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ABSTRACT

Haematopoietic stem and progenitor cells (HSPCs) are crucial to the curative treatment of a variety
of leukaemias and autoimmune diseases. However, their rapid differentiation and exhaustion
within 72 hours ex vivo poses a barrier to efficient treatment. Here, we have developed a culture
method that mimics that of the in vivo haematopoietic vascular niche in order to extend viability
and maintain multipotency of HSPCs. The two-factor approach combined the paracrine support of
endothelial cells as well as the structural and chemical support of an engineered two-dimensional
scaffold comprised of several extracellular matrix (ECM) components. HSPCs that were co-
cultured on ECM-mimicking scaffolds maintained higher viability in culture for up to seven days
in comparison to solo-culture counterparts, and functional tests revealed an improvement in colony
formation potential. Continued development of the culture system and understanding of the

molecular pathways at play can lead to improved patient outcomes after transplantation.
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CHAPTER 1: INTRODUCTION

1.1 The Study of Haematopoietic Stem Cells: An Overview

In order for the human body to function, haematopoietic stem and progenitor cells (HSPCs) must
maintain blood production and facilitate immune responses. This typically occurs through the
process of hematopoiesis, where native stem cell populations are maintained in a quiescent state
while some occasionally enter the cell cycle to continue to replenish blood cell supply!. However,
when this process is impaired in various disorders or diseases, for example those that deplete stem
cell populations or restrict multi-lineage differentiation, immediate intervention is required?. The
most efficient curative treatment for hematological dysfunction is bone marrow transplant,
consisting of both autologous transplants with cells sourced from the patient themselves and
allogenic transplants with cells sourced from a donor®. Despite the existence of this treatment,
several barriers remain to expanding transplant access, such as poor cell survival, insufficient
expansion from certain cell sources like umbilical cord blood*, or differences in engraftment and
homing potential of cells into the patient’s native bone marrow once transplanted”. To understand
how to improve HSPC treatments, it is vital to first understand the fundamentals of the cells

themselves.

1.1.1 The Haematopoietic Hierarchy

Haematopoietic stem cells were first discovered by Till & McCulloch in 1961 using a combination
of irradiation and transplantation studies with an in vivo spleen colony forming unit (CFU) assays
to determine the function of the transplanted bone marrow aspirate. This foundational research
found that only a very small fraction of their cell sample was capable of colony growth and

repopulation, and that all progenitor and mature cells must have been derived from this singular



subset of cells®. As research progressed, the use of cell surface markers gave rise to what is now
seen as a classical hierarchal model of haematopoiesis. This hierarchy is one that is able to be
studied at each stage using a variety of techniques. While the use of phenotypic identifiers can
identify the compartment to which a cell belongs, these analyses must be coupled with assays that
can determine if the cell has maintained function. The most primitive and rare population of cells
are the HSCs themselves, which have the capacity to differentiate into any mature haematopoietic
cell. As the cells continue to differentiate, their fates become increasingly restricted from
multipotent to oligopotent and eventually unipotent progenitors (Figure 1). Most mature
haematopoietic cells, such as erythrocytes, can be identified morphologically. However, the
function of precursors, lineage-committed progenitors, and even multipotent progenitors can be
demonstrated in a CFU assay. The determining experiment in confirming HSC identity is a
transplantation and repopulation assay to determine if the cells are of a long-term (LT)-HSC
identity or short term (ST)-HSC identity. LT-HSCs will be able to perpetually repopulate the
haematopoietic compartment and maintain their population in a state of quiescence’. Similarly, ST-
HSCs can also rapidly repopulate the haematopoietic compartment after irradiation, but will
differentiate into multipotent progenitors that are not capable of continuous self-renewal and thus
will be exhausted®. It is important to note that this hierarchal model is not static — that is, even cells
of a specific compartment can show variations in fate. Recent developments in single-cell
sequencing have demonstrated that the phenotypically compartmentalized cells possess a great deal
of heterogeneity in their fate decisions’. Even those that share a compartment, such as granulocyte
and macrophage progenitors, can differ in chromatin accessibility that can skew their lineage
towards a myeloblast or monoblast precursor fate!®. Despite having an understanding of these
processes, the ability to expand HSPC populations ex vivo while maintaining multipotency and

restricting differentiation has remained elusive!!.
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Figure 1. The hierarchy of haematopoietic stem cell differentiation to mature cells. Small populations of
self-renewing HSPCs generate multipotent progenitors capable of repopulating each mature blood cell
type'®. Created with BioRender.com.

Development of culture systems designed to maintain and expand HSPCs for various translational

applications has remained at the forefront of the field. While these strategies are constantly

evolving, the structure of investigations has remained the same.

1.1.2 Structuring HSPC Research

When examining common strategies used in the experimental design of studies focused on HSPC
behaviour, a hierarchy of four distinct but necessary steps emerges. The first includes effective
expansion of the desired cell population, in this case HSPCs. Previous studies have demonstrated

that by purifying the respective sample to isolate CD34+ cells, whether from cord blood, peripheral

3



mobilized blood, or bone marrow aspirates, colony growth of erythroid, granulocyte, and
macrophage lineages as demonstrated using a CFU assay is significantly improved'2. This indicates
that isolating the CD34+ cells within a sample can enhance stem and progenitor expansion, further
improving the efficiency of resulting transplantation. Typical cell expansion techniques involve
cytokine cocktails, and while a singular unified composition has yet to be approved for clinical
translation, the cytokines with the most frequent use include stem cell factor (SCF), thrombopoietin
(TPO), and Flt-3 ligand'3. A cell cycle study found that SCF preferentially acts during the Go/Gi-
phase of cell division, and can synergize with other present factors such as interleukin-6 or
interleukin-3 to induce mitosis'*. TPO has demonstrated its role in the maintenance of quiescence
in the HSPC population, with previous studies reporting that knockout models showed a 150-fold
HSC reduction as well as accelerating cell cycle kinetics which exhausts the stem and progenitor
fraction of the population'>. Flt-3 ligand has been found to both synergize with other cytokines to

enhance proliferation of HSPCs in vitro'S, and also enhance motility and homing potential in vivo'”.

Aside from cytokines, several other techniques have been used in an attempt to expand HSPC
populations. Numerous molecular and genetic approaches to cell expansion have been attempted
in previous studies, including Notch signaling activation'8, the introduction of copper chelators!®,
purine derivatives?, and epigenetic factors such as nicotinamide?®!. These approaches are highly
specific, and the rapid development of their formulations via clinical trials have shown promise.
However, one crucial element missing is a thoughtful consideration for other aspects of the
haematopoietic microenvironment or ‘niche’, including both cellular and non-cellular aspects of
the native niche in vivo. The bone marrow is highly complex, and contains numerous components
such as diverse support cells, precise levels of oxygenation, and specific biophysical properties of

the associated extracellular matrix (ECM). While bone marrow oxygenation varies from 1-6%,



previous studies have shown success in significantly expanding HSPC populations in hypoxic
conditions ranging from 3% to 10% oxygenation in the presence of cytokines when compared to
standard 20% O; incubation methods'3. HSPC interactions with ECM components, for example
collagen films, have demonstrated success in increasing cell viability in culture??. Rather than
overlooking these aspects, it is important to piece these findings together in order to develop the

most robust niche possible for in vitro cell expansion.

The second step in the hierarchy of HSPC study includes the development of the system in order
to maintain multipotent stem cell and progenitor populations, which are the cell types required for
the intervention. While surface markers can effectively act as indicators of the general population
dynamic, for example through flow cytometry, only a functional assay such as the CFU can
definitively determine whether a cell population can continue to expand and give rise to committed
progenitors of all lineages. The mature cell types developed from HSPCs include lymphocytes,
monocytes, granulocytes, erythrocytes, and platelets®. This process can be tailored to skew lineages
in a particular pathway, such as the use of erythropoietin to stimulate erythroid regeneration and
survival?, or simply performed to maintain a broad multipotent population. It is critical for
translational purposes that all lineages are represented and can effectively repopulate a recipient

with each cell type.

The third and fourth steps focus on in vivo approaches in order to confirm cell function and survival
after transplant, as well as assess potential immune rejection risks. These are late-stage studies that
are performed to confirm previous in vitro results and take the next step towards clinical translation
and widespread use in disease treatment. While many targets of bone marrow transplantation
include leukaemias and other hematological cancers, their applications range broadly and can be a

curative intervention for various genetic, immune, metabolic, or neural disorders and diseases®*.



Improving transplant efficiency has wide reaching implications on human health and can serve to

expand this treatment to a broader range of conditions.

1.1.3 Towards Developing an ex vivo HSPC Culture Model

When considering the complexity of the HSPC environment in vivo, there are a variety of other
cell types present to facilitate mobilization, differentiation, and quiescence. With this
understanding, co-culture models have been extensively employed in an attempt to provide
cytokines and cell-cell interactions which can influence HSPC fate. The most commonly used
support cells in HSPC co-culture conditions include endothelial cells (ECs) and mesenchymal
stromal cells. However, the vascular niche of the native bone marrow is of particular importance
given its multifaceted role in HSPC regulation. Bone marrow endothelial cells (BMECs) have been
demonstrated to release SCF to maintain an adequate long-term repopulating HSC population?®. In
addition, they have also been found to secrete pleiotrophin, a growth factor responsible for
regulating maintenance and self-renewal of native HSPCs?®. One of the most contentious aspects
of EC and HSPC co-culture is the source of the ECs themselves, as early studies focused on using
BMEC:s in order to maintain fidelity to the native bone marrow. These studies laid the foundation
for further co-culture studies by confirming that BMECs are supportive of HSPC expansion and
maintenance of multipotency during in vitro culture due to their supply of cytokines such as
interleukin-6 or granulocyte macrophage colony-stimulating factor?’. Despite the successful use of
the HSPC-BMEC model, alternative sources of ECs have successfully been used in co-culture
models to enhance HSPC population expansion. For example, a study by Davis et al. found that
co-culture of bone marrow-derived HSPCs with porcine brain microvascular ECs could also
successfully expand the HSPC population and maintained differentiation potential?®. Similar to

other studies, the model depended on direct cell-cell contact and was also supplemented with



cytokines such as SCF to facilitate further expansion. The particular ability of this cell line to
expand the most primitive subset of multipotent cells, generally defined as CD34+/CD38-, shows

promise in the continued expansion of EC sources that can be used to study HSPCs.

ECs and HSPCs are closely linked throughout development, as primordial stem cells originate from
ECs in the developing dorsal aorta®®. Through the production of stromal derived factor-1 (SDF1),
ECs are thought to drive HSC colonization of fetal bone marrow?°. This link is continued during
adulthood, where HSPCs localize to the vasculature for mobilization. In cases of haematopoietic
regeneration after myelosuppression, it is known that HSPC repopulation of the bone marrow
cannot occur without revascularization, further cementing their synergy in vivo?!. Their interactions
are reflective of their complementary adhesion molecules and binding partners, for example VLA-
1 on HSPCs and VCAM-1 on local sinusoidal ECs*. Endothelial plasticity allowing for a
mesenchymal transition to produce fibroblasts and osteoblasts also facilitates embryonic
development, and plays a key role in marrow regeneration®>. As examining this relationship in vivo
is extremely difficult due to the encasing of bone marrow in calcified bone, continued development

of in vitro models to elucidate the mechanisms of these interactions is required.

1.1.4 HUVECs in HSPC Culture Techniques

As umbilical cord blood becomes more frequently used in bone marrow transplantation, the use of
human umbilical cord endothelial cells (HUVECs) seems a natural source of ECs for co-culture in
order to further expand the primitive stem cell population of the respective sample. Their shared
developmental origins with HSPCs as well as their expression of quiescence-maintaining cytokines
such as angiopoietin-1 make them an excellent choice in examining niche behaviour®.
Interestingly, the use of primary HUVEC samples is often not employed due to serum being

necessary in culture. Alternatives, such as the E4ORF1-transduced HUVEC line or the HUVEC-
7



TERT2 immortalized cell line, have been generated in order to maintain angiogenic properties of
the cells while eliminating the need for sera altogether®>. These changes allow for co-cultures to be
performed in a way that preserves the multipotency of HSPCs without sacrificing the contributions

of normally functioning HUVECs.

Thus far, there has been success using the HUVEC-HSPC co-culture model. One study using a
HUVEC and HSPC co-culture system saw a 17-fold increase in cell expansion in vitro as well as
significantly improved colony formation versus traditional cytokine-supplemented culture®®. All
colony types were represented, and genetic analysis saw 75 changes in gene expression of co-
cultured HSPCs which remarkably had no negative impact on engraftment or homing potential.
The use of HUVEC co-culture has even been employed in in vivo studies such as by Srivastava et
al., where HSPCs were expanded on HUVECs for 8 days and subsequently used in autologous
bone marrow transplants of rhesus macaques?’. The study was successful at expanding HSPCs and
maintaining repopulation and homing capabilities as demonstrated by successful engraftment after
approximately 4 years. Together, these studies show promise in the use of co-culture models using
HUVEC:s in order to expand primitive HSPC populations for use in transplantation. Fidelity to
native bone marrow conditions and continued development of the model can lead to significant

breakthroughs.

