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Abstract

Cellular interaction with the extracellular matrix (ECM) inside the bone marrow is an
important component in the regulation and progression of leukemia. In this inaugural
work, we were able to entrap whole ECM proteins in an intricate microporous matrix that
enabled us to study the effects of three-dimensional (3D) cell-ECM interactions in a
controlled in vitro system. The Ca-alginate hydrogel was first examined for its physical
properties, with respect to matrix topography, stiffness and constitutive components of the
alginate. It was then investigated for its ability to support myeloleukemia cell proliferation
and differentiation both in the presence and absence of supporting ECM proteins such as
fibronectin, laminin and collagen-1. We used the erythroleukemic cell line K562 as a
model for chronic myeloid leukemia.

Our results show that 3D Ca-alginate hydrogel provided superior support in
proliferation and was able to induce spontaneous multi-lineage differentiation of K562
cells in vitro. In the presence of fibronectin and laminin, enhanced cell proliferation was
achieved in 3D hydrogels but not observed in 2D cultures. In addition, we discovered that
protein-incorporated hydrogels were able to create hematopoietic inductive
microenvironments for lineage-specific cell differentiation, not achieved in 2D cultures.
The manipulation of biophysical and biochemical properties in the Ca-alginate hydrogel
system provides a tool for recreating aspects of the bone marrow and allows us to move
away from conventional models performed on 2D tissue culture systems that are deemed
inadequate, as they often misrepresent molecular cues present in the intricate 3D bone
marrow environment. In conclusion, the Ca-alginate hydrogel provides a robust

engineering platform for studying hematopoiesis and leukemia in vitro.
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Chapter 1

Introduction

Hematopoietic stem cell (HSC) represents one of the most well-studied and widely used
somatic stem cells for therapeutic applications over the past few decades. Since its
discovery in 1960s, HSC has offered a promising tool in treatment of numerous
hematological disorders and cancers. Allogeneic HSC-rich bone marrow and later,
umbilical cord blood transplantations have been successful in reconstituting the
hematopoietic system in children with leukemia, Fanconi’s anemia, and o thalassemia [1-
7]. Successes in clinical applications of HSCs owe to their extensive proliferative capacity
and their ability toward multi-lineage differentiation [8]. This is because HSCs are
multipotent; they have an ability to produce at least 10 distinct lineages of mature cells
that effectively replace/replenish myeloablative blood cells, including erythrocytes,
leukocytes and platelets [8]. The proliferation capacity of progenitor cells is greatly
dependent on their ontogenic origin: HSCs found in fetal liver are generally more

proliferative than those found in cord blood than those in the bone marrow.



Under pathological circumstances, the high capacity of self-renewal and
differentiation makes HSCs most vulnerable as targets for tumorigenesis. With the
machinery for self-renewal and long-term persistency within bone marrow niches, it gives
them a greater opportunity to accumulate mutations over more mature short-lived cell
types [9]. Leukemia is therefore typically initiated within the bone marrow where an
abnormal outgrowth of immature hematopoietic blasts is detected; leukemic cells become
arrested at various stages of differentiation disrupting normal hematopoiesis. In the
chronic phase of such diseases, immature leukemic cells find their way to the vasculature
and metastasize into other tissues such as the spleen or liver. The progression of leukemia
depends not only on the severity of genetic aberration but is often controlled by cellular
interactions in the bone marrow. It has been understood that specific niches found at the
site of hematopoiesis provide vital cues that are critical in maintaining homeostasis of
normal hematopoiesis. Alterations in the bone marrow niches will therefore impact
normal cellular behaviors, however, even within healthy bone marrows, leukemic cells are
still able to find niches for their survival. The profound relationship in cellular behaviors
with components inside the bone marrow is therefore imperative toward the understanding

of disease initiation, progression and termination in leukemia.

Role of extracellular matrix (ECM) on hematopoiesis

Over the past few decades, much effort has been made to unveil molecular cues in
hematopoiesis. Many intrinsic and extrinsic growth factors involved were identified [10-
12], but less attention has been paid to the role of the surrounding extra-cellular matrix
(ECM) and researchers have not yet been successful in recreating the bone marrow

microenvironment. Matrix components not only serve structural functions, but play an
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active role in controlling different cellular behaviors, including cell adhesion, proliferation
and migration in both normal hematopoiesis and pathological circumstances [13].
Communication between cells and matrix components via binding of integrins can trigger
signaling pathways that facilitate leukemic cell development; such observations have been
evident in certain leukemias within specific niches. These niches support leukemic cell
proliferation, direct migration of cells from one niche to another during their
developmental stages, and early release into the blood stream [14]. Growing evidences
today continually suggest the regulatory role of ECM in progressive disorders of the
hematopoietic system; the understanding of cell-ECM interaction can therefore enlighten

us in the control of leukemia.

Significance of 2D versus 3D microenvironment

In vitro studies on hematopoiesis were conventionally performed on two-dimensional
(2D) tissue culture polystyrene (TCP), which was believed to misinterpret molecular cues
presented in the in vivo bone marrow environment. Although HSCs are suspension cells,
they exist in the bone marrow in a three-dimensional (3D) environment establishing close
interactions with its surrounding matrix. Within its natural environment, the cell receives
biochemical and mechanical signals from a complex interplay of cells, soluble and
insoluble proteins, and matrix architecture. It is thus postulated that a 3D reconstruction of
bone marrow mimicry is necessary for the proper study of normal and abnormal

hematopoiesis in vitro.

