) and vitronectin
(Fig 3-5D,H) support early differentiation as evidence by the increased MF-20 signal present at
day 7 while the later time points do not demonstrate any significant increase. There appears to be
little difference in any time points for laminin cultures (Fig 3-5B, F). Fibronectin is the only

protein that exhibits increasingly differentiation over time, as there is a progressive increase in

Collagen IV Laminin Fibronectin Vitronectin

B
MF-20 MF-20

Day 7

Day 14

Figure 3-5: Cardiomyocyte differentiation mES cell-derived Flk-1" CPCs were exposed to different microenvironments for
both 7 and 14 days. Cells were analyzed for connexin43 (red) and MF-20 (green).
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MF-20 signal (Fig 3-5C, G). Further physiological phenotyping including a matrigel vessel assay,
as well as carbachol-induced contraction was conducted previously [20]. Thus isolated CPCs

differentiate to cardiomyocytes, vascular endothelial, and smooth muscle cells.

C2. FACS

We analyzed the percentage of endothelial and smooth muscle cells via FACS analysis at
day 7 and day 14. Figure 3-6 shows the expression of CD31 (also known as Pecam), a well-
known vascular endothelial marker in both 2D and 3D culture. At day 7, the only culture that
exhibits a higher expression of CD31 in 3D is laminin (2D 52.614+9.04% 3D 60.384+3.57%). A
significant increase was observed in percentage of cells expressing CD31 at day 14 compared to
day 7 (p<0.05), as well as a significant difference amongst the ECM proteins evaluated
(p<0.0001). We observed increased differentiation on 3D cultures at the later time point (day14)
for gelatin (d7: 3D 34.61+0.49%, d14: 3D 77.62+1.51%) and fibronectin (d7: 3D 17.62+3.48%,
d14: 3D 60.17+9.26%). We also observed an increased differentiation on laminin in 2D at the
later time point (d7: 2D 52.61+9.04%, d14: 2D 95.81+0.37%). There was a slight increase in

CD31 expression for collagen IV in 3D culture at the later time point, but no real change in 2D
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Figure 3-6: FACS analysis of vascular endothelial cells Flk-1" CPCs were exposed to different microenvironments in both 2D
(grey bars) and 3D (black bars) for both 7 (A) and 14 (14) days. CD31 was used as a cell surface marker for endothelial cells for
FACS analysis. N=3 *P<0.05
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culture (d7: 3D 31.36+12.76%, d14: 3D 47.83+23.15%). Vitronectin in 3D culture experienced
a decrease in CD31 expression at day 14 (d7: 3D 51.02+7.98%, d14: 3D 30.03+1.19%) while the
expression in 2D cultures remained relatively constant. Overall, we observed little difference in
CD31 expression between the time points for 2D cultures (except for laminin). We did observe
an increase in differentiation at the later time points for three of the ECM proteins (gelatin,
collagen IV and fibronectin).

We evaluated smooth muscle cell differentiation via FACS analysis using smooth
muscle-myosin (SM-myosin) as a marker as seen in Figure 3-7. Unlike the endothelial cells, we
observed a clear trend in differentiation patterns. We see significantly higher SM-myosin
expression in 3D cultures as compared to 2D cultures (p<0.0001), as well as a significant
difference between the mean effect of day 7 compared to day 14 (p<0.0001) and all the ECM
proteins evaluated (p<0.0001). Both 2D and 3D cultures for gelatin exhibited comparable SM-
myosin expression at day 7 (d7: 2D 38.38+0.36% 3D 27.78+1.44%) and there was an increase in
expression for 3D culture at day 14 (d14: 2D 9.22+0.3%, 3D 36.04+4.24%) but a decrease for
expression in 2D culture. Collagen IV and laminin also demonstrated a similar pattern—an
increase in expression in 3D at the later time point, but a decrease in 2D culture (Collagen IV d7:
2D 20.53+0.88%, 3D 11.89+1.102%; d14: 2D 7.93+0.10%, 3D 23.04+0.80%; Laminin d7: 2D
17.33+1.69%, 3D 36.52+0.65%; d14: 2D 8.13+0.15%, 3D 32.75+0.64%). Fibronectin exhibited
the highest expression of SM-myosin of all cultures at day 7 (d7: 2D 73.57+2.20%, 3D
82.574+0.56%), while there was still a higher level of expression for 3D cultures compared to 2D
cultures at day 14 it was a lower level expression compared to the earlier time point (d14: 2D
46.69+1.34%, 3D 70.79+2.27%). Vitronectin remained relatively constant for both time points,

with expression of SM-myosin remaining higher for 3D cultures than 2D cultures (d7: 2D
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28.63+7.67%, 3D 39.89+6.66%, d14: 2D 18.71+0.35%, 44.69+1.18%). Overall, we see a trend
of progressive differentiation over time for 3D cultures compared to 2D cultures and the robust

differentiation for fibronectin cultures.
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Figure 3-7: FACS analysis of vascular smooth muscle cells Flk-1" CPCs were exposed to different microenvironments in both
2D (grey bars) and 3D (black bars) for both 7 (A) and 14 (B) days. SM-myosin was used as a marker for FACS analysis. N=3
*P<0.0001

C3. RT-PCR analysis

In order to more closely examine the expression of endothelial and smooth muscle cell
markers expressed in the differentiated CPCs, we performed quantitative RT-PCR analysis. We
evaluated endothelial markers: von Willebrand’s Factor (vWF), CD31, Flk-1, and Tie-2 (Figure
3-8); as well as smooth muscle cell markers: a-smooth muscle actin, connexin43, SM-myosin,
and myosin light chain (Figure 3-9).

Examining the vascular endothelial cell gene expression in Figure 3-8, we did not
observe a clear trend in data. 3D culture conditions enhanced vWF expression at the later time
point (day 14, Figure 3-8B) for collagen IV, fibronectin and vitronectin. The expression of vVWF
was decreased for the 2D culture conditions for all the ECM proteins evaluated (Figure 3-8A).
There was a significant difference amongst all the ECM proteins evaluated (p<0.01), however
there is no significant difference in vVWF expression in 2D vs. 3D cultures or day 7 vs. day 14.
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Figure 3-8: gPCR analysis of CPC-derived vascular endothelial cells FIk-1" CPCs were exposed to different
microenvironments in both 2D (grey bars) and 3D (black bars) for both 7 (A,C,E,G) and 14 (B,D,F,H) days. We examined the
following markers: vWF (A,B), CD31 (C,D), Flk-1 (E,F), and Tie2 (G,H). N=3, *P<0.05

CD31 gene expression was significantly increased at the later time point (day 14, Figure 3-8D,
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p<0.0001) for all conditions. While, we did observe a decrease in expression for only 3D laminin,
there was a significantly larger mean effect of 3D cultures compared to 2D cultures (p<0.01).
There was also a significant difference of CD31 expression amongst all the ECM proteins
evaluated. There was increased expression for 3D culture conditions for collagen IV, fibronectin,
and vitronectin, with both 2D and 3D vitronectin having significantly more expression than the
other ECM proteins. We observed a significant increase in Flk-1 expression at day 14 compared
to day 7 (Figure 3-8E,F, p<0.0001). Additionally, there was a significantly higher mean effect of
Flk-1 expression in 3D culture conditions compared to 2D culture conditions (Figure 3-8E,F,
p<0.01). However, we saw a decrease in expression at day 14 (Figure 3-8E) for gelatin and
collagen IV and relatively no change for vitronectin in 3D culture conditions. Again, we
observed a significant difference in Flk-1 expression amongst all the proteins we evaluated. We
observed slight increases in Flk-1 expression in 2D culture conditions for gelatin, collagen IV
and vitronectin. There was an increase in 2D fibronectin at day 14 compared to day 7. Tie-2, an
early vascular endothelial cell marker, had high expression at day 7 (Figure 3-8G) for 3D
collagen IV, fibronectin and vitronectin, which then decreased at day 14 (Figure 3-8H). Laminin
in both 2D and 3D saw increased Tie-2 expression at day 14.