1.2 The Extracellular Matrix

The ECM is a vital component of structural integrity within the human body. It is a highly dynamic
structure, constantly being broken down and remodeled with assistance by various proteases and
other cellular elements. While its role in maintaining physical scaffolding in tissues is well
understood, it also plays a critical role in cell division and differentiation processes in order to

maintain homeostasis*®. The ECM is also vital during cellular migration, as cytoskeletal adhesion
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to the matrix facilitates mobilization. All matrices are comprised of a fundamental collagen-based
structure, with different collagens imparting different levels of strength to varying tissues®. Other
components, most notably adhesive glycoproteins and proteoglycans, bind to the collagenous
scaffold structure and to soluble factors in order to facilitate a local cellular response. Together,

these components maintain the extracellular environment and contribute to homeostasis.

One of the most fundamental roles of the ECM affecting the haematopoietic system lies in the
binding of secreted factors, acting as an internal storehouse within the extracellular space. As a
result, the ECM is responsible for the differential access of ligands to cellular receptors, thus
controlling the diffusion of soluble factors across the microenvironment and influencing cell fate
in a highly controlled manner*’. For example, the ECM has been found to capture fibroblast growth
factor-2 (FGF-2) in brain tissue to enhance neural stem cell expansion and differentiation*!. In a
similar fashion, cytokines have been found to bind to various glycosaminoglycans in the basal
lamina of muscle in order to regulate the behaviour of muscle satellite cells*>. Components such as
fibronectin and collagen are able to bind growth factors like vascular endothelial growth factors
(VEGF) or transforming growth factor beta (TGF[), facilitating their exposure to resident stem
cells. This is of particular importance to the haematopoietic system, which requires a controlled
response to stimuli in order to maintain the HSPC pool. The components of the ECM vary in

structure and function, but all play a vital role in tissue structure and cytokine storage.



1.2.1 Fibrous ECM Proteins

Collagens (C) are the largest family of proteins in animals, with 28 currently identified. They are
classified by their three distinct a chains forming a triple helix, which can be further formed into
fibrillous, network-forming, or transmembranous structures*’. For example, the basement
membrane-abundant collagen type IV consists of six o chains that form intricate 3D structures**,
while the transmembranous collagen type XVII is embedded in the plasma membrane®. These
structures vary wildly in tensile strength depending on the Collagen type I, the most abundant form
in the human body is a heterotrimer of two proal (I) chains and one proa2(I) chain*®. These then
self-assemble into fibrils, forming the structural scaffold of the ECM. Collagen imparts structural
integrity to tissues and works in tandem with other more flexible structural components to

withstand forces acting upon them.

Elastin (E) is another major fibrous protein that exists in the ECM. Elastin is tightly associated with
fibrillar collagen, and its flexibility within the matrix is limited by this bond*’. The association of
elastin within the matrix allows for the structure to be able to withstand tensile and compressive
stresses*®. Elastin is widely considered to be the major player in low pressure elasticity due to its
stiffness being three orders of magnitude lower than that of collagen, while the stiffer collagen is
able to bear high pressures®. It is composed of several monomers of tropoelastin, which are cross-
linked together at lysine residues of the hydrophilic domain of the protein by lysyl oxidase®.
Elastin is a component of the ECM that does not see a great deal of turnover or degradation

throughout a human lifetime; in fact, its half-life is estimated to be approximately 70 years®'.
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1.2.2 Proteoglycans

Proteoglycans are a class of molecule formed by chains of glycosaminoglycans (GAGs) with a
protein core. They are broadly classified into three families consisting of small leucine-rich,
modular, and cell surface proteoglycans. These classifications are reflective on their binding and
location; for example, small leucine-rich and modular proteoglycans are found in the extracellular
matrix while others localize to the plasma membrane®2. An exception to this structural classification
is hyaluronic acid, which lacks a protein core and is able to function both in the ECM to confer
structural benefits or as a soluble factor influencing cell growth and differentiation®. They are
extremely hydrophilic, and work with collagen and elastin to confer stretch to the ECM via inflation
and collapse in response to osmolarity>*. Proteoglycans are known to associate with a wide variety
of soluble factors and associated receptors, such as those for FGF associated with HSPC cycling,

or TGFp associated with HSPC quiescence’”.

1.2.3 Hydroxyapatite

While not classically considered when discussing the ECM, hydroxyapatite (HA) is the largest
inorganic component of the ECM and an important structural component of hard tissues. It is a
structural bioceramic that makes up hard bone, and is bound within the ECM along with other
minerals®®. During HA synthesis, minerals bound within the ECM interact along a collagen
template allowing for controlled deposition in localized areas®’. Osteoblasts around the bone
marrow periphery are often responsible for this hard bone formation and resulting HA production.
HA has a high capacity for the binding and concentration of bone morphogenic protein (BMP) in
vivo, leading to the development of osteoblasts from bone marrow stromal cells®®. Though it is
strongly associated with hard bone, HA is used in bone marrow regeneration techniques in HSPC

study™.
11



1.2.4 HSPC-Specific ECM Interactions

The dynamic between tissue-specific ECM and their respective resident stem cells has begun to be
explored, and has promising applications within the realm of bioengineering. Specific ECM
components play unique roles in the maintenance and differentiation of the HSPC population
within the bone marrow. For example, binding to fibronectin has been found to upregulate
hematopoiesis and HSPC population expansion in vivo, while laminin enhances the ability of
HSPCs to home in a target area in the body®’. Collagen type I has also been found to support
expansion of HSCs in the bone marrow, while HA has been considered to support HSPC
maintenance by producing a calcium gradient®!. As expansion of HSPC populations remains
elusive, it is possible that the use of certain ECM proteins in an engineered scaffold may be able to

enhance their expansion in vitro.

The biophysical properties of the ECM are also tightly linked to HSPC fate, influencing a change
towards a more proliferative or quiescent cell population. For example, while the stem cell fraction
of the population is enriched during culture on elastin-coated plates, this effect disappears when
the elastin is cross-linked to increase stiffness®?. Similar impacts are seen in collagen matrices,
where increasing coating concentrations from 1 ng to 100 pug per mL increased the viability of
HSPCs%. This also translates into functional assays, with more primitive subpopulations of the
HSPC pool present in colonies produced from cells cultured on stiff coated culture plates®*. In
addition to viability considerations, biophysical forces also guide HSPCs toward specific fates. For
example, increasing hydrostatic pressure in vasculature where high amounts of elastin assist in
withstanding such force has been shown to maintain HSC quiescence and upregulate colony
forming potential, preventing asymmetrical division from depleting the most primitive subset of
cells®. These properties of the ECM are thus highly plastic, and in vitro culture methods using
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engineered scaffolds must consider how variations in component concentration will impact the

overall structure of the scaffold and in turn the fate of the cells.

HSPCs are able to interact with local ECM and surrounding cells via integrins, and selectively
express different types of integrins depending on the specific phenotype of the HSPC. For example,
only long-term repopulating HSCs express ITGA6, while more broadly the entire HSPC population
expresses ITGA4 and ITGA5%. Different integrins are able to exert different effects depending on
the subunits present. For example, blocking integrins that contain a 2 subunit inhibits adhesion
between HSPCs and the bone marrow stroma, while blocking the VLA4 integrin induces a
mobilized and proliferative stem cell phenotype®’. Another important class of receptors that
mediate ECM and HSPC interactions are selectins, a type of transmembrane protein. Endothelial
expression of E-selectin is upregulated in the bone marrow sinusoidal niche, and enhances HSC
proliferation®®. These interactions have been utilized in in vivo culture models to examine ECM
influence on HSPC fate. For example, primary murine HSCs demonstrate enhanced proliferation

on collagen scaffolds while the matrix stiffness maintained progenitor populations®?.

In addition to HSPCs, the role of the endothelium and its own ECM is critical when considering
how to best design experiments mimicking in vivo conditions. This ECM is often referred to as the
perivascular matrix, and it is capable of controlling growth factor signaling to regulate homeostasis
in its respective tissue®®. The role of the ECM in the maintenance of stem cell populations in vivo
is well understood, but further studies are required to determine if an engineered combinatorial

matrix with the appropriate components can allow for cell survival and expansion ex vivo.
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1.3 Human Bone Marrow Niches

In adult humans, most HSPCs are located within the bone marrow. While seemingly unremarkable,
the bone marrow is a highly vascularized organ and has direct sympathetic nerve innervation. It is
comprised of several diverse types of cells, such as endothelial cells, macrophages, mesenchymal
stem cells (MSCs), and osteoblasts’. The heterogeneity of the environment is further organized
into distinct microenvironments, or ‘niches’!!. These niches are typically comprised of specific
subsets of local support cells and factors such as structural proteins that make up the extracellular
matrix (ECM)'2. The different cells found in the niche are responsible for the secretion of various
cytokines affecting cell behaviour, and the extracellular matrix has been implicated in the retention
and immobilization of these cytokines in order for them to exert their effects on local HSPCs!3.
There has been a plethora of research on the function of the osteoblastic or endosteal niche, located
near the periphery of the marrow closest to the bone, and its role in maintaining HSPC quiescence
and homing!4. However, simply maintaining HSPC populations is not sufficient for therapeutic or
research applications. The more recent target of study is the vascular niche, in which HSPCs are

localized in close proximity to the bone marrow vasculature (Figure 2)!°.
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This niche is comprised of various bone marrow endothelial cells (ECs) of arterial or sinusoidal
identity whose interactions with HSPCs incite a more proliferative stem cell population in
comparison to their endosteal counterparts'é. Each unique EC phenotype differentially expresses
cytokines that exert different effects!”. For example, stem cell factor (SCF), which is a regulator of
HSPC population maintenance, has been found to be preferentially expressed by arterial ECs, while
adhesion molecules enhancing HSPC mobilization such as E-selectin have been found to be
preferentially expressed by sinusoidal ECs!8. This differential cytokine and ligand expression is
able to exert different regulatory effects on HSPCs depending on the demands of the

haematopoietic system.

In addition to the niche cells themselves, the components of the ECM are instrumental in regulating
HSC function %, For example, laminin has been shown in vivo to regulate HSPC cycling, while
heparan sulfate proteoglycans such as syndecans and glypicans have been shown to immobilize
and activate various HSC- related growth factors such as vascular endothelial growth factor or
fibroblast growth factor!'3!. In vitro studies have primarily focused on the analysis of individual
matrix proteins and their effects on cultured HSCs, but this type of experimental design does not
accurately reflect the complexity of the bone marrow niches in which native HSCs are found in
vivo. While the use of decellularized matrices have been modestly successful in the expansion of
HSCs, these systems would be inefficient for widespread therapeutic use and the process of
decellularization risks damaging the matrix proteins??. Engineering combinatorial scaffolds for cell
growth using purified matrix proteins is a possible alternative that could be easily replicated and
allow for a more holistic analysis of ECM composition®*. In order to recapitulate a matrix that more
closely mimics the bone marrow microenvironment, it is necessary to analyze how matrix proteins

work in unison to exert regulatory effects on associated vascular niche cells.

15



The bone marrow niches are relatively hypoxic environments, ranging from two to six percent
oxygenation®. There is evidence to suggest that ECs within the niche enhance their deposition of
ECM-related proteins in hypoxic conditions, and it has been well established that vascular growth
is enhanced when oxygen is low?°. Several genes related to HSC proliferation and differentiation
expressed by ECs are transcriptionally regulated by hypoxia inducible factor la (HIFla),
suggesting that a hypoxic environment can enhance the regulatory role of endothelial cytokines on
HSCs?. In addition, HSCs themselves have been noted to require the presence of HIF o protein
to maintain normal function?’. It is possible that the combination of endothelial ECM deposition
and the release of HSC-related cytokines under hypoxic conditions is responsible for HSC
expansion, but a combinatorial study recapitulating the vascular niche in this way has yet to be

realized.

The concept of analyzing the entirety of the vascular niche for its contributions to HSC proliferation
and differentiation is not one that has been often explored?®. Various investigations into the effects
of endothelial cells or their cytokines alone have been completed, but have not provided critical
breakthroughs in the field. For example, co- culture systems containing bone marrow-derived ECs
and HSCs have revealed that direct cell-cell contact is required in order for ECs to have any effect
on HSC expansion?. In addition, studies utilizing conditioned media derived from bone marrow
endothelial cultures have found that endothelial-derived cytokines alone are not sufficient to cause
a significant difference in HSC expansion ex vivo®’. Differences have also been noted when
endothelial cells derived from different tissues have been compared in their capability to expand
HSCs, reflecting endothelial heterogeneity in cell surface proteins and secreted factors that give
ECs their unique organ-specific identity. The need to isolate haematopoietic tissue-derived ECs

provides yet another barrier to development and adoption of a uniform culture system for HSC
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expansion. Use of existing EC lines for haematopoietic expansion applications would reduce
associated costs and challenges of haematopoietic tissue harvesting and EC isolation, making the
resulting culture system easier to implement for transplant therapeutics and further HSC study. ECs
derived from haematopoietic tissues such as the bone marrow or spleen have most successfully
expanded HSC populations, indicating that tissue specificity is critical in the study of HSPC
behaviour ex vivo®!. This has led researchers to question what the identity of the bone marrow
vasculature-derived factor could be, and how it is responsible for HSC expansion. Simultaneously
recapitulating multiple aspects of the vascular niche, including niche-associated cells, the
extracellular matrix, and low oxygenation can aid in this process. If the underlying factors that
make haematopoietic-derived ECs effective in haematopoietic expansion are identified, they can
then be applied to other ECs in order to enhance HSC proliferation without the need for highly

specific cell types.