The purpose of this project is to study cell-ECM interactions in a controlled 3D in

vitro microenvironment and understand the impact of 3D representations on leukemic cell



development. Through a unique approach, we attempt to recapitulate 3D cell-matrix
interactions within a microporous architecture provided by the Ca-alginate hydrogel
system, which is proposed to better render mechanical cues essential for ‘normal’
hematopoiesis. By tuning the chemical constituents of the matrix elements, we aim to
reconstruct cell-ECM interactions in its most natural context resembling the bone marrow
environment. Our motivation is to provide a tunable 3D culture platform for engineering
specific cellular niches to study hematopoietic and leukemic cell behaviors. We hope that

this work will bring us closer to discoveries in leukemia biology.

1.1 Objectives & Scope

The focus of this project is to engineer a realistic in vitro microenvironment for studying
the effects of 3D cell-ECM interactions in regulating leukemic cell behaviors. In
particular, we are interested in understanding its influences on cell proliferation and
differentiation. Cell development towards myeloid lineage is of interest for myeloid
leukemia while other differentiation pathways as well as HSCs plasticity will not be

covered.

Specific aims of this project are:

(i) To characterize physical and mechanical properties of the Ca-alginate hydrogel as a 3D

microporous construct for cell culture

(i) To study the effect of a 3D microporous construct on leukemic cell proliferation and

differentiation for chronic myeloid leukemia



(iii) To study the effect of ECM proteins on leukemic cell proliferation and differentiation

in chronic myeloid leukemia

1.2 Thesis outline

This thesis will begin with a background discussion on topics related to hematopoiesis
and in vitro expansion of hematopoietic cells for research as well as clinical applications.
Natural hematopoiesis and leukemogenesis are reviewed and detailed descriptions on the
characteristics of common hematopoietic cells will be given. Components of the bone
marrow niche will be then examined, uncovering the complex environment where
hematopoietic cells reside and develop. The last two sections will be devoted to deliberate
latest findings on cell-ECM interactions and the expansion of hematopoietic and leukemic

cells using different in vitro models.

The following three chapters report the three main studies in this project, namely
characterization of Ca-alginate hydrogel, cell-matrix interactions in 3D Ca-alginate and
specific roles of cell-ECM interactions. In chapter 3, the examination of important
mechanical properties of our Ca-alginate hydrogel was conducted, including
morphological characterization by light and scanning electron microscopy, quantification
of matrix stiffness and determination of M:G ratio in the alginates used. This will form a
reference to support later studies on cell behaviors. Chapter 4 highlights the capability of
Ca-alginate in maintaining erythroleukemic cell growth as compared to traditional tissue
culture flask system. The cell proliferation rate, viability, and differentiation status were
investigated. Optimization of various components in the Ca-alginate hydrogel was also

performed to determine desired properties of the hydrogel matrix. The next chapter



(chapter 5) reports the specific influences of cell-ECM interactions in abnormal
hematopoiesis, using the developed Ca-alginate model. We studied cell proliferation and
differentiation capacity of erythroleukemic cell K562 in the presence of three commonly
found proteins including fibronectin, laminin and collagen-1. The last chapter summarizes
key findings from this project and closes with general thoughts toward future directions in

the study of cell-ECM interactions for hematopoiesis.



Chapter 2

Background & Literature review

This chapter provides relevant background on the important components constituting and
regulating hematopoiesis. These include ordered cell development in normal
hematopoiesis, potential pathways in leukemogenesis and general role of the native bone
marrow environment. The review provides a thorough examination of pioneering works
and latest advances in the field specifically in the role of cell and extracellular matrix
interactions in both normal and abnormal hematopoiesis. In the context of 3D
microenvironments, efforts toward its recreation in vitro are extensively discussed. This
review serves as a reference for our method and approach toward engineering a 3D in

vitro system for leukemia.

2.1 Hematopoiesis

Hematopoiesis represents a highly regulated process whereby balanced production and

replenishment of a spectrum of blood cells are controlled daily over a lifetime. In



hematopoiesis, the central component is the hematopoietic stem cell (HSC) which is
located sequentially in yolk sac (embryo), liver, spleen, umbilical cord blood and finally
in adult bone marrow [15-17]. HSC has high self-renewal capacity to provide sufficient
primitive cells to sustain hematopoiesis, while generating mature cells through
differentiation. Today, it is generally agreed that LinThy1.1'°Sca-1* HSCs, found within
the “LSK” (Lin'Sca-1"c-kit") fraction, is the prevailing definition for murine HSCs [18-
20]. Within the LSK fraction, several criteria have been used to identify the most
primitive self-renewing HSCs with long-term reconstituting activities (LT-HSCs). LT-
HSCs was found present in the CD34", CD38", or Thy1.1" fraction of the LSK population
[19, 20]. In contrast, the LSK population with CD34*, CD38", or Thyl1.1" phenotype is
capable of only transient reconstitution, thereby containing short-term HSCs (ST-HSCs)
or multipotent progenitors (MMPs) [20, 21]. Mature blood cells are categorized into two
separate lineages: lymphoid and myeloid with their respective precursors - common
lymphoid progenitor (CLP) and common myeloid progenitor (CMP). These committed
progenitors undergo further differentiation before they terminally transform to mature

blood elements.
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Figure 2-1 Hierarchic development of HSCs in the presence of supporting cytokines
[22]. SCF-stem cell factor, G-CSF - granulocyte colony stimulating factor, GM-CSF
— granulocyte-macrophage CSF, ILs — interleukins.