When we evaluated the smooth muscle cell markers in Figure 3-9, we first examined a-
smooth muscle actin. A significant difference in SM-actin expression was present when
comparing day 7 to day 14 (p<0.0001), as well as when comparing the 5 ECM proteins evaluated
(p<0.0001). We observed an increase in expression at the later time point (day 14, Figure 3-9B)
for both 2D and 3D culture conditions for collagen IV, laminin, fibronectin, and vitronectin. The
only decrease we observed was in a-SM actin for 3D gelatin. We also found that expression

levels were higher in 3D compared to 2D for laminin, fibronectin, and vitronectin at day 14
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Figure 3-9: ¢PCR analysis of CPC-derived vascular smooth muscle cells Flk-1" CPCs were exposed to different
microenvironments in both 2D (grey bars) and 3D (black bars) for both 7 (A,C,E,G) and 14 (B,D,F,H) days. We examined
the following markers: a-smooth muscle actin (A,B), connexin43 (C,D), myosin (E,F), and myosin light chain (G,H). N=3,

*P<0.05

(Figure 3-9A,B). There was also an significantly increased level of expression of connexin43 day
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14 (Figure 3-9C,D, p<0.05). There was little difference between 2D and 3D culture conditions
for fibronectin. We continued to observe a significant increase in expression of myosin at day 14
compared to day 7 (Figure 3-9E,F, p<0.0005)). Additionally, we saw significantly increased
myosin expression in 3D culture conditions compared to 2D culture conditions (p<0.05). We
observed slight increases in myosin expression in 2D laminin for both day 7 and day 14. When
examining myosin light chain expression, we again found increased levels of expression at day
14 compared to day 7 for gelatin, collagen IV, fibronectin, and vitronectin, although these
differences were not significant. We did not see much change in expression for cells cultured on
2D laminin between the two time points, and observed a significant decrease in expression for
cells cultured on 3D laminin. There was a significantly higher expression of myosin light chain
in 3D culture conditions compared to 2D at day 14 for gelatin, collagen IV, fibronectin and

vitronectin.

C4. Bioreactor analysis

We analyzed the physical properties of the electrospun tubular scaffold in Figure 3-10.
We observed a significant difference in the fiber size and fiber diameter of the fibers found on
the lumen (Figure 3-10D,E,F) of the tubular scaffold compared to the outer circumference
(Figure 3-10A,B,C). We found significantly smaller fibers on the outer most layer, with an
average fiber size of 0.47+0.05um and an average pore size of 1.78+0.25um’ (Figure 3-
10A,B,C). The fibers in the lumen were larger with an average fiber size of 6.38+0.92um and an
average pore size of 55.36+11.07um” (Figure 3-10D,E,F).

Immunofluorescence staining was performed on the sections of the Flk-1" CPC seeded

electrospun tubular scaffolds. A cross-section of the tubular scaffold shows cells distributed
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Figure 3-10: Physical properties of electrospun tubular scaffold Representative SEM micrographs show the fiber
morphology of the outer most layer of fibers (A) and inner most layer (D). Fiber diameter distributions were calculated for
the outer most layer of fibers (B) and the inner most layer (E). Pore size distributions were also calculated for
the outer fibers (C) and the inner fibers (F).

throughout the tubular scaffold after 30 days of culture and flow through the lumen of the
scaffold in the bioreactor chamber (Figure 3-11A, lumen is denoted as ‘L’ with lines indicating
the borders of the scaffold). We then analyzed the scaffolds for evidence of the endothelial and
smooth muscle cell layers. By seeding the CPCs at staggered time points under cell-specific
culture media conditions, we hoped to create a layer of smooth muscle cells on the outer most
circumference of the scaffold by maintaining the first CPCs seeded in smooth muscle cell growth
media. The second set of CPCs was maintained in endothelial cell growth media in efforts to
create a endothelial layer on the inner lumen of the tubular scaffold. The second CPCs seeded
were labeled with GFP for the first experiment to establish the existence of cell layers. Further
studies did not use GFP-labeled cells so they could be immunostained without GFP interference.
We can see in Figure 3-11B that there is a higher concentration of green fluorescence found in

the inner lumen of the tubular scaffold (concentration of GFP" cells is shown with *). It is a
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subtle observation as the fibers of the scaffold absorb any fluorochrome or dye, but the GFP-
labeled CPCs are found in the lower right corner of panel 3-11B, which confirms the existence of
cell layers. There is evidence of GFP" cells throughout the tubular scaffold, however the greatest
concentration is found on the inner most area (lumen). We also performed cell type specific
immunofluorescence staining for endothelial cells (CD31) and smooth muscle cells (SM-myosin).
Again, there is a subtle distinction between the presence of marker-positive cells compared to the
fibers. However, we are able to see a higher fluorescence for CD31" cells on the lumen (inner
most circumference of the tubular scaffold, labeled ‘I’ and concentration of CD31" cells is
shown with *) in Figure 3-11C. In Figure 3-11D, we are able to detect the subtle distinction of a
concentration area of SM-myosin' cells on the outer most circumference of the tubular scaffold
(labeled ‘O’ and concentration of SM-myosin cells is shown with *). This is further evidence of

the creation of CPC-derived layers.

éM-myosin

Figure 3-11: Immunofluorescent imagining of the electrospun tubular scaffold after 30 days in the bioreactor chamber Cells
were found even distributed throughout the cross-section of tubular scaffold. The lumen of the scaffold is denoted by ‘L’ and the
lines represent the boundaries of the scaffold (A). The existence of CPC-derived cell layers is found by the higher concentration of
green fluorescence—more GFP" cells (shown with *) which were seeded second are found in the inner most circumference
(denoted as “I") of the tubular scaffold (B); more CD31" cells (shown with *), which were seeded second are found in the inner
most circumference or lumen; more SM-myosin' cells (shown with *) which were seeded first are found on the outer most
circumference of the tubular scaffold (denoted as ‘O”) (D).

D. Discussion
A major barrier to developing new treatment strategies for cardiovascular disease is the
lack of understanding of the development of the native tissue. In order to elucidate the

complicated role of the stem cell niche in cell fate decisions, we used a 3D culture system in
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conjunction with known vascular ECM proteins. Matrigel has been used previously as a 3D
substrate, but is ill-defined and inconsistent in composition, making it difficult to determine the
exact microenvironment contributions [22]. In this study, we attempted to recapitulate the niche
microenvironment to understand the role it plays in more committed vascular differentiation.