1.3.1 Residents of the Vascular Niche

Overall, many studies focusing on the in vitro expansion of HSPCs have utilized endothelial co-
culture in order to suppress the differentiation of these cells to committed progenitors or mature
haematopoietic cells. Endothelial cells have previously been found to regulate the delicate balance
between HSPC proliferation and differentiation into mature haematopoietic cells’?. For example,
deletion of stem cell factor and stromal cell-derived factor-1 from only the endothelium has been
found to compromise the maintenance of the HSPC population within the bone marrow’. This
specific dynamic can also be broken down by the type of endothelium to which an HSPC is in close

proximity.

Differences in arterial and sinusoidal EC phenotypes facilitates the study of the unique niches, as

arterial ECs highly express stem cell antigen-1 while sinusoidal ECs almost exclusively express
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vascular endothelial growth factor receptor-3. Though both structures are required for proper
regulation of haematopoiesis in vivo, some studies have demonstrated that the arterial niche better
maintains HSCs in a quiescent state’. The arterial niche contains vessels of low permeability,
maintaining the HSPCs in an environment with low reactive oxygen species. Recent research has
found that this niche keeps HSPCs dormant, with population expansion taking precedence over
differentiation and mobilization®. In contrast, the high permeability of sinusoids within the
sinusoidal niche activate HSPCs to differentiate and mobilize, while repopulation becomes
compromised. Factors such as stem cell factor or stromal cell-derived factor 1 are produced by
sinusoidal endothelial cells and act on HSPCs within the niche to promote differentiation. There is
evidence to show that after irradiation, human sinusoidal ECs are able to reconstitute hematopoiesis
by expressing Notch ligands and insulin-like growth factor-binding proteins®. The differences
between the two subsets of bone marrow endothelium make experimental design highly specific
and has led to the discovery of several distinguishing functions for the two niches. For example,
SCF deletion impairs the ability of resident HSPCs to regenerate, but this effect is only seen when

the deletion occurs in arterial ECs and not sinusoidal ECs”.

The role of the vascular niche becomes more complex when considering how blood flow is able to
affect the development of HSPCs in the bone marrow. Areas with low oxygen tension and
extremely low velocity blood flow enrich the HSPC population, where cells remain quiescent’®. In
addition to this, apoptosis is decreased in areas with decreased blood flow. Hypoxia has been shown
in numerous studies to be associated with HSPC quiescence, and some studies even suggest that
HSPCs are more likely to localize and home in areas of low oxygenation. In a similar fashion, HIF
signaling pathways have previously been shown to promote the expansion of ECs. Endothelial-

specific HIF-1a mutants result in decreased stem cell antigen-1-expressing endothelial cells, a
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global decrease in stem cell factor, and an overall reduction in the HSPC population of the bone

marrow’’.

The dynamic between the endothelium and HSPCs is critical for the process of hematopoiesis and
thus is an excellent target of further study. Studies have found that deletion of VEGF1 receptor-2
within the endothelium of the bone marrow prevents bone marrow regeneration, indicating that a
healthy endothelium is crucial in order to respond to signaling molecules and thus release pertinent
angiocrine factors for an appropriate tissue response’®. HSPCs within the bone marrow and resident
ECs are profoundly interconnected beginning during human fetal development. ECs convert into
HSCs during development via the activation of a haematopoietic transcriptional program and
various morphological changes”. In fact, many bone marrow ECs and HSPCs share a large portion
of expressed genes, and these similar expression profiles continue into disease states such as
leukemia. Overall, the presence of a healthy endothelium is critical in the maintenance of

hematopoiesis in the bone marrow.

1.4 Biocompatible Scaffold Engineering

The use of scaffolds for cell culture applications has been widely explored. However, a general
consensus as to what approaches are most effective has yet to be established. In order to generate
viable in vitro culture systems that can be utilized to repair damaged tissues or replace a specific
function, cells should have a physical scaffold and additional cytokines to make the system as
robust as possible. The ECM components of the scaffold should function optimally to promote
viability and population expansion of the most primitive cell types in the system. The dynamic
cross-talk between cell surface receptors, cytokines, and matrix components allows for dynamic

ECM remodeling within the system to continue to influence cell fate. The most critical components
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to the approach include a demonstrated lack of cytotoxicity, vital for in vitro approaches, and a

lack of severe immune or inflammatory responses that may alter in vivo results.

1.4.1 Synthetic Scaffolds

Synthetic scaffolds use chemical components in order to better recapitulate the mechanical and
physical properties of the native tissue. For example, the use of plastic filaments comprised of
polylactic acid as a cell scaffold allows for physical aspects such as pores or polymer composition
to be controlled and examined for their effects on HSPC differentiation®®. Similar and commonly
used materials include the polyester poly-l-lactic acid (PLLA) and copolymer poly lactic-co-
glycolic acid (PLGA), used for their biocompatibility and ease of manipulation®!. Synthetic
materials may pose a more economical approach to niche modelling in comparison to biological
materials, but also come with several disadvantages. Studies have often concluded that synthetic
scaffolds should be combined with biological materials such as collagen as well as cytokine
supplementation to sufficiently support HSPC population expansion®!. In addition, there are several
concerns with low bioactivity and rejection risk when using synthetic polymers. The use of PLLA,
PGLA, and their derivatives is limited in vivo due to their degradation by hydrolysis which can
alter local pH and lead to necrosis®. Thus, they are not ideal for long-term human studies with

translations to in vivo patient models.
1.4.2 Decellularized Bone Marrow

Decellularized bone marrow is a common choice for biological scaffolds. Through the process of
decellularization, only the structural components of the matrix remain for cell seeding®®. This
model is seen as particularly advantageous as it maintains the natural structures and mechanical

properties found in vivo. However, complete decellularization and removal of immune response-

20



inducing compounds is impossible, meaning that a delicate balance between decellularization and
maintenance of the natural structure must be sought®¥. Even with the use of human cadaver samples
to unify the scaffold and cell population source, decellularized marrow still poses immunogenicity
and cytotoxicity risks to the culture system®®. In addition, their behaviour in vivo remains poorly
understood, and the use of this type of scaffold without some alteration to their natural structure

has not yet been achieved.

1.4.3 Biological ECM Scaffolds

Biological ECM scaffolds are comprised of natural biological materials derived from model
organisms. By engineering a biological scaffold with custom components, the complexities of the
native bone marrow niche can be recapitulated in order to better understand the mechanisms
underlying HSPC behaviour. Their biological activity promotes cell adhesion and expansion in
vitro, and the dynamic nature of ECM degradation and formation can be controlled by local cells
within the system®2. This is of particular importance when engineering a model niche, as resident
support cells can also be seeded to alter the composition of the matrix. Collagen is one of the most
commonly used biological scaffold materials due to its abundance within the niche ECM and
demonstrated plasticity during fabrication®¢. In particular, bovine collagens have successfully been
applied in applications ranging from tissue engineering to drug delivery®’. Terminal sterilization
of these components is required, but often comes with great disadvantages. For example, the use
of ethylene oxide can maintain growth factor secretion from local cells but is also mutagenic and
can promote an immune response when cells are seeded®®. While non-chemical techniques such as
electron beam irradiation can alter the structure and mechanical properties of scaffolds, gamma
irradiation is considered a fast and safe alternative that does not degrade collagen®. It has also been

found to be an effective physical treatment to increase the mechanical strength of the scaffold
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without causing toxicity in culture systems®. The use of biological scaffolds to develop in vitro
culture models along with support cells can be a promising route to better understanding how to

expand elusive HSPCs.

1.5 Hypothesis, Aims & Objectives

I hypothesize that identification of optimal vascular niche-mimicking culture conditions including

an optimized extracellular matrix and endothelial support will enhance endothelial cell expression

of pertinent paracrine factors to upregulate haematopoietic stem cell expansion and differentiation

potential ex vivo.

While HSPCs remain a critical topic of study for the continued development of transplantation
protocols as well as the process of drug discovery, true self-renewing stem cells are extremely rare
in a given cell sample and challenging to expand ex vivo. The development of an in vitro vascular
niche model can be used to elucidate the molecular pathways governing HSPC population
maintenance in order to better translate findings into human therapeutics. A singular optimal
culture protocol for human HSPCs has not been established, leaving a critical gap in understanding
HSPC behaviour. However, current understanding of the bone marrow environment reveals that
the ECs of the vascular niche play a vital role in cytokine production and release, while the native
ECM of the microenvironment binds and presents these cytokines in an organized fashion in order
to elicit a specific HSPC response. By recreating the interactions of the vascular microenvironment
with ECM scaffolds and ECs, the mechanisms that control quiescence and differentiation can be

identified.

The first aim is the development of a high-throughput co-culture system that mimics the natural

vascular niche in humans. The use of biological components for scaffold fabrication and gamma
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irradiation sterilization allowed for the manipulation of scaffold chemistries and fabrication of
numerous multi-combinatorial 2D structures for analysis. Furthermore, the addition of HUVECs
as a feeder cell population allowed for the continuous production of cytokines within the system to
be bound and presented by the ECM components. Next, the establishment of a co-culture protocol
for cell seeding, harvesting, and analysis were optimized in order to maintain viability of both cell

populations.

The second aim focused on analyzing the effects of the niche-mimicking culture system. High-
throughput functional screens were performed to examine the effects of various scaffold
chemistries on HSPC behaviour and to classify the stage of differentiation of the cells. Scale-up
repeats of optimal scaffolds was made in order to further understand the mechanisms behind
enhanced colony formation properties. The dependence on physical cell-cell contact between
HSPCs and HUVECs in the system to induce a proliferative response was examined using a
HUVEC conditioned media bank. Quantification and identification of cell subpopulations coupled
with functional output examined the ability of the scaffold compositions and EC support to induce

a quiescent or proliferative fate in HSPCs.
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CHAPTER 2. MATERIALS & METHODS

2.1 Scaffold Fabrication

In order to examine the relationship between ECM components and HSPC behaviour, unique
chemical combinations of collagen-based slurry including several other components were
fabricated in a 96-well format. To form the scaffolds, collagen type I flakes derived from bovine
Achilles tendon (Sigma-Aldrich) were mixed with 0.05 M acetic acid (Sigma-Aldrich) to form a
slurry (Figure 3). The solution was chilled at 4°C overnight to rehydrate the flakes, and
subsequently blended to homogenize the mixture. A rapid centrifuge at 200 g for 2 minutes was
applied to de-gas the slurry and prevent air pockets from forming within the scaffold. To prepare
the various chemical combinations of ECM components, three different concentrations of collagen
type I were prepared by weight - 0.5%, 0.75%, and 1%. The other chemical components, including
elastin derived from bovine neck ligament and the bioactive ceramic hydroxyapatite in both a 10
um macropowder and 200 nm nanopowder (Sigma-Aldrich), were added directly to the collagen

slurry and blended .
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Figure 3. Schematic of scaffold fabrication process. Collagen type I and acetic acid are mixed, blended,
centrifuged and dispensed into wells of a 96-well plate with various other ECM components. After
evaporation occurs, a thin film of components is formed in the bottom of the well. Created with
BioRender.com.
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Slurries for wells containing two components were fabricated using a 1:1 ratio of collagen type I
and the respective component, while slurries for wells containing three components were fabricated
using a 1:0.5:0.5 ratio of collagen type I to the other two respective components. 50 uL of each
unique chemical slurry composition was dispensed into each well of a flat-bottom 96-well plate
(VWR), and the plates were transferred to a fume hood for 24 hours to allow for evaporation to
occur, resulting in thin films of the various scaffold compositions at the bottom of each well.
Scaled-up scaffolds were cast into a flat-bottom 6-well plate using 1500 uL of each slurry
composition. The plates were then transferred to the University of Toronto Gamma Irradiation

Services for gamma irradiation at 2.5 Mrad before cell culture.

Prior to use, sterile scaffolds were immersed in 100 uL of crosslinking solution consisting of N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide
(NHS) dissolved in 100% ethanol (Sigma-Aldrich). Once submerged, the scaffolds were placed on
an orbital shaker for 3 hours at 200 RPM. After 3 hours, the scaffolds were washed a minimum of
3 times with PBS and an additional 100 pL of crosslinking solution was dispensed onto the
scaffolds. The plates were subjected to the orbital shaker for an additional 10 minutes, and washed

again in PBS. The scaffolds were kept hydrated with PBS until cell seeding.