To specify the type of progenitors, the term colony-forming unit (CFU), together
with a lineage suffix, is often used to define the differentiating ability of HSCs to form
distinct colonies of mature cells in semisolid agar or methylcellulose. CMP cells are
known as granulocyte/erythrocyte/macrophage/megakaryocyte colony-forming units
(CFU-GEMM) while their downstream committed products are granulocyte/macrophage
colony-forming units (CFU-GM) and erythrocyte colony-forming units (CFU-E).
Erythrocyte burst-forming units (BFU-E) are the more commonly measured precursor of
the CFU-E. Hierarchic development and morphology of different blood cell types are
represented in Figure 2-1 and Table 2-1. Briefly, cells undergoing erythrocytic
differentiation appear smaller and having more condensed nucleus. Upon maturation,

extrusion of nucleus occurs producing anucleated reticulocytes. At the final stage, cells



attain their biconcave morphology to become mature erythrocytes. Granulocytic cells are

characterized by great amount of granules in their cytoplasm and an indented nucleus. The

number of indentation increases with cell maturation stage and clear granules are formed

as the cells further differentiate to three mature types of granulocytes (basophilic,

neutrophilic and eosinophilic). Megakaryocytes exhibit multiple nucleoli and giant

morphology, which later give rise to thrombocytes budding from their surface.

Table 2-1 Morphology & characteristics of Wright-stained blood cells of myeloid

lineage.
Proerythroblast ~20 mm, largest erythroid precursor
Fine, uniform chromatin with one or more
nucleoli
Q A granular basophilic cytoplasm
Basophilic 10-18mm
erythroblast BN I - Intensely staining, slightly coarse
nuclear chromatin, deeply basophilic
Erythroblasts

cytoplasm
BN Il - Condensed, spoke-like nuclear

chromatin

Polychromatic

normoblast

10 - 15 mm, relatively coarse, intensely
staining chromatin
Active hemoglobin formation

Polychromatophilic cytoplasm
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Orthocromatic

erythroblast

10-15 mm, incapable of cell division
Small, dense nucleus, pinkish cytoplasm

Extrusion of nucleus produces reticulocyte

Reticulocyte

10-15 mm, released into peripheral blood
Contain mitochondria, ribosomes, Golgi
body remnants

Hemoglobin synthesis continues (20-30%)

Erythrocyte

6-8 mm, biconcave shape
Incapable of hemoglobin synthesis

Life span of 120 days

Granulocytic

cells

Myeloblast

12-20 mm, moderately basophilic
cytoplasm, few granules
Diffuse chomatin, several nucleoli

Capable of cell division

Promeylocyte

15-25 mm, basophilic cytoplasm, reddish-
purple granules

Slightly indented nucleus, nucleolus, Golgi
zone

Capable of cell division

Myelocyte

10-20 mm slightly basophilic cytoplasm,
no nucleolus
Specific neutrophilic, eosinophilic, or

basophilic granules
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Partial chromatin condensation, no
nucleoli
Two generations, early forms capable of

cell division

Metamyelocyte

10-12 mm, neutrophilic, eosinophilic, or
basophlic granules
Indented or U-shaped nucleus

Incapable of cell division

Bands 15-25 mm, basophilic cytoplasm, reddish-
purple granules
Slightly indented nucleus, nucleolus, Golgi
zone
o Capable of cell division
Mature 10-20 mm, slightly basophilic cytoplasm,
neutrophil no nucleolus

Specific neutrophilic, eosinophilic, or
basophilic granules

Partial chromatin condensation, no
nucleoli

Two generations, early forms capable of

cell division
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2.2 Leukemogenesis

Many hematologic diseases, such as leukemia, are proven to originate from different
pathogenic events that lead to leukemogenesis. In chronic myelogenous leukemia (CML),
chromosomal translocation (Philadelphia chromosome) results in the oncogenic fusion of
bcr-abl gene which in turn activates a continuous cell division and causes further genomic
instability. Though bcr-abl was found to be the central cause of CML as well as in other
leukemia, recent studies have revealed that the surrounding bone marrow environment
play an equal role to the leukemogenesis and its progression. Direct contact of leukemic
cells with other stroma or with components of the extracellular matrix (ECM) may protect
them from drug-induced apoptosis [23]. On the other hand, malignant cells of a severe
combined immunodeficiency (SCID) mouse xenograft model of acute lymphoblastic
leukemia was found to alter the bone marrow niche that sequestered transplanted human
CD34" cells [24]. In this manner, leukemic blasts and their surrounding microenvironment
mutually affect each other in supporting leukemic outgrowth, suppressing normal
hematopoiesis and promoting malignant transformation. Currently, two hypotheses have
been proposed to explain the advent of leukemogenesis — 1) the abnormality in the bone
marrow environment instructs aberrant behaviors of the encapsulated hematopoietic cells
or 2) the aggression of leukemic cells that destroys the bone marrow niche and

progressively tampers normal hematopoiesis
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Figure 2-2 Model of leukemia transformation [9]

In any case, normal HSCs escape from regular growth control, behave differently
and embark in malignant outgrowth [25, 26]. Emerging evidence proposed that cancer
cells might contain some cancer stem cells, which are rare cells with indefinite self-
renewal potential [27-29]. Studies on the origin of leukemic stem cells (LSCs) lean
toward the belief that normal HSCs themselves are the target for leukemic transformation
(Figure 2-2). This is due to the fact that HSCs have the machinery for self-renewal already
activated and the long persistence time gives HSCs a greater opportunity to accumulate
mutations than more mature short-lived cell type [9]. Furthermore, LSCs appear to share
similar cell surface markers previously identified for normal HSCs, such as CD34, CD38,
HLA-DR and CD71, while exhibiting similar heterogeneity found in their normal

compartment.