We have determined that native ECM proteins contribute to the induction of a CPC
population previously [19,20,23]. We next wanted to determine the effects of the
microenvironment on continued differentiation. By creating nanofibrous scaffolds and coating
them with various ECM proteins, we are able to isolate individual protein contributions as well
as determine the impact of a 3D environment on committed differentiation. We focused on the
differentiation of endothelial and smooth muscle cells to ultimately create a tissue engineered
small diameter vascular graft.

Native vessels consist of a layer of vascular endothelial cells on the lumen side of the
vessel and several layers of vascular smooth muscle cells on tunica adventitia [24]. The
endothelial layer is meant to prevent thrombosis, while the smooth muscle layer is to provide
mechanical integrity and contraction. Previous studies have shown the ability to create artificial
blood vessels or tissue engineered vascular grafts with limited capabilities. Heparin has been
used to promote endothelial cell proliferation, but failed to support smooth muscle cell growth
[25]. PCL has been used to create scaffolds to use for vascular tissue engineering, with success
when immobilized VEGF has also been incorporated [26].

Our PCL scaffolds have previously been shown to withstand prolonged cell culture but
require additional mechanical integrity for use in tissue engineering applications [21]. We have
demonstrated that the microenvironment does have an effect on continued committed

differentiation. We observed that laminin and vitronectin enhance endothelial cell growth.
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Laminin has been shown to exist in myocardium, while vitronectin has been found in native
blood vessels [27]. Both of these proteins were used in composite scaffolds, which have been
used successfully as cardiac repair platforms [27]. Additionally, laminin has been shown to assist
in endothelial cell growth in the retina [28]. Vitronectin was previously shown to enhance CPC
populations [20]. Fibronectin was observed to enhance vascular smooth muscle cell growth. This
was expected as fibronectin has a close, well-documented relationship with VEGF and
vasculogenesis [29-31]. Scaffolds consisting of a fibronectin component have been shown to
enhance endothelialization and vascular differentiation for vascular grafts or artificial vessels
[32-35]. We were surprised to see that fibronectin did not have as great of an effect on
endothelial cell differentiation as it did on the vascular smooth muscle cells.

The addition of a 3D microenvironment did not seem to greatly enhance endothelial cell
differentiation. There were minor differences in Tie-2 gene expression at day 7 for 3D collagen
IV, Flk-1 at day 14 for 3D laminin, and CD31 at day 7 for 3D vitronectin. However, an overall
trend was not obvious. We suspect this is due to the nature of endothelialization and the process
of vasculogenesis creating its own 3D structure. Perhaps our scaffold was too constricting to the
natural process of vasculogenesis. There was a significant improvement of differentiation into
smooth muscle cells that were cultured on the 3D scaffolds. We observed the improvement at the
later time point (day 14), which is due to the amount of time required for cells to migrate to the
interior of the scaffold and for the 3D microenvironment to have its effect. The addition of a 3D
microenvironment or scaffold improves differentiation for vascular grafts [33,35], which our
results confirm.

Through our studies for optimizing vascular differentiation, we were able to create a

layered vascular graft using a bioreactor system. Small diameter vascular grafts with long-term
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functionality have been extremely hard to create. Synthetic grafts for large vessels have shown
great success, however the “gold standard” for replacement for a small vessel is to use an
autologous graft [36]. Synthetic small diameter vascular grafts have problems with the lack of
endothelialization on the luminal surface, which can lead to intimal hyperplasia formation and
thrombosis [37-39]. Previous studies have focused on improving endothelialization through the
addition of fibronectin and other factors, including the Flameng group [33] which created knitted
polyester grafts that were coated with fibronectin and a stem cell homing factor SDF-1a.. These
grafts had marked success with improved endothelialization in a sheep model. Mun et al [40]
created electrospun scaffolds to use for small diameter vascular grafts. The group was able to
electrospin a PCL-PLA co-polymer to use in vitro with successful results. Zhao et al [41] created
cellular sheets from mesenchymal stem cells, which they then fabricated into a tubular structure
and implanted in a rabbit model. These constructs showed complete endothelialization after four
weeks. This study is one of the few that combines synthetic scaffolds with ES cell-derived
progenitors to create a layered structure. We have only demonstrated the proof of concept for this
system—that we are able to create an ES cell-derived layered vascular graft, which is a novel
development. This relatively simple system can be used in the future to recreate physiologically

relevant situations, such as hypertension or chronic overload to examine the cellular effects.

E. Conclusions

We have characterized the effects of the microenvironment on differentiation of CPCs.
After determining that the addition of a 3D microenvironment greatly enhances the induction of
a CPC population, we aimed to determine if those effects were translated to later stages of

differentiation as the CPCs continued to differentiate down a vascular pathway. We found that
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laminin and vitronectin enhanced vascular endothelial cell growth in a traditional 2D cell culture
system, while fibronectin enhanced vascular smooth muscle cell growth in a 3D system. The 3D
system exhibited greater effects on differentiation at later time points, which is due to the longer
amount of time necessary for cells to migrate to the interior of the scaffold. We have also created
a layered tissue engineered vascular graft using our 3D scaffolds and time dependent cell-
seeding protocol. Overall, we have enhanced our understanding the contributions of the
microenvironment to vascular differentiation and how to apply that knowledge to develop new

treatment strategies.
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CHAPTER FOUR

Extracellular matrix proteins in the microenvironment enhance cardiac differentiation of

human induced pluripotent stem cells

A. Introduction

Stem cell biology has become a major focus of recent cardiovascular research. Many
therapeutic approaches using mouse ES cell models have been reported and we have also
demonstrated successful murine cardiovascular differentiation [1-3]. However, translating this
work to a human model has proven difficult. Directing human ES or iPS cell differentiation
down a cardiovascular lineage is more challenging and the contribution from the
microenvironment to cell fate decisions poorly understood. Cell fate is thought to be controlled
both spatially and temporally, as well as through cell-cell and cell-matrix interactions. Paracrine
and autocrine effects are also thought to regulate cell fate—there is mounting evidence that stem
cells secrete a variety of growth factors, cytokines, chemokines and bioactive lipids which
regulate biology and interactions within the surrounding microenvironment. These factors inhibit
apoptosis, stimulate proliferation, and promote vascularization [4]. The surrounding
microenvironment is 3D in nature and regulates self-renewal, proliferation, and differentiation
through cell-cell and cell-matrix interactions. This makes understanding the role of ECM in
cardiac development very important to understand.

Our previous work demonstrated that stem cell-derived CPC commitment and further
cardiovascular differentiation is influenced by the microenvironment and that an in vitro 3D

culture model can be used to promote cardiac differentiation in a mouse ES cell model. We
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established that collagen IV and laminin are present within the endogenous mouse and human
CPC niche, while collagen I and fibronectin are found outside the niche. Collagen IV was
identified as an ECM component with the ability to induce trophoectoderm differentiation in
mES cells [5]. Collagen IV, which can be detected in the mouse embryo as early as the 32-64-
cell stage [6] induced expression of haematopoietic, endothelial, and smooth muscle genes
specific to the mesoderm, as well as a panel of trophoectoderm-markers. Adding ECM proteins
to mES cells can induce a CPC population [2]. The addition of collagen IV with a synthetic 3D
electrospun matrix made of a co-axial nanofibers containing a PCL-gelatin sheath and PU core
induced the highest CPC population of the study [7]. Additional studies demonstrated that
laminin- or vitronectin-coated 3D scaffolds induced an even higher population of Flk-1" CPCs as
compared to 2D culture conditions [3].