2.2 Cell Culture

HUVEC-TERT?2 cell lines were obtained from ATCC (CRL4053). The cells were maintained in
EBM™ endothelial cell growth basal medium (Lonza) supplemented with EGM™ SingleQuots™
including 0.1% hEGF, 0.1% hydrocortisone, 0.1% GA-1000, 0.4% BBE, 0.1% ascorbic acid, and
2% FBS. Patient samples of mobilized peripheral blood mononuclear cells were obtained from Dr.

Mark Minden of the University Health Network. Samples were anonymous, preventing specific
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analysis of age, sex, and other factors that may influence cell behaviour. The cells were maintained
in phenol-free IMDM (Thermo Fisher) supplemented with 1% BSA, 1% 2 mM L-glutamine, 0.1%
M B-mercaptoethanol, 1% sodium pyruvate, and 1% non-essential amino acids. Immediately
before thawing, the media was supplemented with three key cytokines including 0.1% SCF, 0.1%
FIt3 ligand, and 0.02% TPO. HSPCs were protected from light, and both cell types were

maintained at 37°C at 5% CO2 saturation.

2.3 HUVEC Spheroid Assay

For the preliminary assay, cell suspensions containing 1000 HUVECs were dispensed into 500 pL.
of MethoCult™ H4434 (Stem Cell Technologies) in a 24-well plate and cultured continuously for
14 days. The peripheral wells were filled with PBS to maintain hydration of the methylcellulose
during the time trial. The methylcellulose suspensions were imaged every 24 hours using a confocal
microscope to identify spheroids within the sample. To determine the effects of cell number on
spheroid formation, the experiment was repeated with four methylcellulose-based suspensions

containing 5000, 10,000, 25,000, and 50,000 HUVECsS respectively.

2.4 Media Viability Assay

In a flat-bottom 6-well polystyrene plate, HUVECs were seeded at a density of 100,000 cells per
well and supplemented with 2 mL of media. Three distinct media conditions were tested to assess
cell survival. The first two were the maintenance culture medias used for HUVECs and HSPCs
detailed previously (refer to 2.2). The third condition was a mix of 1 mL of each respective media
to assess if HSPCs could tolerate low amounts of sera and phenol as well as HUVEC resiliency in
low-sea conditions. The samples were incubated for 72 hours, and were imaged in 24-hour intervals

using a confocal microscope. After 72 hours, the samples were lifted from the wells during a 5-
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minute incubation with 1 mL Trypsin-EDTA 0.25% (Thermo-Fisher) and resuspended in their
respective medias. 10 puL of the cell samples were suspended in 10 pL of Trypan blue stain and

cell counts were performed using the Countess™ automated cell counting machine (Thermo

Fisher).

2.5 HUVEC Scaffold Recovery

The wells of a flat-bottom 96-well plate were coated in 10 puL of 1.5% gelatin to provide a substrate
for HUVEC adherence. Cell suspensions of 1000, 2500, 5000, and 10,000 cells were seeded into
each well to explore a wide variety of plating densities within the recommended plating range.
After 24 hours of incubation, a calibration curve was set with a series of 8 dilutions beginning at
20,000 cells seeded onto the plate and allowed to adhere to the bottom of the well for an additional
24 hours. After an additional 24 hours, the media was aspirated and 45uL of either Trypsin-EDTA
0.25% (Thermo Fisher) or Accutase (Stem Cell Technologies) was added to the wells to dissociate
the HUVECs from the gelatin coating. The detachment solutions were neutralized after 5 minutes
with an additional 45uL of media, and 10uL of alamarBlue cell viability reagent (Thermo Fisher)
was added to each well. The plate was then incubated for approximately 1 hour and the cell
suspensions were transferred to a black flat-bottom 96 well plate for the fluorescence to be recorded
via a microplate reader (Synergy H4, BioTek). Fluorescence was read from the bottom of the plate
at an excitation and emission wavelength of 560/590, respectively. The number of cells contained
in each well after scaffold culture was deduced from the fluorescence values by adjusting the values
to remove background fluorescence recorded by a control column of media only, plotting a
standard curve using the series of dilutions with known cell numbers, and using the equation of the

line to calculate the number of cells per well.
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2.6 Endothelial morphology imaging

Glass coverslips were coated with 100 uL of collagen at concentrations of 1%, 0.75%, 0.5%, and
0.25%. Gelatin was used as a control adherence substrate. After 48 hours of incubation, cells were
fixed with 4% formaldehyde and permeabilized with 0.5% Triton-X 100 (Thermo Fisher) for 15
minutes. The cells were then treated with fluorescein phalloidin conjugate (Thermo Fisher) for 20
minutes, washed 3 times in PBS, and mounted onto a glass slide using ProLong™ Diamond
Antifade Mountant (Thermo Fisher) containing DAPI. Both 1:100 and 1:250 concentrations of
phalloidin were compared in order to determine the optimal concentration for imaging. The slides
were covered in foil and left to cure for 24 hours, and subsequently imaged using a fluorescent

microscope.

2.7 Co-Culture Scaffold Screening

To screen pre-fabricated scaffolds for their effects on HSPC survival and multipotency, co-cultures
were performed in a high-throughput 96-well format (Figure 4). This was compared to polystyrene
controls of HSPCs and alternate co-culture control containing HSPCs and HUVECs. Each scaffold
condition contained 2 co-culture and solo HSPC samples in order to further investigate the effects
of endothelial support in the system. Each set of experiments takes 22 days to completion.
Irradiated scaffolds were washed with 100 pL of incomplete HSPC media in order to temper
potential pH alterations resulting from the acetic acid-based scaffolds. The plates were washed 3
times with 15-minute incubation periods between each wash. HUVECs were subsequently lifted
from a T75 flask using Trypsin-EDTA, re-suspended in HSPC complete media, and plated onto
scaffolds at a density of 2,500 cells per well. This density was chosen due to preliminary

experiments showing optimal growth between 2,500 and 5,000 HUVECs in a 96-well format. The
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HUVECs were incubated for 1 day in order to allow them to adhere to the scaffold before the

addition of suspension cells.
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Figure 4. Schematic of co-culture protocol. On day 1, HUVECs are seeded onto scaffolds. On day 2,
lineage depletion on patient samples of mobilized peripheral blood mononuclear cells is used to isolate
uncommitted stem and progenitor cells which are plated onto HUVECs and incubated for 3, 5, or 7
days while day 0 CFUs are plated. After the respective incubation period, HSPCs are counted and plated
into CFUs. After 14 days of CFU incubation, colonies are quantified and identified.
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24 hours later, patient samples of peripheral blood mononuclear cells (Princess Margaret Hospital,
Toronto) were thawed and processed using a lineage cell depletion protocol to isolate HSPCs
(Miltenyi Biotech). The samples were treated with magnetic labels targeting factors present in
mature haematopoietic cells and then run through an LS column on a MidiMACS™ separator
where the effluent containing unlabeled HSPCs is collected. After removal from the separator, the
remaining labeled mononuclear cells were collected and stored for alternative experiments. The
unlabeled cells, representative of the lineage negative (Lin-) component of the sample, were then
counted and plated onto scaffolds containing an adherent HUVEC monolayer at a density of 10,000
cells per well. 2 day 0 CFU replicates with 1000 live cells were also plated to serve as a baseline
for colony formation potential. HSPC incomplete media without cytokines was removed from the
wells before HSPCs in complete media were added. The co-culture was incubated for 3, 5, and 7

days respectively to assess if survival of HSPCs persisted at extended time points.

After the respective incubation period, cell samples from each well were plated into a CFU assay.
Briefly, non-tissue culture coated 24-well polystyrene plates were coated with Pluronic™ F-127
(Thermo Fisher) in order to avoid cell adhesion to the plate. 500 pL of MethoCult™ H4434 (Stem
Cell Technologies) was dispensed into the innermost 8 wells of the plate. This particular
methylcellulose-based medium contains SCF, interleukin-3, erythropoietin, and granulocyte
macrophage colony-stimulating factor in order to facilitate the growth of human haematopoietic
progenitor colonies. Following this, 10 pL of cell suspension was removed from each scaffold and
dispensed directly into each well containing the methylcellulose medium. The remaining 16
perimeter wells were filled with PBS to maintain hydration through incubation. The plates were

incubated for 14 days to allow for sufficient colony growth before identification and quantification.
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2.8 CFU Processing and Imaging

CFU output for each scaffold condition was assessed on day 14 of incubation. Using a light
microscope, each well was assessed in order to quantify and identify the colonies present. Using a
4X objective, each colony was counted to give an overall colony output for the condition. Further
to this, using 10X and 20X objectives, the colonies were identified as either burst forming unit-
erythroid (BFU-E), colony forming unit-erythroid (CFU-E), colony forming unit-granulocyte,
macrophage (CFU-GM), and colony forming unit-granulocyte, erythroid, macrophage,
megakaryocyte (CFU-GEMM). Erythroid-based colonies such as CFU-E and BFU-E are easily
identifiable by their distinct red colour, with the main identifiable difference being the size of the
colony as CFU-E contains less than 200 cells while BFU-E contains more than 200 cells. CFU-
GM and CFU-GEMM are identifiable by their composition, with CFU-GM containing spherical
granulocyte progenitors and longer, spread macrophage progenitors as opposed to CFU-GEMM
containing the aforementioned progenitors as well as the easily identifiable red erythroid
progenitors’!. Each type of colony was quantified for each scaffold chemistry, and images of

representative colonies were captured using a confocal microscope.

To image the colony formation output from each scaffold chemistry, 20 pL. of MTT solution was
added to each well and incubated for 1 hour to maximize colony visualization. Using an Epson
Perfection V370 scanner, each plate was scanned to document the number and size of colonies
present for each condition. Following imaging, the methylcellulose suspensions were washed 3
times with PBS, collected, and centrifuged at 300 g for 5 minutes in order to separate the cell pellet

from suspension. These pellets were then frozen for use in later gene or protein expression analysis.
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2.9 HUVEC Genetic Expression Analysis

Approximately 500,000 HUVEC-TERT2 cells were cultured over 72 hours on two scaffold
chemistries, 1% C and [1% C + 0.5% E + 0.5% HA], as well as a polystyrene control in a 6-well
format. Two replicates were plated for each condition. After 72 hours, Accutase was used to
dissociate cells from the scaffolds and TRIzol™ (Thermo Fisher) was used to lyse the cells. RNA
was extracted using chloroform and centrifugation to collect the aqueous phase of the suspension
and isopropyl alcohol was used to precipitate the RNA. After washing with 75% ethanol, the RNA
pellet was re-suspended in 40 puL. of RNAse-free water. RNA concentration was assessed using a

spectrophotometer.

300 ng of RNA from each condition was used to reverse transcribe cDNA in a polymerase chain
reaction (PCR). This was done on a 2720 thermal cycler (Applied Biosystems) with the addition
of dNTPs (New England Biolabs), Oligo dT (Invitrogen), RNase inhibitor (Thermo Fisher),
random hexamers (Invitrogen) and M-MuLV reverse transcriptase and buffer (New England
Biolabs). 2 uL of the transcribed cDNA was combined with master mix, RNAse-free water, and 1
uL of the probes of interest: VEGF1, PECAMI1, and SFRP1 using HPRT1 as a housekeeping gene.
RT-qPCR was performed using a Rotor-Gene Q cycler (Qiagen) for 60 cycles. Using the cycle
threshold (Cr) values, fold change in expression was calculated to determine the role of the scaffold

condition on relative genetic expression.

2.10 Statistical Analysis

Fluorescent and confocal images were processed using ImageJ 1.53u software. Data were analyzed

using GraphPad Prism® 9.0 software (GraphPad Software Inc.) and reported as mean + standard
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deviation (SD) unless otherwise stated. Multiple two-tailed t-tests were conducted to determine
statistical significance. P-values representative of statistical significance are denoted by asterisks:

<0.05%*, <0.01**, and <0.001***,
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Results
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CHAPTER 3. RESULTS

3.1 Scaffold fabrication

In fabricating scaffolds, an important consideration is including as many component combinations
as possible while also being able to accommodate space for biological replicates. The use of a 96-
well plate is an excellent strategy to accommodate these component combinations. The scaffold
design shown in figure 5 accommodated 18 collagen type I-based scaffolds with the addition of E,
nHA, and mHA. In addition, one polystyrene column was left available for seeding a series of
dilutions necessary for fluorescence-based assays. Two columns were also left empty to account
for control samples. Gamma irradiation sterilization was selected in order to minimize damage to
the structural proteins contained in the scaffold that may occur with other chemical methods. The
resulting scaffolds were thin and translucent, and adhered to the entire surface area of the flat-

bottom well.