K562 cell line
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The oldest and most well-characterized leukemic cell line is K562, which was plural
effused from the bone marrow of a patient suffering from chronic myelogenous leukemia
(CML) in blast crisis. The cell line was first developed by the Lozzios in 1971 [30] and
was initially assumed to be granulocytic. Later on, untreated K562 cells were found to
have antigens characteristics of all four lineages including erythroid, granulocyte,
monocyte, and megakaryocyte [31-36]. The expression level of these antigens is partially
dependent on specific inducers which may influence antigens of different lineages in
opposite directions [33]. Several physical as well as chemical inducers for K562
differentiation have been identified, such as hyperthermia, retinoid, Vitamin D, and hemin
that shift the cells toward the erythroid lineage differentiation [37-39] while butyrate
derivatives and tumor promoter 12-O-tetradecanoyl-phorbol-13acetate (TPA) driving cells
to the megakaryocytic lineage [40, 41]. Little is known about the impact of ECM to the
proliferation and differentiation capacity of the leukemic K562 cells. Despite its
malignant origin, the cell retains some capacity for expression of alternative programs of
differentiation, a characteristic of the normal multipotent HSC. Knowledge of K562

behaviors is therefore useful in the study of leukemia as well as normal hematopoiesis.

2.3 The bone marrow microenvironment

Inside the bone marrow, there are specific microenvironments or “niches” whereby HSCs
reside and activated [42]. Today it is generally agreed that, those hematopoietic sites lie in
the cords or wedges between highly permeable capillary-venous sinuses. Recently,

researchers have found two distinct niches that give rise to different fates in HSCs: the
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vascular niche - characterized by high flow, oxygen and nutrient — to support cell
migration and differentiation [43] and the osteoblastic niche — a hypoxic environment
with high content of Ca** for the retention of quiescent HSC pool for reproduction [44].
The capillary-venous sinus, which serves as a barrier between the bone marrow and the
vasculature, encompasses fenestrated endothelial cells, basement membrane and
adventitial (stromal) cells. Stromal cells are believed to produce essential growth factors
(cytokines) and ECM components that directly/indirectly control cell differentiation [45-
48]. Concentration gradients of growth factors within ECM created by these cells are

crucial for forming distinct niches that sequentially regulate cell behaviors.
2.3.1 Stromal cells

The four types of marrow stromal cells are the endothelial cell, adventitial reticular cell,
macrophage, and adipocyte. Direct contact with stromal cells is believed to facilitate
hematopoietic cell survival, growth, and development, both in vivo and in vitro [49, 50].
The beneficial effect of the stroma is greatly exerted through the secretion of cytokines or

receptor presentation on the cell surface.

Endothelial cells have been proven responsible for the production of G-CSF and
GM-CSF in vitro [22]. In addition, matured blood cells must pass through the endothelial
cell lining of the sinus wall to enter the vasculature. However, this egression occurs
through transient migration ports just near the junctions of endothelial cells [51].
Endothelial cells are also responsible for transporting of plasma-derived substances into

the hematopoietic space via endocytosis [52].
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Adventitial reticular cells are fibroblastic cells which form an extensive network
of fine cytoplasmic processes that surround the hematopoietic cells. They cover the
highest proportion in the stroma accounting for approximately 65% of the endothelial
surface. This surface coverage is however versatile, which can decrease significantly in
response to hematopoietic stress, thereby believed to make way for hematopoietic cell
egression by exposing more area for transportation [53]. Adventitial cells synthesize a
wide range of important bone marrow soluble components, including M-CSF, G-CSF,
GM-CSF, IL-1 and IL-6 in vitro [54-56]. Adventitial cells are able to transform to

adipocytes, taking up fat when exposed to hydrocortisone in vitro [57].

Macrophage has been postulated as an indispensible cell for the control of
hematopoiesis due to its wide distribution throughout the body, which allows it to sustain
homeostasis. Although this role of macrophage is still highly controversial, the cells are
definitely critical in regulating erythropoeisis, which take place in isolated islets around an
associated macrophage nurse cell. In addition, macrophages are considered to be a major
source of cytokines under steady state conditions, and can induce other cells to produce
cytokines under times of hematopoietic stress. Macrophages produce GM-CSF, IL-1,
EPO, and a multitude of other secretory products, including inhibitory substances such as
TNF-o and IFN-y [58]. Interestingly, performance of macrophages in vitro was found
varying significantly with oxygen tension and pH fluctuation, and might respond to

changes in shear stress in vivo [58].
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Figure 2-3 The bone marrow microenvironment [59]

Bone marrow adipocytes are believed to have different origin from other organs. It
was shown that they were most probably derived from adventitial cells, which take up fat
and transform into fat tissue in the presence of corticosteroids. In vivo, large amount of fat
cells in marrow (yellow marrow) often means low hematopoietic activity while
hematopoiesis-active sites contain fewer adipocytes (red marrow). In contrast, most
investigators reported that the formation of adipocytes in vitro is required in a stroma to
support hematopoiesis, whereas only a few reported that adipocytes are not important in
long-term bone marrow cultures (LTBMC). Finally, it has been suggested that adipocytes

may inactivate cytokines in LTBMC when present in very large numbers.

2.3.2 Growth factors

Within a specific niche, hematopoiesis is regulated partly by growth factors (cytokines),

in particular interleukins (ILs) and colony-stimulating factors (CSFs), which overlap in
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their effects on cells [60]. However, their impact on the proliferation and differentiation of
primitive progenitors in stroma-dependent LTBMC appear controversial. Combination of
low levels of growth factors may result in enhanced primitive hematopoietic progenitors
activities, with respect to proliferation and differentiation [61, 62]. Alternatively, adhered
rather than soluble growth factors may be critical for hematopoiesis. Heperan-sulfate
proteoglycans present in the ECM of adherent stromal layers bind and concentrate GM-
CSF, IL3, and b-FGF [63-65]. In addition to positive growth regulatory molecules, several
diffusible molecules can inhibit the proliferative status of the mainly quiescent stem cell,
including macrophage inflammatory protein-1a. (MIP-1a), and transforming growth
factor-p (TGF-B) [66-69]. Since hematopoietic cells can get into contact with specific
ECM proteins, they would co-localize with these growth factors, creating the hypothetical

“stem cell niche”.