We aim to translate our work with microenvironment studies to a human iPS cell model
and try to understand the contributions of both a 3D microenvironment and ECM proteins

present in native tissue have on human cardiac differentiation.

B. Materials and Methods

B1. Human iPS cell culture and differentiation

hiPS cells (hiPS2 line) were obtained from the UCLA Embryonic Stem Cell Bank. Cells
were maintained in an undifferentiated state in Dulbecco’s modified Eagle’s medium/F12
(DMEM/F12, Invitrogen, Carlsbad, CA USA) with 10% Knockout Serum Replacement (KSR,
Invitrogen), 0.ImM p-mercaptoethanol, 2mM Glutamax (Invitrogen), 0.1mM nonessential
amino acids (Invitrogen), and 10ng/mL bFGF (PeproTech, Rocky Hill, NJ USA). No

antibacterial agents were added. Cells were cultured on irradiated murine embryonic fibroblast
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(MEF, Applied StemCell Inc, Menlo Park, CA USA) feeder layers which were plated at a
density of about 35,000 MEFs/cm? at 37C, 5% CO2 in a humidified incubator. Media was
refreshed daily.

A modified version of Willems et al [8] protocol was used to induce cardiomyocyte
differentiation. Briefly, hiPS cells were used directly from MEFs and detached using TrypLE
Select. Cells were collected and put through a 100pum cell strainer before being pelleted via
centrifugation at 1200rpm for Sminutes. Cells were resuspended to 600,000 cells/mL in mTeSR
media supplemented with a ROCK Inhibitor (Y-27632, Sigma, final concentration is 0.01uM)
and 10ng/ml BMP4 (R&D Systems). 50ul of the cell suspension was added to each well of a
conical-bottom 96-well plate (Fisher Sci, USA). The plates are then centrifuged at 1200rpm for
Smin and left overnight in the incubator to create uniformly formed embryoid bodies (EBs). The
following day, EBs are transferred to a 6-well low-attachment dish (Corning) and the media is
changed to StemPro 34 (Invitrogen) media supplemented with 3ng/mL Activin A (R&D
Systems), Sng/mL bFGF (R&D Systems), and 10ng/mL BMP4 (R&D Systems) (called ‘Stage 1’
media). One well of the 6-well dish can hold approximately 100-150 EBs. The media is
refreshed every 2-3 days as necessary. On day 4, the floating EBs are transferred to an ECM-
treated dish with 2mL of Stage 1 media with IWR-1 (at a final concentration of 5uM, Sigma).
The following day, the media is changed to StemPro 34 (Invitrogen) supplemented with Sng/mL
VEGF, 10ng/mL bFGF, 5uM IWR-1. Media is refreshed every other day.

ECM-treated dishes are prepared in 2D and 3D conditions. 2D dishes are coated with
collagen IV (CollV, 5ug/cm®, BD Biosciences, San Jose CA), laminin (Sug/cm’ BD
Biosciences), fibronectin (5ug/cm?, Sigma), vitronectin (50nm/cm?, Chemicon), and gelatin (0.1%

w/v in sterile PBS) or 3D electrospun scaffolds coated with collagen IV, laminin, fibronectin,
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vitronectin, and gelatin (0.1% gelatin w/v in sterile PBS) following the same protocol as 2D

dishes.

B2. Scaffold fabrication and in vitro differentiation in 3D culture

We have utilized electrospinning to produce scaffolds with nano- to microdiameter fibers
with similar structural properties to the ECM as described before [9]. Briefly, gelatin type B
(bovine skin 10% w/v, Sigma-Aldrich) and e-polycaprolactone (PCL, 10% w/v, Sigma-Aldrich)
were mixed together and dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP, Sigma-Aldrich).
The solution was then loaded into a 10mL syringe to which an 18-gauge blunt-ended needle was
attached. A core solution of polyurethane (PU, 5% w/v, Sigma-Aldrich) was dissolved in HFP
and loaded into a 3mL syringe to which a 25-gauge needle was attached. This syringe and needle
system was then loaded into a modified syringe pump. The positive output lead of a high voltage
supply (28kV; Glassman High Voltage Inc, NJ USA) was attached to the 10mL syringe needle.
In the created electric field, a thin jet was ejected from the polymer solution in the syringe at a
flow rate of 70uL/min. The grounded copper target (Scm x Scm) was placed approximately
17cm under the needle tip and upon introduction of the electric field Taylor cone formation was
observed at the base of the needle tip. A dry fibrous scaffold was collected in the form a 3D mat
(100-200um thick). The electrospun scaffolds were then sterilized by soaking the scaffolds in 70%
ethanol for 30min at room temperature. After 3 washes of sterile PBS, the scaffolds were
aseptically cut into lem x lcm squares and coated with collV, fibronectin, laminin, vitronectin,

and gelatin as described previously in section B1.
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B3. Immunofluorescent staining

The hiPS cells plated on ECM-coated culture slides as well as undifferentiated hiPS cells
were washed and fixed with 4% paraformaldehyde, for 20 min and rinsed with PBS. Slides were
then blocked with 1% bovine serum albumin (BSA) and 2% goat serum in PBS for 1 h at room
temperature. Slides were then incubated with primary antibodies (basic calponin (Dako),
troponinT (R&D systems), MF-20 (Developmental Studies Hybridoma Bank), connexin 43
(Santa Cruz), and troponinl (R&D systems)) or one hour at room temperature or overnight at
4°C followed by several washes with PBS. Alexa Fluor 488- or 546-conjugated secondary
antibodies (Molecular Probes, Eugene, OR) were applied to the samples and incubated for 30
minutes at room temperature. After several washes, the cells were counterstained with 4’-6-
diamidino-2-phenylindole (DAPI) followed by mounting ProLong Gold antifade mounting
medium (Molecular Probes, Carlsbad, CA). Staining without primary antibodies served as
controls. Digital images were acquired using a Leica DM IRB inverted microscope system
equipped with 20x (0.40 numerical aperture (NA)) and 40x (0.75 NA) objectives (Leica

Microsystems Inc., Bannockburn, IL).

B4. Fluorescence-activated cell sorter analysis (FACS)

Cells were harvested from both 2D (conventional culture) and 3D (scaffold) culture at
day 10, pelleted via centrifugation, washed in FACS buffer (sterile PBS supplemented with 1%
ES-FBS and 0.25% saponin) and incubated with the primary antibody (cardiac Troponin-T,
1:350, R&D Systems) at 4°C for at least 45minutes. The secondary antibody (Alexa Fluor 488,
1:400, Molecular Probes) was added following a washing step and centrifugation. The cells were

gated by forward scatter (FSC) versus side scatter (SSC) to eliminate debris. A minimum of
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10,000 events were counted for each analysis. All analyses were performed using a Becton
Dickinson FACScan analytic flow cytometer (BD Biosciences) with FCS Express software

(DeNovo Software, Thornhill, Ontario, Canada) at the UCLA Flow Cytometery Laboratory.