1 | 2 | 3 | 4 5 | e | 7 | 8 | 9o | 10
A Dilution 0.5C 0.5C 0.5C 0.75C 0.75C 0.75C 1C 1C 1C
B +nHA +E +nHA +E +nHA +E
C \) + nHA + nHA +nHA
D
E 0.5C 0.5C 0.5C 0.75C 0.75C 0.75C 1C 1C 1C
F +E + mHA +E +E +mHA +E +E +mHA +E
G + mHA + mHA + mHA
H

Figure 5. 96-well plate map of ECM-based scaffolds fabricated for HSPC co-culture experiments. A total
of 18 unique 2D scaffold chemistries were fabricated for analysis (excl. single component E/nHA/mHA for
media supplementation). All components additional to C were added at a concentration of 0.5%.
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3.2 HUVEC Spheroid Assay

CFU assays are critical to understanding HSPC function, but the development of a co-culture
protocol introduces adherent cells that may become embedded in the methylcellulose-based media.
Since endothelial cells can form cell aggregates or spheroids in viscous medias, such as Matrigel,
a spheroid assay was necessary in order to determine if the formation of spheroids would interfere
with the growth and identification of subsequent HSPC-based CFU assays. This assay informs
best practices for co-culture models as the presence of spheroids would require cell sorting after

co-culture in order to improve colony output from HSPCs.

Figure 6. 500 HUVEC aggregate formation in methylcellulose. Formation was analyzed for a 1:1 ratio
of cells to uL. of methylcellulose for 48 hours (A), 144 hours (B), 216 hours (C), and 288 hours (D).
Scale: 70 pm
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The first spheroid assay assessed the behaviour of 500 HUVECs suspended in MethoCult™
H4434, the medium to be used for subsequent CFU assays. It found that cells tended to aggregate
together in the methylcellulose medium immediately after seeding, but no large spheroids
surpassing 100 um were detected. While cell aggregates were more prominent at the earlier stages
of the assay, they decreased throughout the trials until only small aggregates <10 um and individual
cells were detectable (Figure 6). This indicates that 500 or less HUVECs will not form large

spheroids in methylcellulose that may impact CFU identification.

The second spheroid assay assessed if the formation of spheroids was dependent on cell density
within the medium. Very few large aggregates were visible across all cell densities in the early
stages of the assay, but at later stages a majority of identifiable cells were either individual or made
up of extremely small aggregates <10 um (Figure 7). The small aggregates were diffuse throughout
the sample and did not center around a specific location of the well. The detection of aggregates
was dependent on the number of cells in the sample, informing the decision of limiting HUVEC

plating densities in the co-culture system to under 10,000 cells per well.

Figure 7. HUVEC aggregate formation in methylcellulose. Dose dependency of aggregate formation was
analyzed at 144 hours of culture for 5000 (A), 10,000 (B), 25,000 (C), and 50,000 (D) cells, and at 480
hours of culture for 5000 (E), 10,000 (F), 25,000 (G), and 50,000 (H) cells. Scale: 70 um.
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In order to assess the survival of immortalized HUVEC-TERT?2 cells within the limits of an HSPC-
tailored system, including requirements for sera-free and phenol-free media, a media viability assay
was performed. After 3 days of culture, the EBM control sample demonstrated a 45.6% increase
in live cell population. In assessing HUVEC-TERT?2 survival in various medias, HSPC complete
media performed remarkably well, with an 87.6% increase in the HUVEC population over 72 hours
(Figure 8D). The condition containing both media types displayed the least amount of cell
proliferation, with only a marginal HUVEC population increase of 10.8% (Figure 8F). Imaging
analysis confirmed that HUVECs cultured in HSPC complete media were able to achieve
confluency and displayed similar adhesion to the plate as those cultured in EBM. Due to the
specialized requirements that HSPC require to prevent differentiation, HSPC complete media was

selected for use with co-culture scaffold models.

Figure 8. HUVEC-TERT?2 cells after 24 hours of incubation in HSPC complete media (A), EBM (B),
and 1 mL of each media (C) and 72 hours of incubation, respectively (D, E, F). Scale: 100 um
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3.4 HUVEC Scaffold Recovery

To optimize co-culture cell plating density, a series of experiments analyzing HUVEC population
growth and recovery were completed. These experiments were vital in determining whether the
adherent cells can be lifted from scaffolds to a sufficient degree for analysis, as well as finding an
ideal cell number to prevent over-confluency of the adherent monolayer while also having a
sufficient cell population to exert an effect on the HSPCs. The reagents Accutase and Trypsin-
EDTA were employed to lift cells from the plate to determine as well as how different cell densities
behaved during growth and recovery. Literature provides inconsistent optimal plating densities for
HUVECs, with ranges from 1000 cells to up to 3000 cells per cm? 2. A range of numbers from

1000 to 10,000 cells was applied to investigate an optimal co-culture plating density.

Accutase performed significantly better in recovering cells at densities of 1000 and 10,000 cells,
though there was no significant difference between Trypsin and Accutase at densities of 2500 and
5000 cells (Figure 9A). Across all samples, Accutase recovered 12.3% more cells than were
originally plated while the population of cells recovered with Trypsin decreased by 1.1% relative
to the original plating density. When examining cell populations, densities of under 2500 cells
exhibited 100% recovery, with samples surpassing that of their original plating density. In contrast,
densities over 5000 cells exhibited a 25% decrease in recovered cells relative to the original plating
density (Figure 9B). Accutase was chosen as the dissociation reagent for use during co-culture due
to its superior performance in cell recovery. Similarly, a plating density of 2500 HUVECs per well
was selected for use in co-culture experiments due to its complete recovery and enhanced cell

growth.
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Figure 9. Optimization of plating and recovery of adherent HUVECs. Varying cell concentrations were

plated and incubated for 72 hours. After incubation, the cells were recovered with either Accutase and
Trypsin-EDTA dissociation reagents and assessed for viability using alamarBlue to detect metabolic
activity. A. Number of recovered cells at 4 plating densities using both Accutase and Trypsin-EDTA as
dissociation reagents B. Percent difference in seeded and recovered cell number at densities beneath 2500
cells and above 5000 cells. . Data reported as meantSD, n=2, t-test two-tailed, (*) p<0.05, (**) p<0.01,
(***) p<0.001.

3.5 Endothelial morphology imaging

Fluorescence microscopy can be a powerful tool to deduce morphological changes in HUVECs on
collagen-based scaffolds. Detection of stress-induced endothelial-to-mesenchymal transition can
be performed through F-actin staining in order to reveal the cytoskeletal structure of adherent
HUVEGC:s. In order to determine if imaging can be completed on the scaffolds without removing
the adherent cells and altering their morphology, it was vital to examine if the cytoskeletal structure
of the HUVECs could be visualized through collagen. On a gelatin coated coverslip, the F-actin
structure of the cytoskeleton is clearly visualized along with cell nuclei (Figure 10A). However,
as the concentration of collagen increases from 0.25 to 1%, the number of cells visualized within

the same field of view decreases (Figure 10B-E). In addition, areas of indiscriminate fluorescence
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continued to appear as collagen concentration increased, as the cytoskeletal structures of the cells
contained in the 1% collagen sample were nearly unidentifiable. Unfortunately, this increase in
background fluorescence and decreased cell number led to the conclusion that fluorescent

cytoskeletal imaging of HUVECs adhered to the scaffolds would not be possible.

Figure 10. Composite fluorescent images of
10,000 HUVEC-TERT2 cells after 48 hours of
incubation on coated coverslips. Cells were
treated with Fluorescein phalloidin (green) and
DAPI (blue) to stain the F-actin cytoskeleton and
nuclei, respectively. Cover slips were coated in
1.5% gelatin (A), or C at concentrations of 0.25%
(B), 0.5% (C), 0.75% (D), and 1% (E). Scale: 100
um

42



3.6 Co-Culture Scaffold Screening

Before beginning the screening process, a proof-of-concept experiment was performed to confirm
the results of preliminary experiments and subsequent protocol development. Previously fabricated
scaffolds all based in 1% C were utilized to confirm the efficacy of the system before moving
towards scaffold screening. After lineage depletion of a patient sample of 108 PBMNCs, 645,000
lineage-negative cells remained. 2 replicates were plated per scaffold condition, and all HSPCs
were plated with HUVEC-TERT?2 support to confirm the viability of the co-culture system. After

48 hours, cell numbers were recorded for each condition (Figure 11).
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Figure 11. HSPC number per scaffold condition after 48 hours of coculture with HUVECs.
Scaffolds consisted of collagen (C), elastin (E), and hydroxyapatite (HA) with polystyrene (PS)
controls. Dotted line representative of original plating density of 10,000 cells (dotted line). Data
reported as MeanSD, n=2, t-test two-tailed, (*)p<0.05, (**)p<0.01, (***)p<0.001.
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2 conditions, one containing E and one containing a combination of E and HA, were notable due
to a replicate surpassing the plated density after 24 hours and indicating a population expansion.
This is of particular importance to the objective of expanding HSPCs for extended periods. A
majority of scaffold conditions demonstrated an increase in recovered cells relative to polystyrene
conditions. The increase in recovered cells seen between solo HSPC and co-culture conditions on

polystyrene indicates a role for HUVEC-TERT?2 cells in HSPC viability in the scaffold culture

Figure 12. Representative colony images after 14 days of HSPC incubation in methylcellulose, including
BFU-E (A), CFU-E (B), CFU-GM (C), and CFU-GEMM (D). Scale: 100 um.

Along with viability, functional tests were performed to confirm that the culture system did not
have any negative impacts on colony formation potential. HSPCs were scored on both the number
and type of colonies present, including BFU-E (Figure 12A), CFU-E (Figure 12B), CFU-GM

(Figure 12C), and CFU-GEMM (Figure 12D).
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The main criteria for determining if the system benefits HSPCs include the capability of each
scaffold condition to both increase colony formation potential and generate all four major HSPC
colony types. While cell counts are useful tools, conditions with larger cell populations that are
also limited in colony formation potential or restricted to specific fates would not be ideal for
translation into transplantation assays due to the limited capability of repopulating all major blood
cell types. Polystyrene performed poorly, with both solo and co-culture conditions failing to meet
the colony formation potential of day 0 controls immediately after sample thawing and lineage
depletion (Figure 13). In contrast, co-culture on scaffolds resulted in a general increase in colony

formation potential relative to day 0.
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Figure 13. CFU output for each colony type (CFU-GEMM, CFU-GM, BFU-E, CFU-E) after 14 days of
incubation in methylcellulose-based medium immediately following 48 hours of HSPC and HUVEC co-

culture. Data reported as MeantSD, n=2, t-test two-tailed. Dotted line representative of day 0 colony
formation potential.
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When examining the types of colonies generated, solo polystyrene controls demonstrated
limitations in colony formation potential due to the lack of CFU-E colonies (Figure 14). In contrast,
CFU-GEMM, CFU-GM, BFU-E, and CFU-E colonies were identified in every scaffold co-culture
condition other than the scaffold consisting of C and 0.7% of either E or HA. This is in line with
the colony formation potential of day 0 samples, indicating a functional benefit for HSPCs in the
presence of scaffolds. Though quantitative investigations demonstrated the propensity of co-
cultured HSPCs on polystyrene to produce more viable cells in comparison to solo HSPCs on
polystyrene, this effect did not carry over to functional analyses of CFU output, highlighting the
importance of CFU analysis in determining the most ideal conditions for HSPC expansion without
limiting function. This also acts as an indicator that the presence of scaffolds in the culture system

may play a role in maintaining HSPC function.
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Figure 14. Normalized CFU output after 14 days of incubation represented by proportion of HSPC
colony types. Data reported as MeantSD, n=2, t-test two-tailed, (*)p<0.05, (**)p<0.01, (***)p<0.001.



While there was no statistical significance between mean CFU outputs across all conditions,
significance was found when examining specific subsets of colony types. For example, C + 0.5 E
+ 0.5 HA demonstrated a statistically significant (p<0.05) increase in CFU-GM colonies and C
demonstrated a similarly significant (p<0.05) increase in BFU-E colonies relative to solo
polystyrene HSPCs. 1% C-based scaffolds as well as combinatorial scaffolds containing both E
and HA resulted in both an increase in colony formation and functional diversity. These conditions
also contained the largest proportion of CFU-GEMM colonies, indicating that the samples
contained multipotent progenitors and had not committed to specific cell lineages. 73% of scaffold
culture conditions had a CFU-GEMM proportion equal or greater than that of the day 0 control. Of
these, 6 scaffolds were capable of maintaining a more primitive multipotent phenotype of HSPC
than those cultured polystyrene. The wide variety of colony types represented in the proof-of-
concept experiments is a positive indicator of lineage-negative HSPC expansion being possible

within the scaffold co-culture system.