2.3.3 The extracellular matrix (ECM)

Structure of the ECM inside the bone marrow shows the same composition to those found
in other tissue, i.e. the presence of collagen type | and Il (produced by fibroblast), type
IV (produced by endothelial cells), proteoglycans and glycoproteins such as fibronectin
were detected. Among them, major identified ECM components at the endosteal surface
where HSCs home to include fibronectin (FN), collagen I (Col 1), and laminin (LN) [70].
Each protein occupies specific localization in large amounts within the bone marrow

(Table 2-2) and is believed to play distinct roles in the regulation of hematopoiesis.

Fibronectin is a large fibril-forming glycoprotein (450 kDa) composed of two

similar subunits (2500 amino-acid residues long) joined by a pair of disulfide bonds at
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their carboxyl termini and folded in a series of globular domains separated by regions of
flexible polypeptide chains (Figure 2-4). At least two regions in this protein have been
identified as cell adhesion cites: acell binding domain (75 — 120 kDa) and a heparin
binding domain (33/66 kDa). The cell binding domain, with RGD as the sequence of
minimal recognition site, provides an adhesion site for most cells via the a5p1 integrin
receptor and to a less degree through the avp3 or Gpllb-Illa receptors. The heparin
binding domain, containing CS1, FN-C/H | and FN-C/H |1 peptides, promotes cell-ECM
interactions through the a4f1 integrin or proteoglycans. Bone marrow endothelial cells
and fibroblasts can produce FN containing all three cell adhesion sites in the alternatively

spliced heparin binding domain.

Collagen is found abundantly as a fibrous protein in the extracellular space of the
bone marrow microenvironment. The most common types are type I, 11, 11l and IV. Col I-
I11, assembled as collagen fibers, constitute the structural backbone of the extracellular
space. Among these three types, Col | is the major protein in bone, comprising
approximately 90 percent of its protein. Col 1V, in contrast, is assembled into a sheet-like

mesh work that constitutes a major part of basal membrane.
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Figure 2-4 Domain structures of fibronectin and laminin [71]

Laminin is an 850 kDa complex of three very long polypeptide chains a, B and y
arranged in the shape of a cross held together by disulfide bond (Figure 2-4). So far, 5a
(al-5), 3 B (B1-3), and 3 y (y1-3) chain variants have been recognized, and 15 different
heterotrimers have been proposed in the regulation of cell adhesion. Major cell-binding
domains of LN lie in the carboxy terminus of o chain. Hence, the adhesion of cells to LN
is mainly determined by the a chain. Several integrins (alf1, a2f1, a3p1, a6pl, a6p4,
a7p1, a9p1, avp3) bind to LN at different affinities. Researchers showed the presence of
LN-2 (a2B1y1), LN-8 (a4p1yl) and LN-10 (a5B1y1) but none of the other LN a chains in

the bone marrow [72].

Table 2-2 Summary of major ECM proteins within the femoral bone marrow?®[70]
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Bone: compact Endosteal surface/ Periosteal Central Marrow vessels:
and/or trabeculae  endosteal marrow  surface marrow  sinuses and/or arteries
Fibronectin +++ +++ +++ ++ -
Collagen | +++ +4+40 - - -
Collagen Il - - ++ . )
Collagen IV + ++° ++ - ++
Laminin + - +++ + +++

%+++: bright expression; ++: moderate expression; +: faint expression; -: absent
"Expression of these proteins was discontinuous. Grading is for the positive areas

Other ECM components include negatively charge polysaccharide chains called

glycosaminoglycans (GAGs), which includes hemonectin - a 60 kDa ECM protein

recognized in the bone marrow microenvironment only and thrombospondin - a 450 kDa

subunits cross-linked by disulfide bonds produced by platelets, endothelial cells and

fibroblasts. It is believed that these proteins also take part in the modulation of

hematopoiec cell development, including the maturation and release of granulocytic cells

from the bone marrow microenvironment. However, their molecular architecture and the

corresponding surface receptors have not yet been identified.

2.4 Role of specific cell-ECM interactions

2.4.1 In normal hematopoiesis

The roles of ECM in normal hematopoiesis include localization of the primitive stem cell,

maintaining cell quiescence in the osteoblastic niche, and signaling for cell proliferation,
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differentiation and cell egression upon stressful condition. Cell-ECM interactions were
found specific to the proteins that the cells adhere to. A summary of the regulatory

interactions with three common proteins is given below.

Fibronectin. Adhesion to FN has long been known crucial to the regulated
maturation of erythroid progenitors [73-75]. The effect of ECM proteins on HSCs/HPCs
however depends on the maturation stage of the cells. Recent studies found that in
primitive progenitors, elevated adhesion to FN leads to enhanced expansion of CFU and
long-term culture-initiating cells (LTC-IC), and to a lesser extent CD34" cells, specifically
through CS1 motif binding [76, 77]. Analysis of cell surface markers revealed fair
expression of CD13, CD14, CD15 on expanded cells, implying that the interaction with
CS1-FN might skew differentiation of HPCs to the myeloid lineage [77]. At least two
integrins a4B1 and a5B1 are found to be involved in the HSC-FN interactions [78-83]; the
interchangeable role of these integrins is still debatable. Recently, Huygen et al found that
a4pl and a5P1 function fluctuate reversibly during cell cycle transit. The topmost
adhesion, occurs during S phase transit, was predominantly dependent on a5 integrin in

licu of the normal preferential 04 integrin-dependent adhesion manner [84, 85].