B5. Quantitative Real time-PCR analysis (RT-PCR)

Total RNA was extracted from cells using Qiagen mini RNAeasy kits according to the
manufacturer’s instructions. First-strand cDNA was generated from RNA by using the Quantitect
Reverse Transcription kit (Omniscript; Qiagen). Real-time quantitative PCR was conducted
using the ABI PRISM 7900 Sequence Detection System (TagMan; Applied Biosystems) with the
UCLA GenoSeq Core. PCR amplicons were detected by fluorescent detection of SYBR green
(QuantiTect SYBR green PCR kit; Qiagen). Data was analyzed using the AACt method, using
ribosomal protein S26 as a stable reference gene for normalization control. Primers used were

purchased from Qiagen (QuantiTect Primer Assay).

B6. Statistical Analyses

All results are presented as mean values + standard error of mean (SEM). Statistical
significance was determined using a general linear model fit with the main effects for protein
(gelatin, collagen IV, laminin, fibronectin, and vitronectin) and environment (2D and 3D) and an

interaction term (protein x environment). P<0.05 were defined as statistically significant.
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C. Results

eoo Day 0
create spinEBs from hES/hiPS cells

in 96well plate
88%88%8888 mTeSR+BMP4+ROC inhibitor

Day 1

transfer spinEBs to low-attachment dish
StemPro34+BMP-4+bFGF+Activin A

lDay 3: FIt1+/Fit4+ cells = 15.11% + 0.16

Day 4

transfer spinEBs to
microenvironments

| Day 4: FIt1+/Fit4+ cells = 17.66% * 0.93

<L 3D Electrospun scaffolds
W coated with ECM proteins  Day 5-10
: Change media every 2 days
2D ECM proteins StemPro34+bFGF+VEGF+IWR-1

I Day 5: FIt1+/FIt4+ cells = 6.91% * 0.12 I

Analysis at day10

Figure 4-1: Experimental Design Schematic depicting experimental design. EBs are created on Day 0 and transferred to a
low attachment dish on Day1. At Day 3, 15.11% of cells are expressing CPC markers Flt1 and Flt4. At Day4, EBs are
transferred to different microenvironments, with 17.66% CPCs. On Day 5, only 6.91% of cells still express CPC markers.
Analysis was performed on day 10.

We were successfully able to differentiate hiPS cells towards a cardiac lineage using a
spinEB method adapted from Willems et al [8]. As shown in Figure 4-1, we created uniformly
sized EBs at day 0 and transferred them to a low-attachment dish at day 1. On day 4, we
transferred the EBs to the various ECM microenvironments, in both 2D and 3D culture
conditions. We analyzed the number of cardiac progenitor cells present in the cell population at
the early stages of the protocol. Using the cell surface markers Flt1 and Flt4 as previously shown
are markers of human CPCs [10], we found that there was a 15.11 + 0.16% at day 3. Day 4

showed an increase in CPCs with 17.66 + 0.93% Flt1"/Flt4" expression. Day 5 saw a decrease in
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CPC population with only 6.91 + 0.12% exhibiting both CPC markers. This confirms that day 4
is the day with the highest cardiac differentiation potential for the transfer to the

microenvironment. The progression of the size of EBs throughout the course of the

differentiation protocol can be seen in Figure 4-2.

C v I q,:;’
Figure 4-2: SpinEB creation and progression EBs are created on Day0 and transferred to a low attachment dish on Dayl. On
Day4, the EBs are transferred to the different microenvironment.

<

C1. Immunofluorescence

Our cardiac differentiation protocol is shown to be successful as cells exhibited cardiac
markers Nkx2.5, MF-20, troponinT, connexin43, calponin, and troponinl (Figure 4-3). We
observed large EB formation, followed by individual differentiating cells migrating out of the EB
after being transferred to the microenvironment on day 4. In particular, cells cultured on collagen
IV (Figure 4-3A.E,I,LM) show positive signal for all cardiac markers. The large EB with
migrating cells is evident in Figure 4-3A and 4-3E. Laminin (Figure 4-3B,F,J,N) also exhibits
positive signal for all the cardiac markers. A large EB is present with cells migrating out of the
EB positive for troponinT and connexin43 (Figure 4-3B). Laminin cultures support monolayer
cell confluence as seen in panel 4-3J. These cells all exhibit a strong signal for calponin. Similar
to collagen IV and laminin, fibronectin also exhibits positive signal for all cardiac markers of

interest. Vitronectin is shown to have a weaker signal for the cardiac markers of interest. We
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Collagen IV Laminin Fibronectin Vitronectin
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hiPS day 10
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Figure 4-3: Cardiac differentiation of hiPS cells Cells exposed to different microenvironments are analyzed for cardiac
differentiation: first row (A-D) Nkx2.5 (green) MF-20 (red); second row (E-H) TroponinT (green) connexin43 (red); third row
(I-L) Calponin (green); fourth row (M-P) Troponinl (green)

observed that the EBs once transferred to the vitronectin environment did not adhere as well as

the other ECMs (data not shown).

C2. FACS analysis

At day 10 of the cardiac differentiation protocol, we harvested cells for FACS analysis to
evaluate troponinT expression for both 2D and 3D culture systems. We observed that the effect
of the 2D culture system was significantly higher than that of the 3D system. More specifically,

we observed significantly higher expression for troponinT in 2D cultures as compared to 3D
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culture systems across all five ECM proteins of interest (p<0.0001). In particular, there was a
significant difference between 2D and 3D cultures for gelatin (2D: 49.47+2.17%, 3D:
16.02+2.23%), laminin (2D: 64.09+0.75%, 3D: 43.51+0.41%), and fibronectin (2D:
68.51+0.92%, 3D: 30.36+0.92%). We observed little difference between 2D and 3D cultures for
collagen IV (2D: 61.33+2.67%, 3D: 59.25+0.71%) and vitronectin (2D: 34.10+3.41%, 3D:
30.43+0.60%). Collagen IV (both 2D and 3D cultures), laminin (2D culture) and fibronectin (2D
culture) exhibited the highest levels of troponinT, over 60%. Gelatin and fibronectin in 3D
culture as well as both 2D and 3D culture of vitronectin showed the lowest levels of troponinT
expression, with about 30%. We found a significant difference between gelatin vs. collagen IV
(p<0.0001), laminin (p<0.0001) and fibronectin (p<<0.0001), with the gelatin mean effect being
significantly smaller. The collagen IV mean effect compared to fibronectin (p<0.01) and

100
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Gelatin Collagen IV Laminin Fibronectin Vitronectin

Figure 4-4: FACS analysis of cardiac differentiation hiPS cells at day 10 exposed to both 2D (grey bars) and 3D (black bars)
microenvironments were evaluated for cardiac TroponinT expression via FACS analysis.
N=3, *p<0.0001 (2D vs. 3D)
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vitronectin (p<0.0001) was significantly larger. Also, the laminin mean effect compared to
vitronectin (p<0.0001) was significantly larger, similar to the fibronectin mean effect compared
to vitronectin (p<0.0001). Overall, we observed that the ECM proteins have a large impact on
increased cardiac differentiation, while the 3D environment seems to inhibit or delay cardiac

differentiation.