With confirmation that the system could expand HSPCs and maintain multipotency, the pre-
fabricated scaffolds with differing collagen concentrations were utilized in order to identify
components of importance and scaffold chemistries that should be scaled up for further analysis.
For scaffold chemistry screening, 2 patient samples were used to run the experiment in duplicate.
The first lineage depletion resulted in 9,680,000 live cells, and the second lineage depletion resulted
in 5,060,000 live cells. Since cell counts were not possible at this stage, CFU analysis was used in
order to determine if the lineage-negative fraction of HSPCs could survive in an extended co-
culture system with incubation up to 7 days. Thus, a sample of 10 uL of cell suspension per well

was used to gauge the colony formation potential of the samples.
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3.7 CFU Processing and Imaging

To properly document the CFU output from each scaffold condition, a modified MTT assay was
performed with proof-of-concept CFUs to visualize the colorless granulocyte and macrophage
progenitor populations. The MTT assay was successful at making larger CFU colonies visible
without magnification and repeated imaging being necessary. After 1 hour of incubation, all colony
types within the co-culture replicates were dyed purple and appeared on plate scans. This strategy
was particularly effective for proof-of-concept samples, which had numerous clusters of colonies

around the periphery of the well which moved towards the centre (Figure 15).
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Figure 15. MTT-stained colonies after 14 days of incubation in MethoCult H4434 captured using a
conventional scanner (n=2).

Unfortunately, when moving towards scaffold screening colony visibility after 1 hour of MTT
exposure was reduced due to the reduced size of the representative colonies. They were excluded
in favor of more quantitative CFU analysis values. The use of CFU assays is vital in distinguishing
the differentiation potential of cells within the sample, indicating a more primitive or lineage-

committed progenitor subtype.

48



After 3 days of culture, the only condition to reach statistical significance in colony formation was
1% C with the addition of nHA. However, all scaffold co-cultured conditions were all able to
produce more colonies in comparison to their HSPC-only culture counterparts (Figure 16A-C).
When examining colony composition, HSPCs that were cultured alone tended to commit to a
granulocyte and macrophage fate, which was evident particularly on day 3. In contrast, co-cultured
HSPCs maintained a greater level of multipotency and formed colonies representative of more
diverse fates (Figure 16E-F). Colony formation was also superior on day 5 for HSPCs in co-culture
conditions, though colony composition was diverse for both solo and co-cultured HSPCs (Figure
17). After 7 days of culture, polystyrene conditions had entirely exhausted their HSPC population
(Figure 18A). This colony formation exhaustion was also noted for solo HSPC conditions.
However, co-culture conditions on the same scaffold chemistries still had colony formation after
the same incubation period (Figure 18A-C). Relative to day 0 colony formation potential, which
only produced one multipotent CFU-GEMM colony, the colonies present for all co-culture samples
were representative of erythroid, granulocyte, and macrophage progenitor populations (Figure
18E-F). Low concentrations of collagen within the scaffold appeared to skew cell fate towards a
more committed erythroid differentiation program across all 3 time points, while increasing

collagen maintained a more multipotent progenitor population.
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Figure 19. Schematic breakdown of screening analysis. Conditions that approached statistical significance
(p < 0.1) across 3 timepoints were collected and assessed for multilineage representation. Those that
appeared in 2 or more timepoints were selected for further investigation.

In order to determine scaffold conditions for scale-up, a matrix system was used in order to score
scaffold chemistries based on both colony number and colony quantity via multiple paired t-tests
of solo lineage-negative and co-culture conditions. The chemistries that approached statistical
significance (p<0.1) were collected and medians of their performance across the days of incubation
determined which scaffolds showed the most promise in scale-up. This was also cross-referenced
with the CFU breakdown by colony type to ensure that differentiation potential lined up with
growth overall. The two colony types most represented across each time period that approached
statistical significance over lineage-negative controls and represented all progenitors were 1%

collagen and a combination of 1% C, 0.5% E, and 0.5% HA (Figure 19).
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3.8 Scale Up Investigations

To further investigate the role of the system on HSPC behaviour, scaled-up models of the scaffolds
were fabricated in a 6-well plate in order to be able to accommodate a larger volume of cells. At
day 3, the viability of co-cultured cells significantly surpassed that of cells cultured on scaffold
only as well as in HUVEC-conditioned media. This trend continued to day 7, though there was no
statistical significance between co-culture and conditioned media (Figure 20A, B). Day 3 colony
output was significantly greater for co-cultured conditions relative to the solo and conditioned
media conditions, and day 7 colony output between lone HSPCs and co-cultured HSPCs continued
this trend (Figure 20C, D). The day 0 CFU output from thaw with no scaffold or cell intervention
was limited to only more committed progenitors and showed a bias towards an erythroid fate. In
contrast, the most primitive multipotent CFU-GEMM colonies were observed in co-culture
conditions seeded on scaffolds at both days 3 and 7. The HSPCs seeded onto PS without HUVEC
support did not produce colonies on day 7, indicating an exhaustion of the repopulating fraction of
the population. However, HUVEC support was able to mitigate this exhaustion, with CFU-GEMM
colonies being observed on PS co-cultured HSPCs on day 7. Though no significant difference was
found other than on day 7 on the multi-combinatorial scaffold, conditioned media performed

slightly better in maintaining HSPC viability and functional output at both days 3 and 7.
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Figure 20. Viability and function of HSPCs cultured on scaffolds with HUVECs or conditioned media.
Live cell number was assessed on day 3 (A) and 7 (B). Colony formation potential was assessed at day
3 (C) and 7 (D) for total output as well as respective colony proportions (E, F). Data reported as
Meant+SD, n=4, t-test two-tailed, (*)p<0.05, (**)p<0.01, (***)p<0.001.
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3.9 HUVEC Genetic Analysis

Analysis of mRNA levels of target genes involved in HSPC maintenance is a valuable tool to
determine the mechanisms behind the changes in cell viability and function after scaffold co-
culture. After being cultured on polystyrene, 1% C, and a multi-combinatorial scaffold, mRNA
levels of HUVEC-TERT?2 cells were measured. Several changes in the mRNA levels of VEGF]1,
PECAMI, and SFRP1 were detected over the different scaffold chemistries. Interestingly, no
significant changes in expression were observed for each gene between polystyrene and collagen
scaffolds; however, there were significant changes when considering the multi-combinatorial C +
0.5 E + 0.5 HA scaffold. Both VEGF1 and SFRP1 expression also increased over 72 hours on both
scaffolds in comparison to polystyrene (Figure 21A, C). Significant differences in expression were
noted between the two scaffold compositions, with the multifactorial scaffolds demonstrating
enhanced expression over collagen scaffolds. While SFRP1 demonstrated the largest fold change
of mRNA levels in comparison to VEGF1 and PECAMI, all 3 genes demonstrated at least a 2-fold

increase in expression when cells were cultured on multi-combinatorial scaffolds.
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Figure 21. Quantification of mRNA expression after using RT-qPCR. Fold change in VEGF1 (A),
PECAMI1 (B), and SFRP1 (C). Data reported as MeantSD, n=2, t-test two-tailed, (*)p<0.05, (**)p<0.01,
(***)p<0.001.
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CHAPTER 4. DISCUSSION

4.1 Scaffold Fabrication

The use of biologically compatible scaffolds for in vitro cell culture applications has been
extensively studied. However, due to the diversity of applications and fabrication processes, it is
challenging to identify a singular optimal protocol. Thus, the fabrication of the scaffold system for
use in a niche-mimicking culture system required optimization and a system of screening
components. Collagen type I, the most abundant collagen in the human body, can be harvested
from tissues for use in matrix fabrication due to its ability to self-assemble in vitro®>. Its mechanical
and physical properties have been extensively described, facilitating alterations during the
fabrication process. The use of collagen type I has successfully expanded human HSPCs in several
different fabrication processes, such as suspension in collagen beads®. In addition, HUVECs
readily bind with collagen films and scaffolds, which have been shown to facilitate cell-cell
interactions within in vitro culture systems”. These qualities make collagen-based scaffolds an
attractive option for sufficiently supporting both cell types. However, the native niche in which
HSPCs reside is a heterogeneous combination of a great deal of other components. In order to
maintain physiological relevance and recreate the niche with maximal fidelity, a multi-

combinatorial approach to scaffold fabrication is necessary.

There are hundreds of structural proteins and factors that can be used to design a multi-
combinatorial scaffold. Here, two distinct components, elastin and hydroxyapatite, were selected
for screening. Elastin, though not classically associated with the bone marrow, is an important
protein for maintaining elasticity within the engineered scaffold. Where collagen-based scaffolds

can become incredibly stiff as collagen concentration increases, compliance can be increased with
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the addition of elastin®®. Collagen and elastin scaffolds have been utilized in a wide range of
applications, such as skin tissue engineering®’. However, elastin adhesion has been found to be
critical for the long-term survival of HSPCs and the maintenance of a quiescent state, indicating
that incorporation into scaffolds may provide a benefit to ex vivo viability °®. The incorporation of
elastin into the scaffold can elucidate the importance of mechanical compliance in preventing

differentiation in the system.

HA has previously been utilized in the fabrication of combinatorial scaffolds to. As a major
component of bone, it has several applications in bone tissue engineering. However, success has
been found when implementing it into haematopoietic investigations. For example, previous
studies have found evidence that the use of hydroxyapatite scaffolds as a medium for cell growth
can reconstitute hematopoiesis in a mouse model®. As it is established that osteoblast interactions
near the border with hard bone can also benefit HSPC population maintenance in vivo, the role of
HA in this process should be further investigated to determine if these benefits can be enhanced
and the mechanisms behind HA-HSPC interactions can be determined. The use of HA as a scaffold
component poses specific challenges, as it is naturally basic and can alter the pH within the system.
In addition to altering the environment for cell culture, it can also hinder collagen solubility in
acetic acid and cause individual collagenous fibers to precipitate out of the solution, affecting the
quality of the media throughout longer-term cultures!?’. This alteration in pH is something to
consider when attempting to optimize culture conditions, as an ideal range should be between 7.2
and 7.4'°!, However, repeated washes with PBS can temper these pH affects before cell seeding

and allow for their use in long term cultures.

The deposition of solubilized collagen can produce a scaffold framework suitable for cell culture

applications. Collagen molecules have demonstrated the capacity to self-assemble into fibrils in
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vitro, forming a structural basis for cell seeding'”“. These fibrils have been observed to grow to

103

several centimeters in length despite beginning from molecules of 1.5 nm in size'®”. However, the

stability of the fibrils is mostly imparted by post-translational modifications in vivo, which are

104" In order to maintain a

notably absent if manufactured for cell culture applications
physiologically relevant stiffness mimicking that of the in vitro environment, scaffold cross-linking
was employed. Cross-linking is extremely useful in providing stability and mechanical strength to
engineered scaffolds manufactured with biological proteins'®. In human tissues, cross-linking
through post-translational modification is typically catalyzed by enzymes!®®. For example, lysyl
oxidases are responsible for cross-linking collagen and elastin in the native ECM!'?’. While this is
an effective process in vivo, similar efficacy during in vivo manufacturing is difficult to achieve

due to ATP dependence and the multifaceted interactions of a wide range of enzymes!'%

. Physical
processes have also been employed as cross-linking strategies for engineered scaffolds. For
example, UV-A exposure for 30 minutes has been used to cross-link collagen in the human cornea
to reverse the effects of keratoconus, where genetically controlled degradation of collagen in the
eye lens degrades vision'?’. However, physical cross-linking does not provide flexibility towards
other scaffold aspects such as pore size, which can result in extremely inconsistent results when
used for cell culture!''®. As an effective alternative, the use of chemical cross-linking agents has
been found to produce more potent stabilization of collagen fibers in contrast with physical or
biological processes!!'!. There are a wide variety of chemical agents that can be used which target
and link functional groups of structural proteins, such as genipin or glutaraldehyde''2. However,
the use of EDC/NHS has been successful in imparting physical strength to engineered scaffolds
via increasing interconnectivity of collagen fibrils and enhancing scaffold stiffness'!>. EDC/NHS

functions by allowing activated carboxyl groups to form zero-length amide bonds without the

incorporation of other chemical components to the matrix!!4. Biological scaffolds cross-linked with
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EDC/NHS have been shown to maintain their biocompatibility and do not demonstrate
cytotoxicity, permitting their use in cell culture!!®. Thus, the use of EDC/NHS for scaffold cross-
linking was a safe and effective measure to maintain the physical properties of engineered

scaffolds.

The fabrication process is one that has room for improvement. With the developments of 3D
printing, sacrificial molds can be developed to form perfusable vessels'!®. This would allow for
several alternative investigations, such as using a perfusion system to deliver cytokines to seeded
HSPCs or examining the tubular formation potential of HUVECs within the system for tissue
engineering applications. For the purpose of high-throughput component screening, the formation
of scaffolds in a 96-well format is a viable option. However, the three-component design of the
plates fabricated at this stage of the study must be expanded on. Collagen type I, the basis for each
scaffold, has been found to be an effective vessel for HSPC expansion as it can both capture and
release growth factors to alter cell behavior'!”. Moving forward, the introduction of new
components will be necessary in order to fully encompass the complexity of the vascular niche. In
addition, once specific scaffold chemistries are identified in this format that lead to HSPC
expansion, multi-component combinations consisting of four- or five-component wells can be
fabricated in order to determine if more complex ECM-mimicking conditions can also lead to

HSPC expansion and multipotency.