Laminin. It was noted that HSC adhesion to FN is the strongest (45-50%), while
HSC-ECM adhesion appears at a lesser extent to LN (35-40%) and insignificant to Col I
[78, 86]. The adhesive interaction of hematopoietic cells with LN is isoform-specific.
Almost all primitive and committed progenitors as well as more differentiated cells of
myelomonocytic and erythroid lineage are found to have strong adhesion to LN-10/11 but
not to LN-8 and LN-1 [86]. LN-10/11 and HSC interactions leads to migration and strong

mitogenic response of CD34+ cells; this interaction was found to be mediated by a6 and
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B1 integrins, especially a3p1, a6p1 and a6p4 [86-88]. Recently, Hong Qian showed that
a6 integrin acts as a homing receptor during fetal liver progenitor cell homing to bone
marrow, whereas homing and engraftment of multi lineage repopulating HSCs were
mediated by o4 receptor, indicating distinct roles for each integrin during fetal
hematopoiesis [89].

Collagen. Studies on the effects of collagen on hematopoiesis are less established.
Fetal liver, umbilical cord blood and bone marrow CD34" cells showed no adhesion to
Col-I, although the major Col-I binding integrin receptor a2p1 is expressed on HPCs [90].
In contrast, committed myeloid and erythroid progenitor cells CFU-GM and BFU-E
demonstrated significant specific binding to Col-I [91]. However, this Col binding was
suggested being not mediated by the Bl integrin class of adhesion proteins [91]. No Col-
induced enhancement of proliferation was observed. More studies need to be conducted to

investigate the effect of this Col binding to the activities of hematopoietic cells.

2.4.2 In leukemogenesis

As opposed to normal HSC, the adhesion of erythroleukemic cells to FN resulted in cell
quiescence with/without inducing apoptosis [76, 92, 93]. The extent to which leukemic
cells adhere to FN appears controversial. In fact, the discrepancies might originate from
the different time points of recording and/or the cell cycle status of these cultured cells.
Most studies showed deficient adhesion of CML cells to FN compared to hematopoietic
progenitors at similar stages of differentiation [76, 94-97], which were reported at day 6 -
7 of culture. On the contrary, Molla and Marc revealed strong adhesion to FN was

actually seen during the first hour of incubation, but the cells were released from the
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matrix afterwards [92]. Thomas further confirmed this short-term preferential adhesion to
FN to LN and Col within the first 60-min of culture [98]. The observation suggests that
CML cells may possess a mechanism to help them escape from natural growth inhibition
mechanisms of the stroma FN. The abnormal adhesive behaviors of CML cells to FN
however were found to be unassociated with the expression of cell surface VLA-
molecules. This suggests that VLA-molecules may be present but are in a non-functional
state, especially on more primitive progenitors [99].A study indicated that the defect is
based on an impaired Blintegrin function, which could be restored by treatment with
interferon o [100].All these observations suggest that FN matrix provided a permissive
microenvironment within which erythroid-induced erythroleukemia cells attach and
differentiate, but these cells finally lose the surface fibronectin receptor and preferential

adhesion upon maturation to reticulocytes [73-75].

For collagen (Col) and laminin (LN) interactions, a fraction of bone marrow CML
cells do express low levels of the a2f1 and a6f1integrins, which is absent in its normal
counterpart. In fact, Col receptor a2p1 is up-regulated while a4p1 and a5B1 are down-
regulated during the phorbol 12-myristate 13-acetate (PMA) - induced maturation of
erythromegakaryocytic cells to megakaryocytic lineage [101]. Subsequently, primitive
CML progenitors exhibited abnormal trafficking behaviors towards the basement
membrane components LN and Col[94, 102]. Different from normal HSC, the interaction
of leukemic cells to LN is specific to laminin-8 and laminin-10only, with the regulation of
a3P1 and a6PB1 [102]. The abnormal trafficking of leukemic cells may explain for their
release to the circulation through interacting with basal membrane components LN and

Col [95, 103-105]. Interestingly, besides mediating cell adhesion to LN, LN receptor was
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found to be associated with the cell differentiation to monocytic lineage in acute

myelogenous leukemia (AML) [106].

Table 2-3 Integrins and their ligands on HPCs [99]

Expressed on progenitors

Ligand

B1 family [CD29]
al [CD49a]
a2 [CD49b]

a3 [CD49c]

a4 [CD49d]
a5 [CD49e]
a6 [CD49f]
B2 family [CD18§]
LFA-1 [CD11a]
Macl [CD11b]
CD11c
B3 family

avP3 [Gpllb-Il1a]

Yes

No

No

No

Yes

Yes

No

Yes

Yes

Yes

No

No

ECM/VCAM/MadCAM
Laminin/collagens
Laminin/collagens
Fibronectin/laminin/collagens

Cs1 domain
fibronectin/VVCAM/MadCAM

RGD domain of fibronectin
Laminin/collagens
ICAM 1, ICAM 2

ICAM 1, ICAM 3

Vitronectin, thrombospondin

of

26



Complex cell-ECM interaction may also occur in a bi-directional manner, for example
adhesion of murine HSCs to purified FN, LN and Col was found to conversely enhance
Bl integrins expression [107]. Additionally, hematopoietic cells could also release
molecules which in turn influence the interactions of these cells within the matrix [108,
109]. For example, erythro-megakaryocytic cells were found to synthesize LN-8 [109].
Bidirectional signaling may be one of the reasons that will explain the creation of
abnormal leukemic “niches” favoring the survival, proliferation and differentiation of

leukemic cells.