C3. RT-PCR analysis

At day 10, we harvested RNA from both 2D and 3D cultures for all proteins of interest.
We then performed quantitative real-time PCR analysis to examine the mRNA levels of the
markers of interest. We included analysis for endothelial and smooth muscle markers to
determine if the microenvironments promoted endothelial or smooth muscle differentiation in
lieu of or in addition to cardiac differentiation (Figure 4-5). We observed low levels of
expression for the early endothelial cell marker Tie2 (4-5A). We found a significant difference
between the contributions of the five proteins examined. Specifically, we observed relatively
similar expression of Tie2 for gelatin (2D: 3.18+0.59; 3D 1.01+0.49), and collagen IV (2D:
3.81+1.70; 3D 0.70+0.53), and vitronectin (2D: 1.11+0.56; 3D 0.45+0.30)—all three proteins
demonstrated a similar pattern of slightly higher expression in 2D culture as compared to 3D
culture. Laminin (2D: 1.93+0.82; 3D 6.11+2.01) and fibronectin (2D: 2.80+1.51; 3D 18.51+8.85)
both exhibited a pattern of higher expression in 3D cultured compared to 2D cultures. We did see
a significantly higher expression of Tie2 for fibronectin in 3D (p<0.05 compared to all ECM
proteins). Similarly, we observed high expression of the other more mature vascular endothelial
markers we evaluated, vWF (Figure 4-5B) and VE-Cadherin (Figure 4-5C), for the 2D and 3D

fibronectin (VWF 2D: 6.05+3.66; 3D 12.25+2.50; VE-cadherin 2D: 27.30+9.57; 3D 36.26+17.16)
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Figure 4-5: qPCR analysis of vascular endothelial and smooth muscle markers hiPS cell subjected to cardiac differentiation
and exposed to microenvironments in both 2D (grey bars) and 3D (black bars) were analyzed at day 10 for endothelial markers:
Tie2 (A), vWF (B) and VE-Cadherin (C); and smooth muscle marker myosin (D). n=3

culture conditions. Fibronectin elicited a significantly higher expression of vWF (p<0.0010) and

VE-Cadherin (p<0.005) compared to the other ECM proteins of interest. The other proteins

maintained relatively similar lower levels of expression of vVWF as compared to fibronectin

(gelatin 2D: 1.47+1.12; 3D 1.57+1.10; collagen IV 2D: 2.39+0.18; 3D 1.23+1.27; laminin 2D:

1.93+0.42; 3D 1.87+0.91; vitronectin 2D: 2.08+1.93; 3D 3.43+0.83). Likewise, a similar pattern

of expression exists for VE-Cadherin. Gelatin (2D: 5.69+3.96; 3D 8.38+3.88), laminin (2D:

5.10+1.10; 3D 7.57+43.53), and vitronectin (2D: 1.27+0.59; 3D 2.35+1.56) exhibit similar levels

of expression of VE-Cadherin. We see higher levels of expression of smooth muscle markers for

cells cultured in certain 3D microenvironments. In particular, 3D gelatin (65.01+16.39) and

fibronectin (93.86+22.37) appear to enhance the expression levels of myosin as seen in Figure 4-
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5D. 2D gelatin (45.78+0.47) exhibits a similar expression to its 3D counterpart, while we
observe a minimal difference between 2D and 3D environments for collagen IV (2D: 16.97+8.25;
3D 19.67+13.36), laminin (2D: 25.60+5.60; 3D: 21.67+12.70), and vitronectin (2D: 26.70+12.80;
3D: 21.29+12.06). There was a significant difference between 2D (20.94+5.51) and 3D
(93.86+22.37) culture conditions for fibronectin. Again we found a significant difference among
the five proteins examined (p<0.01).

In Figure 4-6, we determined expression levels of cardiac-specific genes. We observed

significantly higher expression of actinin (figure 4-6A) in 2D laminin (17.39+4.84) and 3D
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Figure 4-6: gPCR analysis of cardiac differentiation. hiPS cells were subjected to cardiac differentiation and exposed to
different microenvironments in both 2D (grey bars) and 3D (black bars). Cardiac markers evaluated were actinin (A), Troponin
T (B), Troponin I (C), and Troponin C (D). RNA was isolated on day 10, n=3

fibronectin (14.92+5.45). These levels of expression were significantly higher than their

counterparts (3D laminin: 5.42+0.89; 2D fibronectin: 3.59+1.30). The other proteins expressed
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similar low levels of actinin: gelatin (2D: 0.26+0.01; 3D: 1.47+0.41), collagen IV (2D:
4.91+1.41; 3D: 1.59+0.72), and vitronectin (2D: 1.62+0.82; 3D: 0.52+0.04). We observed a
significant difference between the five proteins (p<0.005), as well as a significant interaction
between the 2D/3D environment and the ECM proteins (p<0.01), namely 2D laminin and 3D
fibronectin. The troponin complex is an important mediator of cardiac contractility and made up
of 3 components: TroponinT, Troponinl, and TroponinC. We examined levels of TroponinT
expression (Figure 4-6B) and found that expression was enhanced by collagen IV (6.54+2.39),
laminin (6.62+3.18), and fibronectin (10.04+2.46) in 3D compared to their 2D counterparts (2D
collagen IV: 3.20+2.33; 2D laminin: 1.35+0.18; 2D fibronectin: 1.311+1.17). Standard 2D
conditions of gelatin (12.37+5.40) and vitronectin (6.80+3.42) also enhanced troponinT
expression compared to the same proteins in 3D conditions (3D gelatin: 0.58+0.17; 3D
vitronectin: 1.45+0.01). Figure 4-6C shows the expression levels of Troponinl, which were
increased in the 2D cultures compared to the 3D cultures (p<0.0001), as well as significant
difference between the proteins (p<0.0001). There was also a significant interaction between the
2D/3D environment and the ECM proteins (p<0.0005). The expression levels are shown to be
relatively similar for all the conditions, except 2D gelatin, which is observed to promote
Troponinl (Gelatin 2D: 1.84+0.35, 3D: 0.19+0.14; collagen IV 2D: 0.08+0.02, 3D:
0.004+0.0006; laminin 2D: 0.51+0.20, 3D: 0.05+0.01; fibronectin 2D: 0.31+0.25, 3D: 0.14+0.07;
vitronectin 2D: 0.09+0.08, 3D: 0.002+0.0002). Similar to TroponinT, we observed higher
expression levels of TroponinC in 3D for laminin (28.43+2.37) and fibronectin (34.53+4.18), as
well as gelatin in 2D (19.13+9.56). However, there is not a significant difference between 2D
and 3D culture conditions. Again, we observe a significant difference between the expression

levels of TroponinC between the ECM proteins (p<0.0005). We saw slightly higher expression
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of troponinC in collagen IV for 2D (14.74+3.04) compared to 3D (2.58+1.13). 2D culture
conditions of laminin (13.30+5.79) and fibronectin (19.60+6.75) were lower than their 3D
counterparts. Culture conditions in 3D for gelatin (5.11+1.37) and collagen IV (2.58+1.13) were
lower than standard 2D and similar to the expression levels seen in both conditions for

vitronectin (2D: 5.11+1.82; 3D: 5.25+4.01).