4.2 Co-culture protocol optimization

In addition to scaffolds providing a platform for cytokine binding, the use of endothelial cells in
the culture system is critical for continuous cytokine production during incubation. HUVECs are a
widely used source of ECs for study due to their faithful representation of typical cell behaviour in

contrast with other established cell lines. Their uses range from the study of inflammation and
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cardiovascular disease to regenerative medicine!'8. However, one of the major disadvantages of
HUVEC:S in culture is rapid exhaustion, with morphological characteristics being lost by passage
6 and complete exhaustion by passage 10'"°. In order to make HUVECs permissible in long-term
culture, a series of genetic changes has been used to mitigate the time limitation and fortify the
cells against less-than-optimal culture environments. For example, one approach generated a
vascular niche using HUVECs altered with the adenoviral E4AORf1 gene, allowing for long term
survival without a change in function!?. Similarly, HUVEC-TERT?2 cells immortalized by human
telomerase catalytic enzyme (hTERT) show long-term viability without a loss of function or
morphology!?!. Due to this maintained viability, HUVEC-TERT2 was selected for use in the co-

culture system.

HSCs are an extremely rare and elusive cell population, making their study in vitro extremely
challenging. They comprise anywhere from 0.001% to 0.00001% of a given sample of PBMNCs!?2,
However, the use of human cells is vital due to the differences between human and murine HSPCs
when it comes like characteristics such as surface markers!?*. Though murine models are effective
for in vivo transplantation assays, more in-depth analysis of the mechanisms behind cell behaviour
is needed in human cell samples in order to be applicable to human therapeutics. Cord blood is an
alternative source of HSPCs and is commonly used in bone marrow transplantation. However,
studies have found that cord blood is often less successful when isolating a sufficient stem cell
fraction and can have variable output in terms of colony formation potential'?*, To this end, primary

samples of PBMNCs derived from human patients were used for co-culture study.

The formation of three-dimensional endothelial spheroids has previously been used in research for
applications such as tissue revascularization'?>. Typically, most functional studies define a

spheroid to be at least 500 cells in size. When considering behaviour within a CFU assay, detection
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of large spheroids could have a negative impact on colony growth or identification. Spheroid
generation also poses the possibility of limiting physical space for sufficient colony expansion and
accelerating the exhaustion of growth factors in the media. The methylcellulose-based suspension
used for producing CFUs contains growth factors tailored towards HSPCs such as recombinant
stem cell factor, erythropoietin, and human granulocyte-macrophage colony-stimulating factor.
The presence of these factors are optimal for HSPC colony growth, but are not optimized for
endothelial expansion or spheroid formation. By discovering that the cell aggregates or spheroids
remained relatively small and diffuse throughout the methylcellulose-based medium even at higher
cell densities, it could be determined that further protocols such as cell sorting after HUVEC and
HSPC co-culture on scaffolds will not be necessary before initiating a CFU assay. This aided in

decreasing the length of the protocol and improve efficiency moving forward.

Maintenance of haematopoietic stem cells in vitro requires specific protocols, including the
requirement of a serum-free environment in order to prevent differentiation of progenitors!?®. In
order to ensure the co-culture system could function in a serum-free environment, a media assay
for the HUVEC-TERT2 cell line was required. Under normal conditions, HUVEC media will
contain serum such as FBS as well as a phenol pH indicator'?’. However, the successful use of 1:1
ratios of supplemented EBM and HSPC media has been demonstrated in previous co-culture
studies, warranting its investigation for the proposed scaffold model'?8. The surprising durability
of the cells in HSPC complete media over 72 hours of culture indicated that the immortalized cell
line was tolerant of serum-free and phenol-free conditions. However, in contrast with previous
protocols, the 1:1 ratio of both medias did not generate as large of a population expansion relative
to HSPC media only. This may be due to the type of culture model employed, as consistent

perfusion in contrast with 2D culture may impact cytokine circulation and availability. The lack of
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notable morphological changes and excellent adherence of HUVECs cultured in HSPC complete
media reflected a healthy cell population. This informed the use of HSPC complete media during

co-culture scaffold screening.

The optimization of cell recovery from scaffolds is vital as no relevant data can be produced if the
cells cannot detach from the scaffolds. A wide variety of dissociation strategies have been
employed in culture systems such as the use of enzyme cocktails. However, strong enzymatic
dissociation can lead to loss of cell surface markers, rendering cells unusable for downstream

identification applications such as flow cytometry or single cell RNA-Seq'?’.

Mechanical
dissociation tools such as the use of physical force to detach cells from scaffolds risks the
generation of debris and physically damaging the delicate cells'*’. Two dissociation reagents,
Accutase and Trypsin, were examined for their ability to recover adherent cells from the scaffolds.
Trypsin-EDTA is a proteolytic enzyme which acts by cleaving lysine and arginine to detach cells
from their culture substrate, primarily targeting integrins a5B1 and aVB3. Despite common use,
there are several drawbacks to its application. Trypsin-EDTA dissociation has been found to
damage cell surface markers such as N-cadherin, influencing aggregate formation in kidney
cells'!. In addition, Trypsin-EDTA has been found to modify antigenic epitopes, altering the
results of cell surface marker identification such as through flow cytometry!32. While this may
translate positively to the presented co-culture system in avoiding the formation of spheroids by
HUVEG:s, it also may detrimentally impact downstream assays. In contrast to the commonly used
Trypsin-EDTA which requires close monitoring to prevent apoptosis, Accutase is considered to be
a much gentler alternative and is commonly used in the dissociation of stem cells to prevent altering

viability and functional output!*. Accutase-dissociated embryonic stem cells have been found to

have no alteration in viability and proliferation during downstream assays, making Accutase an
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attractive option for dissociation with HSPCs present!3*. The preliminary recovery experiment
found that Accutase was significantly more effective than Trypsin when dissociating cells from
the scaffold. Its demonstrated superior function as well as its mild nature in contact with HSPCs
informed the selection of Accutase for all cell dissociation from scaffolds during co-culture
experiments. The results of preliminary recovery also helped determine the cell densities of further
experiments moving forward. Plating densities of over 5000 cells per well in a 96-well format led
to a decrease in recovered cells relative to the original amount plated, indicating that lower densities
in this format allow for healthy cell growth and population expansion. The density of 2500
HUVEC:s per well selected for scaffold screening is consistent with the existing literature using
HUVECs as a cell model, as typically densities below 2500 cells per well are used in 96-well
formats!¥. This is due to ECs experiencing contact inhibition in vitro, where further population
growth is hindered under conditions where too many cells are present!?¢. Overall, this work was
critical for optimizing protocols that will be used going forward to assess how the behaviour of

both HUVECs and HSPCs may change in response to experimental parameters.

4.3 Endothelial morphology imaging

Endothelial cell imaging is a useful tool in order to determine if specific conditions cause an
alteration in HUVEC morphology. Changes in morphology can indicate concerns regarding cell
health or an endothelial-to-mesenchymal transition, which suggests that the cells are under stress
137 By confirming that cultured ECs maintain a typical cobblestone monolayer morphology,
fluorescence imaging can be a predictor of a scaffold condition’s effectiveness in cell
maintenance'®8. The use of phalloidin to selectively target F-actin of the cell cytoskeleton is an
effective means for the detection of changes in morphology and cellular organization under

different chemical conditions provided by scaffolds'”.
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There are several challenges to consider when attempting to capture cellular morphology in the
current scaffold system, most prominently the presence of the scaffold components themselves and
polystyrene. Though polystyrene is commonly used for cell culture, it also displays
autofluorescence between 300-400 nm'#°, Unfortunately, this wavelength range also overlaps with
excitation and emission spectra of numerous commonly used fluorophores, such as DAPI'#!. Thus,
the use of glass coverslips is necessary to prevent polystyrene autofluorescence from distorting
resulting images. When considering the chemical composition of the scaffolds, both collagen and
elastin have been observed to be sources of structural autofluorescence within the natural human
ECM!*2, The two components share several similarly structured fluorophores, where collagen
autofluorescence has been observed between 400-450 nm'#* and elastin autofluorescence has been
observed between 320-405 nm'#, The cumulative range of these values covers a wide range of
wavelengths, which may negatively impact the visualization of selected fluorescent dyes. Due to
these considerations, the use of fluorescent markers to examine morphology of cells seeded on
autofluorescent scaffold components may not be feasible in a high-throughput context such as
scaffold component screening. The assessment of varying collagen concentrations as well as a
gelatin control was therefore necessary to determine if scaffold composition could be optimized to

allow for efficient fluorescent imaging of cells within the co-culture system.

The strong autofluorescence emitted by the collagen type 1-coated coverslips as well as decreased
quality of images through polystyrene in preliminary experiments indicates that imaging of cells
grown directly on scaffolds in a 96-well polystyrene plate is not feasible. While the gelatin
coverslip demonstrated high resolution and clarity with major structures clearly identifiable,
increasing concentrations of collagen led to both a decrease in the number of cells visible as well

as an associated increase in autofluorescence. The enhanced autofluorescence occluded cells and
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did not allow for distinct cellular compartments to be identified within the image. The overall
results from this experiment indicate that cell imaging may not be a suitable investigation moving
forward in this study, as both polystyrene and collagen type I pose significant problems related to
the optics of the microscope. As the scaffolds themselves are opaque, imaging through both a
polystyrene and scaffold layer to focus on the cells seeded on top of the scaffold is extremely
challenging. 96-well polystyrene plates are typically not recommended for cell imaging due to the
shape and thickness of the wells decreasing image quality, as well as incompatibility with objective
lenses of increasing magnification!*’. The added complexity of enhanced autofluorescence by
scaffold components unfortunately limits the use of this technique during scaffold screening. In
addition, recovering the cells from a scaffold and subsequently seeding them onto gelatin-coated
coverslips would alter cell morphology and not allow for any meaningful interpretation of results.
An alternative use for fluorescence microscopy in this system could be to investigate the deposition
of collagen and elastin in polystyrene co-culture conditions. Though the autofluorescence of these
components prevents direct scaffold imaging, this characteristic has been used in previous studies
as a surrogate marker of ECM deposition by support cells'*®. Adapting imaging protocols for this

purpose may allow for its use in continued study of the niche mimicking system.

4.4 Co-culture scaffold screening

The most critical component of this study was the analysis of the ability of the niche-mimicking
culture system to enhance HSPC viability and function. The preliminary proof-of-concept screen
was completed to synthesize the findings of optimization experiments and determine if the co-

culture system was feasible.

The elusive HSCs which this system aims to enhance represent only a marginal fraction of the total

cell population of a given sample, meaning that further processing is required to enrich for a
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multipotent population. However, this is an extremely challenging process given the highly
dynamic state of the field. Human HSC markers are still being identified in order to completely
purify the stem cell population. For example, the most recent single cell analyses identifying
endothelial protein C receptor (EPCR) as a marker for the self-renewing and repopulating stem cell
population has still only achieved a one-in-three to one-in-five HSC frequency, leaving room for

147

further characterization'*’. In addition, the use of single cell RNA-Seq to analyze the transcriptome

of HSPCs has elucidated the extensive heterogeneity exhibited by cells that share the same cell

surface markers!'#®

. Differences between murine and human cell surface markers also complicate
this isolation process. In order to increase the throughput of scaffold screening, lineage depletion
was selected as a population enrichment method. By using negative selection to bind committed
progenitors, precursors, and mature haematopoietic cells, the lineage-negative stem and progenitor
population is left unmarked. This allows for the purity of the stem and progenitor fraction to be
maintained, permitting surface marker analysis downstream of initial experiments. Similar
considerations were taken in using automated cell counting rather than manual trypan blue

exclusion, as best practices for downstream assays encourage automated counting to maintain

reproducibility and accuracy'#.

The lineage-negative HSPC fraction used for co-culture with HUVEC-TERT2 cells responded
positively to the combined effects of endothelial and scaffold support. The ability for two scaffold
conditions to produce a net population expansion is extremely promising when taken along with
the enhanced functional output of the population relative to day 0 controls, indicating that a more
primitive HSC phenotype was present. To contextualize the functional output of the cells,
perspective within the haematopoietic hierarchy is necessary. Given the increasing frequency of

cells proportional to maturity, it is expected that the most primitive CFU-GEMM colonies would
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be infrequent, while committed progenitors such as CFU-GM, BFU-E, and CFU-E would appear
more frequently!>. In addition, enhancing functional output beyond day 0 controls is often an
extremely difficult process. Relative to untreated cells immediately after thawing and lineage
depletion, several scaffold chemistries demonstrated an increase in the multipotent fraction of the
cell population through enhanced CFU-GEMM production. By targeting cellular function through
the use of a CFU assay, more relevant insight can be deduced as opposed to dependence on cell

count alone.

4.5 CFU processing and imaging

In order to make the most impactful observations, a focus on cell function was established. While
cell counting can be used as a general indicator of the viable population present, it is also not
sufficient to determine if an HSPC population is truly present or if stem and progenitor exhaustion
has occurred. In addition, assays dependent on metabolic activity such as the use of resazurin-based
reagents are not viable options due to the typically dormant and metabolically inactivate state of
HSPCs'!. The use of a CFU assay is critical to generate a functional output indicating the

multipotency of the resulting population, acting as an indicator of cell identity within the sample.