2.5 Three-dimensional scaffolds for in vitro hematopoiesis

In vitro systems have become invaluable tools for studies of hematopoiesis at different
cellular and molecular levels. With a better understanding of biochemical cues in the
native bone marrow, a representative in vitro model can provide a well-defined platform
for hematopoietic research in contrast to a complex in vivo host environment. While
biochemical factors are easily controlled in most state-of-the-art bioreactors, physical
factors such as scaffolding remain a challenge in ex and in vitro hematopoietic systems.
Current trends are moving toward the development of 3D scaffold as a platform for
hematopoietic cell culture for a better mimicry of the native environment. More
importantly, 3D constructs are believed to circumvent the problem of cell asymmetric
polarity in traditional two-dimensional (2D) tissue culture plastic (TCP) and the lack of
cell-cell/cell-matrix interactions in suspension culture observed in spinning flasks or

bioreactors.
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2.5.1 Macro-porous scaffolds

In the past few years, 3D scaffolds used for ex vivo expansion employed several long-
established biomaterials in tissue engineering i.e. bioceramics (such as hydroxyapatite
HA) [110-112], polyethylene terephthalate (PET) [113, 114], polylactic-co-glycolic acid
(PLGA) [115], or natural collagen [116-118]. These scaffolds, either of natural or
artificial polymers, essentially form a 3D macro-porous (50 - 500um) architecture that
mimics the spongy bone structure on which HSCs attach and proliferate in vivo. Recently,
the identification of two specialized niches (the osteoblastic and vascular niches) within
the native bone marrow has led to several attempts to customize scaffold surfaces for
better resemblance of these microenvironments (Table 2-4). Serum coated bioceramics
tricalcium phosphate (TCP) scaffolds (50 - 85%) significantly enhanced adhesion of
CD34+ cells by 30% compared to the similarly-treated 2D cultures (5%) [119]. This type
of system was modeled as an anchorage structure, when incorporated with essential
supporting cells or growth factors, they have an ability to localize HSCs in specific
‘niche’ demanding for HSC expansion in vitro. In other studies, polymeric materials such
as PET coated with fibronectin alone were proven to enhance the expansion of CD34+
and LTC-IC; these expanded cells appeared to be of erythroid lineage with increased
BFU-E but decreased CFU-GM in vitro [110, 114]. Collagen did not present any similar
effects in the same situations. The mechanism underlying these cell-matrix interactions
remains unclear; nevertheless the observation suggested that covalently conjugated
extracellular proteins on scaffold surfaces might provide a functioning substrate that

mediates several crucial cellular events at different level
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Table 2-4 Summary of biomaterials used for hematopoiesis

Materials Surface Culture condition | Effects on hematopoietic cells References
modified
PET FN Enhanced expansion of CD34+ & LTC-IC Leong 2006
immobilized
Chitosan Heparinized Perfusion Enhanced CD34+ expansion Matthew 2007
bioreactor (CB
CD34+)
In | Collagen Packed-bed Support extensive erythropoiesis Mantalaris 2008
vitro | microspheres bioreactor,  with
EPO (BM MNCs)
Collagen Heparinized to Increased recruitment of CD45+ cells Torensma 2008
trap SDF1a
Bone-derived Coated  with | MyeloCult® Increased  expansion of CD34+ & | Liu2009
(cancellous & | MSCs induced | H5100 (CB | CD34+/CD38- with decreased
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cortex) to osteoblasts | CD34+ or MNC), | CD34+/CD38+ population. More CFU

long term progenitors, mainly BFU-E & CFU-GEMM

compared to CFU-GM in TCP

Polyvinyl formal Coculture with | Expansion of HPC &erythoid cells Miyoshi 2010
(PVF) stromal cells,

hypoxic condition
Tricalcium Coated  with | Serum free | Increased cell adhesion (30-35%) compared | Mishra 2010
phosphate (TCP) | human serum | DMEM (CB | to TCP (5%)

CD34+)
PLGA SDFla Local recruitment of HSCs Tang 2009

In incorporated
vivo | Hydroxyapatite | Coated  with Supporting HSCs and delivering HSCs to | Takashi 2010

(HA) BM stromal native BM in vivo
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2.5.2 Micro-porous scaffolds

In contrast to macro-porous systems where HSCs would attach on scaffold surfaces in a
pseudo 3D manner, micro-porous scaffolds - with pore sizes ranging from 5-20 um within
the dimensional range of a single cell —act as a true 3D cell encapsulation. Similar to
natural ECM, these scaffolds embed cells without entrapping them. Cells are still able to
expand, undergo morphological changes, migrate and remain in contact with other cells
while vital nutrients diffuse freely throughout the matrix. The true advantage of this
culture system is that HSCs are exposed to external forces from all directions. Therefore,
micro-porous systems (i.e hydrogels) appear to be of more beneficial in recapitulating the
native densely-packed bone marrow microenvironments. In one study, 3D reconstituted
collagen 1 fibrillar gel was shown to support HSC expansion while HSCs retain their
undifferentiated state in vitro [120]. An increased frequency of myeloid colony-forming
units CFU-C and an upregulation of growth factors and cytokines expression were
observed. Although, the expansion factor was not significantly affected as compared to
control suspension cultures, it is not conclusive whether these cell characteristics arose
from the cell-collagen interactions or from the spatial restriction of microscale
architecture. Recently, cell confinement in small cavities has also showed to have great
impact on HSC fate decision. Tilo et al revealed that the proliferation and differentiation
of HSCs decreased when they were supported by small fibronectin-coated cavities of
15um [121]. Interestingly, these cells showed lower DNA synthesis and higher expression
of HSC markers than those cultured in bigger cavities (20 - 80 um), suggesting that

confining HSCs in small room may help retain their stemness. This feature, if validated
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would be of great importance in the techniques for ex vivo expansion where artificial
scaffolds come closer to the native bone marrow environment. In another in vivo study,
Mao and his colleagues combined both macro- and micro-porous systems in a hydrogel-
filled calcium phosphate mesenchymal stromal cell (MSC) and HSC co-culture. The
system was successfully transplanted subcutaneously in the dorsum of immune
compromised mice and improved the regeneration of its vascular dependent tissues [122].
Clearly, culture of HSCs in micro-porous scaffolds poses many intriguing questions to the
study of hematopoiesis; is this truly how micro ‘niches’ regulate cell proliferation and
differentiation while maintaining a pool of immature HSCs in vivo? Micro-porous

scaffolds present a promising opportunity to be exploited for different HSC applications.