D. Discussion

We have demonstrated our ability to successfully differentiate hiPS cells down a
cardiovascular pathway. By creating uniformly sized EBs we can successfully modulate
differentiation of hiPS cells by altering the microenvironment in which they are cultured (Figure
4-1 and 4-2). While previous studies [11,12] have focused on manipulating signaling pathways
to optimize cardiac differentiate, we have focused on understanding the role of the
microenvironment on differentiation as well as exploiting that knowledge to guide differentiation.
Here, we have shown the influence of specific ECM proteins on differentiation in both 2D and
3D microenvironments in an effort to capitalize on manipulating the native signals from the
cardiovascular stem cell niche. We have shown that at day 10 cells exhibit many cardiac
specific markers, including Nkx2.5, calponin, troponinT and troponinl (Figure 4-3). In some
cases, we observed spontaneously beating cells (data not shown). Immunostaining alone did not
specify or characterize the ability of specific proteins or dimensionality of the culture conditions
for cardiac differentiation. FACS analysis of cardiac troponinT showed that we were able to
achieve at least 30% differentiation in 2D culture conditions, and at least 16% differentiation on
3D scaffolds (Figure 4-4). We found that collagen IV and vitronectin had similar differentiation

efficiency in both 2D and 3D, while the other proteins we evaluated show higher differentiation
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in 2D compared to 3D. Many other cardiac differentiation protocols have demonstrated lower
differentiation efficiencies, about 20% to 40% of cells expressing a similar cardiac marker at a
comparable time of analysis via FACS [12-14]. One study from Murry’s lab [12] in 2007 used an
Activin/BMP protocol that yielded about 30% cardiomyocytes from ES cells, which they then
purified and used for functional studies. Zhang’s study [13] examined various hES cell lines and
found that about 15% of the H9 hES cells expressed MF20 at day 10, while Carpenter’s study
[14] found that about 40% of the hiPS cells differentiated to express troponinl and a-actinin. In
particular, Keller’s lab [11] used a hypoxic differentiation protocol in conjunction with small
molecules (Nodal inhibitor SB and BMP4 inhibitor dorsomorphin) to target the Activin/Nodal
pathway, which resulted in almost 60% cardiac troponinT" cells at day 14. Our study yielded
similar differentiation potential. As FACS analysis only tells us the percentage of cells evaluated
that express the protein of interest (troponinT), we performed further quantitative analysis of real
time-PCR.

Gene expression of a full panel of differentiation markers gives us a more complete
picture. We found that fibronectin enhanced vascular endothelial and smooth muscle cell marker
expression, especially in a 3D microenvironment. It is known that proteins enhance
vascularization, with fibronectin in particular being used to promote induction of vascular
endothelial cells [15]. The processes of vascularization include both vasculogenesis and
angiogenesis. Fibronectin has been used in conjunction with VEGF to induce/enhance both
processes [16-18]. Our results confirm these findings. We found that fibronectin in a 3D scaffold
significantly increased the amount of cells expressing endothelial markers Tie2, vWF, and VE-
cadherin (Figure 4-5A-C). Vasculogenesis and angiogenesis create 3D structured tubes as

precursors for vessel formation, we were not surprised to see that the fibronectin in 3D promoted

164



the most vascular endothelial cell induction. Protein coating of vascular grafts to improve
endothelialization has been tested, with fibronectin being the protein of choice [16]. Fibronectin
is known to enhance and direct vascular differentiation of ES cells [17,18], which our results also
confirm (Figure 4-5A-C). We observed a similar pattern of expression amongst the proteins of
interest in both 2D and 3D culture conditions. Myosin was also promoted when cultured in 3D
scaffolds, specifically for gelatin and fibronectin (Figure 4-5D).

Cardiac differentiation was evaluated by examining RNA levels of actinin and the
components of the troponin complex (Figure 4-6). Little is known about the timing of the
expression of the individual components of the troponin complex. Our data would suggest that
troponinT and troponinC are expressed at an earlier time point than troponinl. The tropomyosin-
troponin complex is comprised of the three troponins (T,C,I) and as well as tropomyosin and
regulates the development of force by the contractile apparatus. When calcium is released from
the sarcoplasmic reticulum, it binds to troponinC causing a conformational change allowing for
movement of tropomyosin away from the myosin binding sites on actin [19,20]. TroponinT and I
are thought to influence Ca®" sensitivity, while troponinC is thought to act as a switch for Ca*"
activation. During development, there is thought to be a transition from fetal to adult isoforms of
troponinT and 1. Some of these have been studied in animal models [21,22], but little is known
about the early expression profile. Overall, we saw higher expression of actinin in 2D laminin
and 3D fibronectin culture conditions. We observed similar expression patterns for troponinT
and C—with 3D culture conditions for laminin and fibronectin showing enhanced expression
compared to 2D. As these results are somewhat contradictory of our FACS analysis data, we
believe this is due to the relatively early time point of our study as well as the difference between

protein (FACS) and RNA (qPCR). We believe if we were to examine a later time (about 14days
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compared to 10 days) we would see a higher percentage of cells expressing troponinT through
FACS analysis. We saw relatively low expression of troponinl of all proteins of interests in both
2D and 3D, although 2D gelatin is significantly higher than the rest (Figure 4-6B). The gelatin in
2D culture condition consistently enhanced all our cardiac markers.

Our studies suggest that troponinT and C are expressed early during differentiation in
immature cardiomyocytes, while troponinl is expressed later. As little characterization exists on
the expression profile and timing of the troponin complex in an iPS or ES cell model, it is an area

of research we intend to investigate further.

E. Conclusions

We demonstrated our ability to successfully differentiate hiPS cells into cardiac cells. We
have also characterized the effects of ECM proteins and the microenvironment on that
differentiation. We found that fibronectin in 3D culture conditions enhances vascular
differentiation, while 2D culture conditions with gelatin and 3D laminin and fibronectin promote
cardiomyocyte differentiation. We believe the results of our investigations can be used for
further tissue engineering studies as well as provide a better understanding of the role of the

microenvironment in cardiovascular differentiation.
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CHAPTER FIVE

A. Summary and Conclusions

The goal of this dissertation was to study the effects of the microenvironment on
cardiovascular differentiation. Previous work from our lab had begun to explore the role of ECM
proteins found within and around the CPC niche. The research outlined here furthers our
understanding of the contribution of major ECM proteins as well as to explore the effects of a 3D
environment, similar to what is seen in native ECM. I first sought to determine the contribution
of the microenvironment to the induction of CPCs from undifferentiated ES cells. I then asked
the question, do we continue to see an effect from the microenvironment on later cardiovascular
lineage commitment? Finally, do these effects translate into a human model of cardiovascular
differentiation?

In the first phase of investigation, I examined the effects of the microenvironment on the
induction of a CPC population. I first developed a more stable electrospun nanofibrous scaffold
to use as a 3D culture system for future studies. By using a co-axial electrospinning system, I
incorporated PU into our already established PCL-gelatin system. By doing so, I increased the
mechanical integrity and elasticity of the scaffolds, and created a more stable system that had the
capability to last more than two months in continuous culture systems. I characterized the
physical and mechanical properties and demonstrated the biocompability of the scaffolds by
implanting them subcutaneously in mice. The scaffolds elicited minimal immune response, and
endogenous cells were shown to migrate into the scaffolds after four and seven weeks post
implantation.