The use of MTT as an imaging stain was successfully adopted into this protocol. While more
primitive HSPCs have low metabolic activity, more committed precursor cells that make up the
colonies visible in a CFU assay generate enough metabolic activity to convert MTT to insoluble

blue formazan!>?

. This colour change was exploited to visualize colorless granulocyte and
macrophage progenitors along with the bright red erythroid progenitors by eye as opposed to being
dependent on microscopic visualization. This also allowed for the use of a conventional scanner to

capture images of each replicate condition, facilitating data analysis. Despite success in visualizing

conditions with numerous large colonies, there were several constraints to this imaging modality.
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As CFU-E and CFU-GM have lower cell number thresholds for what is considered to be a colony,
at 8 and 20 cells respectively, these smaller colonies were only made visible under higher
magnification and thus were not clearly visible with the naked eye in the resulting scanned images.
These colonies are also reflective of a slightly more mature progenitor population rather than a
lineage negative stem cell population, which tend to form much larger CFU-GEMM colonies
representative of multilineage potential. MTT is an extremely effective imaging solution available
for documenting CFU results along with manual counts and analysis. In this case, the MTT assay
was secondary to using the CFU counts and identities in order to support colony analysis data and

make an informed decision on which scaffold conditions should be scaled up.

The resulting colony formation potential of both co-cultured and solo HSPCs continued the
previous trend showing a marked functional increase when supported by HUVECs. The exhaustion
of the colony-forming population in many HSPCs cultured without HUVEC support by day 7
reflects expected behaviour. HSPC exhaustion is still a top issue in the field, continuing from in
vitro cell cultures to in vivo transplantation assays, which has yet to be resolved. However, this
system allows for high-throughput functional screening in order to identify conditions that not only
maintain and expand HSPC populations, but also maintain their critical function for therapeutic
translation. The presence of primitive CFU-GEMM colonies in co-culture conditions is also of
great importance. In vivo, the increased production of primitive progenitors is associated with the
presence of SCF as mutations affecting the cytokine or its receptors lead to perinatal mortality'>3.
Its role as a master regulator of haematopoiesis makes it a logical supplement for HSPC culture in
vitro. However, while HSPC complete media contains supplemental SCF to encourage population

expansion, this supplementation was not sufficient in maintaining HSPCs in culture without

significant differentiation and exhaustion. The maintenance and expansion of the most primitive
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progenitors may then be a result of continuous cytokine production and supplementation provided

by HUVECs.

In order to better understand the interactions within the culture system, scaling up of top scaffolds
was necessary. In addition to approaching statistical significance in colony production, scaffolds
for larger scale culture should provide a functional benefit over extended periods of time. Another
critical component of the selection process is the ability of the scaffold to support all progenitor
types and avoid a lineage bias towards a myeloid or lymphoid fate. The top hit scaffolds selected,
1% collagen and a combination of 1% C and 0.5% E and HA, were recreated in a 6-well format to
continue examining the specific effects of the system. The use of a 1% collagen type I scaffold
alone allowed for the role of collagen in facilitating HSPC-HUVEC interactions to be further
interpreted. The inclusion of 2 other components is also logical, as elastin has been shown to play

a role in cell signaling and cell fate!>*

while hydroxyapatite scaffolds have shown promise in
reconstituting the functional niche after irradiation!>. Scale-up of the selected scaffold chemistries

allowed for in-depth analysis into the impacts of the scaffold co-culture system moving forward.

4.6 Scale up investigations

Conditioned media has been applied in a variety of HSPC expansion techniques, to varying degrees
of success. BMEC-conditioned media has been used to successfully expand murine yolk sac
HSPCs, but was less successful in the expansion of adult bone marrow HSPCs!*. A recent study
focused on the optimization of long-term murine HSPC expansion found that conditioned media
conditions induce an overall decrease in the stem cell population, and suggests that factors involved
in inducing cycling and differentiation may be soluble!’. Similar studies have found that despite
the presence of HSC-supportive cytokines, HSPC populations do not demonstrate an overall

expansion without direct cell-cell contact between ECs and HSPCs!*8. The results of the CFU assay
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are consistent with previous findings, as the most primitive CFU-GEMM colonies were not
generated unless HSPCs were in direct contact with HUVECs. While the cytokine content of
conditioned media is an attractive option for HSPC expansion, cell-cell contact has been

established as an essential mediator of this process'>”.

While polystyrene is a common culture plate constituent, it is not an optimal medium for HSPC
expansion. For example, one study found that despite the total nucleated cell population seemingly
expanding over 10 days of HSPC culture on polystyrene, less than six percent of those cells
represented a multipotent fraction!®’. The use of typical culture materials is insufficient in the
expansion of HSPCs due to their lack of consideration of cell-cell and cell-matrix interactions,
which are known to regulate expansion and differentiation in vivo'¢!. This was demonstrated
through the rapid exhaustion of the HSPC culture population in polystyrene conditions as well as

the lack of functional output reflecting that of a multipotent cell population.

The mechanisms behind HSPC expansion and differentiation are elusive as their expansion and
isolation remains challenging. Their behaviour and fate are highly dependent on a complex network
of interactions with local cells and ECM of the native niche. While in vivo human experiments
remain limited due to HSPC localization within hard bone, a viable strategy for elucidating the
critical pathways controlling cell fate is the recreation of the human bone marrow vascular niche
in vitro. The incorporation of natural ECM components into the culture system maintains fidelity

to the native niche, as does the addition of native vascular niche cells.

4.7 HUVEC genetic expression

The use of RT-qPCR allows for insight into the molecular basis of previous findings. While the

probes selected have been previously linked to HSPC function and viability, their expression has
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not been explicitly linked to ECM composition or to a particular component. The hypoxanthine
phosphoribosyl transferase 1 (HPRT1) gene encodes for a transferase enzyme primarily
responsible for purine generation'®2, The use of HPRT1 as a housekeeping gene has been validated
in several previous studies'®®. It has specifically been demonstrated to maintain stability in

HUVECsS over a wide range of experimental conditions, making it suitable for use!®,

Secreted frizzle related protein 1 (SFRP1) is a Wnt antagonist associated with the mediation of cell
senescence and tumor suppression'®. In ECs, SFRP1 has been shown to be a regulator of
neovascularization by enhancing cell spreading on the ECM!%®, A recent study found that SFRP1
in the vascular niche regulates HSPC repopulation through controlling cell cycling, assisting in the

maintenance of the stem cell pool'®’

. This is achieved through B-catenin regulation, by which
SFRPI binds to Wnt family members to activate its transcriptional pathway'®. SFRP1 knockout
in mice models has led to a premature exhaustion of LT-HSPCs, further underscoring its critical
role in HSPC maintenance!®®. In particular, the hormonal regulation of lymphopoiesis has been
linked to the presence of SFRP1!'7°. It has been suggested that SFRP1 regulation is highly
dependent on the environment in the local niche in vivo, meaning that enhanced SFRP1 expression
in the scaffold co-culture system may then be a result of EC-ECM interactions!’!. While collagen-

based scaffolds have been used to explore the role of SFRPI1, the direct link between ECM

composition and SFRP1 expression has not yet been explored!”?.

Vascular endothelial growth factor-1 (VEGF1) is considered to be a master regulator of vascular
permeability and angiogenesis!”3. It acts directly on ECs to stimulate the production of vasodilators
such as nitric oxide, which in turn also antagonize vasoconstrictors to extend and enhance the
cellular response!'’. Specifically in the vascular niche of the bone marrow, VEGF1 has been

demonstrated to stimulate Notch expression in sinusoidal ECs of the native bone marrow, which
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aids in the prevention of stem cell exhaustion!’>. These functions make VEGF1 an important
component of vascular niche homeostasis, especially after myeloablation preceding bone marrow
transplant to sufficiently revascularize the tissue and allow for the HSC pool to be maintained!’®.
The enhanced colony formation potential seen on scaffold co-cultured HSPCs may be related to
VEGF]1 expression. An alternative method for enhancing VEGF1 expression includes EC culture
under hypoxic conditions, which also coincides with conditions that enhance HSPC population
maintenance. While this has been done on collagen-based scaffolds, the role of the scaffold

composition on cytokine production has not been explored!””.

Platelet endothelial cell adhesion molecule (PECAM1) is commonly expressed in both vascular
and haematopoietic cells, and in ECs specifically is evenly distributed over the entire cellular
surface!”. Its primary function is the mobilization of mature haematopoietic cell types such as
neutrophils and monocytes, which it achieves by translocating integrins responsible for ECM
adhesion to the cellular surface. It is expressed diffusely across the entire bone marrow vascular
niche, and enhances HSPC adhesion to local vasculature'”®. Studies have found that it is able to
influence HSC progenitor population maintenance, and necessary for proper mobilization between
the marrow and bloodstream!®°. Its notable increase in expression on multi-combinatorial scaffolds
in contrast with polystyrene may play a role in population maintenance in this system. Previous
studies have found that ECs cultured on ECM scaffolds including heparin and elastin had similar
expression of adhesion molecules including PECAMI to controls'®!. The role of PECAMI in
endothelial biology has been studied in collagen-based suspensions, but the influence of PECAM1

on HSPCs has yet to be explored in the context of the ECM!%2,
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CHAPTER 5. CONCLUDING REMARKS

5.1 Conclusion

In summary, we have developed a co-culture system capable of maintaining live HSPCs and
inclusive of HUVECs. By using the HUVEC-TERT?2 cell line, the use of serum-free media is
possible to prolong HSPC culture without inducing differentiation. We demonstrated that
populations of HSPCs can be maintained throughout 7 days of co-culture with support from
HUVECs and collagen-based scaffolds. The enhanced expression of several genes related to HSPC
maintenance and viability in support HUVECs may explain the efficacy of the scaffold co-culture

system.

This work has built the foundation of a co-culture model system capable of supporting ex vivo
HSPCs for up to seven days in culture. However, in order to translate successfully into a cell
therapy application, it is vital to strive to understand how endothelial behaviour impacts HSPCs.
The ultimate goal of this work would be the removal of the immortalized HUVEC-TERT?2 cell line
in order to move towards a cell-free and reproducible system that can be adapted for use with
patient samples. With translation in mind, the use of patient PBMNC:s is critical to establish the
effectiveness of the system in humans. The use of these individual human samples provides a
broader representation of primary cell behaviour during experimentation. The model can also be
adapted for malignant cells, such as acute myeloid leukaemia (AML) patient samples. The use of
both healthy and malignant HSPCs can be employed in drug screens to scan for cytotoxicity,
accelerating the process of drug discovery in primitive stem cell subpopulations that are typically
challenging to maintain ex vivo. This can extend into personalized medicine applications, where a

patient’s own cells can be utilized to determine an optimal treatment protocol that limits side effects
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and increases efficacy. Overall, the results suggest that the development of a niche-mimicking co-
culture model can be utilized for extended primary human HSPC viability and function

maintenance ex vivo.

5.3 Limitations & Future Directions

Sustained experimentation will continue to reveal the intricate molecular framework at play that
leads to the improved colony formation potential and viability seen in scaffold co-culture models.
Transcriptome analysis will have the potential to reveal the genetic basis of cell survival within the
culture system, while the use of rt-QPCR using alternative probes can be employed to understand

what soluble factors are present and how their abundance may correlate with scaffold composition.

Experimentation is ongoing to develop optimized scaffold chemistries in alternative culture
models, such as co-culture models with mesenchymal stem cells. Collaborative work with these
models has the potential to reveal a unified scaffold composition that can be utilized in a multi-cell
culture model that better mimics the native HSPC niche. In addition, differences in optimal
composition can be used to reveal the distinct molecular framework of cytokine binding and
presentation for support cell types and their ECM. With composition in mind, it is vital to screen
additional chemical components that can provide benefits to cytokine retention and HSPC viability.
Components such as hyaluronic acid are currently being used to fabricate additional scaffolds in

an effort to optimize the in vitro environment.

The development of two-dimensional films to reconstruct the niche is in itself limited, as niche
models have shown greater success using three-dimensional culture suspensions!®3. By adjusting
the fabrication process, the films can be developed into three-dimensional porous scaffold

structures that would allow for HSPCs to reside in a more structured environment similar to that of
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the native niche. While three-dimensional scaffolds pose other considerations such as controlling
pore size or topography, their use will bring the co-culture system closer to maintaining fidelity to

the native niche.

While scaffold composition is vital, there are several other attributes of the system that can be
altered to achieve maximal HSPC growth and proliferation. The use of hypoxic chambers can be
applied to alter the oxygenation of the culture environment, with potential to improve HSPC
viability. In addition, 3D printing can be applied to create perfusable channels within the scaffold
to provide continuous nutrient and soluble factor supply for long-term extended cultures. Further
optimization of the culture model will be focused on the amalgamation of these considerations in

order to best recapitulate the bone marrow vascular niche and support native HSPCs ex vivo.
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