While I had developed a 3D scaffold that has great potential for cardiovascular tissue

engineering, my original goal was to understand the effects of the 3D environment on CPC
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induction. I had observed that it took cells approximately seven to ten days to migrate into the
interior of the scaffold in vitro, which complicated analyzing early differentiation effects. Thus,
in order to examine the immediate effects of a 3D environment, I used a hydrogel system, which
could immediately encapsulate mES cells. The hydrogel, Hystem-C, is commercially available
and approved for medical uses. I found that the hydrogel alone could potently induce a CPC
population. Using standard 2D cell culture techniques, we observed about 2% CPC induction at
day five. The addition of collagen IV increased the CPC population to about 5%, while the
inclusion of the electrospun scaffold increased the CPC population to about 6%. The electrospun
scaffold with a collagen IV coating further increased the CPC population to about 8%. The
hydrogel system significantly increased CPC induction to about 11%. Further gene expression
analysis confirmed these results and revealed a dramatic increase in CPC marker expression.
This data demonstrates the importance of the understanding the contribution of the
microenvironment to cardiovascular differentiation.

In an effort to understand the mechanism underlying the effects I had observed, I
examined integrin expression of both undifferentiated and partially differentiated mES cells.
Integrins are known to mediate cell-matrix interactions and were a logical target to account for
the effects elicited by different ECM proteins and the addition of a 3D substrate. I characterized
integrin expression and observed differences not only between undifferentiated and partially
differentiated mES cells, but also between cells cultured in 2D vs. 3D and those exposed to
different ECM proteins. Through a series of analyses, we found that a5, aV, 1, 5, and aVp5
integrin subunits were extremely important for cellular adhesion to a 3D substrate. To date, this
was the first such study to characterize and compare integrin expression of undifferentiated and

partially differentiated mES cells in both 2D and 3D culture systems. Overall, I was able to
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demonstrate the importance of understanding the microenvironment on the induction of a CPC
population. I found that the 3D microenvironment greatly enhances the amount of CPCs. I also
developed two separate 3D culture system for in vitro investigation and characterized integrin
expression.

In the second study, I examined the effects of the microenvironment on cardiovascular
differentiation of CPCs. I isolated CPCs and seeded them in culture exposed to the same ECM
proteins and 2D or 3D culture systems. I analyzed endothelial and vascular smooth muscle cell
lineage differentiation. I found that laminin and vitronectin enhanced endothelial cell
differentiation, while fibronectin enhanced smooth muscle cell differentiation. I also observed
that the effects of the 3D electrospun scaffolds were delayed and not noticeable until the later
time point (day 14), which may be due to the amount of time necessary for the cells to migrate to
the interior of the scaffold. I was then able to create a tubular electrospun scaffold to use in a
bioreactor system to create a layered bioengineered ES cell-derived vascular graft. By seeding
isolated CPCs into the tubular scaffolds and initiating smooth muscle cell differentiation
followed by a second cell seeding two weeks later with endothelial cell differentiation
conditions, I demonstrated that creating a layered effect engineered construct was feasible. The
study characterized the contributions of both ECM proteins and the addition of a 3D culture
system to the continued cardiovascular differentiation.

In the final study, I aimed to determine if these effects could be translated to a human
model. To initiate this study, I first optimized a cardiovascular differentiation protocol for human
iPS cells. I found a “spinEB” method, which creates uniformly sized EBs and introduces the EBs
to a controlled microenvironment at day four. I examined the effects of the same ECM proteins

in both 2D and 3D culture system. Surprisingly, I found that fibronectin in 3D culture greatly
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enhanced vascular endothelial and smooth muscle cell differentiation. I also observed that there
was a time dependent differentiation effect for the components of the troponin complex. 3D
culture systems were shown to enhance cardiac differentiation at the gene expression level, but
not at the protein level. I believe this is due to the relatively early time point I examined (day 10)
and that if the differentiation protocol was analyzed again at a later time point, we would see
enhanced differentiation of hiPS cells exposed to the 3D scaffold system. Overall, this study
found that microenvironment can direct differentiation towards various lineages of the
cardiovascular system and that the effects of the microenvironment are seen in a human model,
though slightly different than what was observed in the mouse model.

My dissertation has introduced a new line of study in terms of cardiovascular
differentiation. I have shown the importance of studying differentiation in more physiologically
relevant 3D systems. Previously, there has been limited information on stem cell differentiation
in a 3D environment. Here, I have shown the importance of the 3D microenvironment to all
stages of differentiation in both mouse and human stem cell models. Additionally, I have shown
the contribution of the ECM proteins native to the CPC niche for late cardiovascular
differentiation. I have optimized a cardiac differentiation protocol for hiPS cells as well as begun
investigating the role of the microenvironment on human cardiovascular differentiation. This
dissertation has implications for future research as well as possible avenues of tissue engineering.
Understanding cardiac differentiation is extremely important to developing new treatment

strategies.
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B. Future directions in the research

This collection of studies has raised many possible avenues of future research. In terms of
the CPC niche, I have developed a system to evaluate the induction of the CPCs and examine
their continued differentiation. One question that remains is what keeps the cells in the niche?
Endogenous CPCs exist in very small populations in the adult heart. What factors keep them in a
progenitor cell state? And what factors drive them to continue differentiation? I have only done
preliminary characterization of integrin expression for undifferentiated and partially
differentiated mES cells. The mechanism(s) underlying the different effects of specific
microenvironments on differentiations is still poorly understood. Furthermore, the progenitor cell
state could be related to expression of certain integrins. Integrins could potentially explain part of
the mechanism keeping CPCs in a progenitor cell state or what drives them towards continued
differentiation. While my work has begun initial investigation and provided the necessary
foundation and characterization of the CPC niche, there are many questions still remaining to be
answered.

Vascular differentiation is another area of further research. The close relationship
between vascular endothelial and smooth muscle cells is well-documented, but their
differentiation from a CPC state to mature vasculature is still unclear. These studies have
highlighted the different contributions from various components of the microenvironment and
provided a novel look at vascular differentiation. My work has shown that different components
of the microenvironment contribute to their separate differentiation, but there is still work to be
done. Researchers have focused on developing an artificial blood vessel or tissue engineered
vascular graft for many years, but none have led to viable commercial products. The small-

diameter bioengineered vascular graft I have developed is one of the first to be derived from an
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ES cell model. It is also one of the first to create layers through a differentiation protocol.
Previous work has been done with adult stem cells or creating layers from mature cells. I have
demonstrated the capability of using ES cell-derived CPCs and a differentiation protocol to
create a layered vascular graft supported by an electrospun scaffold. This proof-of-concept study
has great potential for further study and possible commercial product implications.

I have also translated my work on continued cardiovascular differentiation into a human
stem cell model. While my work has shown the different effects of ECM proteins both with and
without a 3D scaffold, there are still more questions to be answered. My cardiac differentiation
protocol was optimized but did not include a step to enrich CPCs. One potential area of research
is to evaluate the microenvironment contribution to CPC induction to determine if there are
similarities or differences to the mouse ES cell model I used previously. I also found that there
appears to be a time delay in the differentiation of the separate components of the troponin
complex. Little research has been done on the origins and development of the troponin complex.
Further characterization of the specific differentiation of the troponin complex could yield very
interesting results with direct clinical applications. My dissertation work could be applied to a
cardiovascular tissue engineering project and potentially use the 3D scaffolds I have created to
create functional, contractile human cardiac tissue in vitro.

Overall, my dissertation work has laid the foundation for understanding the role of the
microenvironment in cardiovascular differentiation and has the potential for many exciting future

research possibilities.
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