2.5.3 Nano-structured scaffolds

Recent advances in the ex vivo expansion of hematopoiectic cells emphasize on crucial
role of topographical and biochemical cues on HSCs’ adhesive behaviors, thereby
controlling their homing, self-renewal and lineage commitment. By developing structured
nanoscale topographies in synthetic materials, novel scaffolds, microdevices, and implant
coatings can be fabricated to mimic the native bone marrow environment and improve the
integration of such artificial constructs. The simple and most commonly used method to
create designed nanostructured scaffolds to date is electrospinning, which was shown
effective to a wide range of biomaterials compatible for hematopoiectic cells. These
include polyethersulfone (PES) [123], poly(DL-lactide-co-glycolide) [124], poly(acrylic
acid) [125], or with native collagen fibers [123].This topographical cue alone was shown

able to enhance the capture efficiency of HSCs onto the scaffold surface and cell
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expansion capacity, while maintaining higher CFU potential than film structure made
from the same material [123]. Surface-modified nanofibers with conjugated amino groups
or coated E-selectin also gave favorable effects to the expansion of CD34"CD45"cells
[123-125]. However, this effect was suppressed by the absence of growth factors, which
suggests the supporting role of growth factors in the regulation of hematopoietic cell

proliferation and differentiation [123, 126].

2.5.4 Scaffolds for studying leukemogenesis

In contrast to normal hematopoietic cells, development of scaffolds for leukemia studies
has been rather limited and only began to receive attention in the last few years. Previous
studies on leukemia mostly performed on 2D flask culture provided some basic
understanding of leukemic cell behaviors in vitro. However, growing evidences support
the idea that leukemic cells behave differently in 2D and 3D construct, implying that their
development is dependent on the state of the environment just as normal hematopoietic
cells. Carlos et al recently showed a higher amplification of lymphoma cells on stroma-
coated polystyrene than its comparable 2D co-culture system [127]. Likewise,
mesenchymal stem cell-coated polyurethane scaffolds showed enhanced engraftment of
primary acute leukemic cells when implant subcutaneously in NOD/SCID mice [128].
Different porous polymeric scaffolds were assessed by Mantalaris’s group for their
capability of support leukemic cells in vitro; all of which were superior to 2D controls and
the most effective scaffold material was polyurethane [129]. There is undoubtedly a
discrepancy of leukemic cells behaviors in in vivo and in vitro constructs, thereby

developing 3D scaffolds for study of leukemia is vital in closing this gap. More materials
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are needed to explore before we can come up with the best model for leukemogenesis in

vitro.
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Chapter 3

Characterization of Ca-alginate hydrogel

Success in recapitulating aspects of the bone marrow depends on our ability to mimic both
physical and chemical characteristics of the natural leukemia environment. As one class of
natural hydrogels, Ca-alginate provides a biocompatible hydrated structure that play not
only a role in scaffolding but also introduce important mechanical signal similar to that
from the soft tissues of the bone marrow. Culture of leukemia cells in alginate hydrogels
provide 3D cellular interactions that is not present in 2D tissue flask culture. Although it
is not possible/practical for us to completely recreate the bone marrow ECM due to the
complexity and multiplexity of ECM components, the alginate hydrogel enables us to
recapitulate aspects of the bone marrow ECM microenvironment and tailor it to study
specific cell-ECM interactions. In addition, ECM proteins, when entrapped in the Ca-
alginate in their most natural forms, would expose more binding sites for cell interactions
than the modified/conjugated protein segments found in some other studies. By that way,
Ca-alginate hydrogel with encapsulated ECM proteins provides an effective tool for
recreating aspects of the in vivo bone marrow microenvironment. This chapter will define

mechanical properties of the Ca-alginate hydrogel while chapter 4 and 5 will address the
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ability to manipulate its characteristics to recreate the physical and mechanical signals
present in the bone marrow. The study in this chapter will focus on the microscopic
observation, morphological analysis, quantification of mechanical properties, and
evaluation of overall structural integrity of the gel as a soft encapsulating system for

hematopoietic cells.

3.1 Introduction

In realizing a true 3D encapsulation system effective for hematopoiesis, we examine and
highlight the potentials of Ca-alginate hydrogels in mimicking different aspects of the
bone marrow environment. Firstly, Ca-alginate is known for its non-toxicity,
biocompatibility and simple handling procedure. These excellent features make it a useful
material in tissue engineering including scaffolding for endothelial cells [130], embryonic
stem cells [131, 132], and mesenchymal stem cells [133]. However, so far to our

knowledge, it has not been employed for hematopoietic cell applications.

Although HSCs are suspension cells, they still require a bone marrow mimetic
scaffold in supporting their normal in vivo behaviors. Such scaffold should resemble the
intense network within the bone marrow microenvironment as the hydrated fibrous Ca-
alginate hydrogel, and its stiffness should resemble those of soft tissues (1-100 KPa).
Conformational properties of the Ca-alginate hydrogel are strongly dependent on the ratio
of the component monomers as well as their overall distribution. Polyguluronateblocks
(GG) are stiffer than the polymanuronate (MM), while the heteropolymeric blocks (MG)

are the most flexible. The possibility of tuning structural and biochemical properties by
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simply adjusting its monomer composition allows the manipulation of Ca-alginate in
resemblance different ‘niches’ within the bone marrow - whether it is the basal muscle

tissue near epiphysis or the space-filling fatty marrow in the diaphysis.

Diffusion profiles within the Ca-alginate hydrogel are also beneficial to the
encapsulated cell. For Ca-alginate beads of 1.5%, it was calculated that the diffusion
coefficients of small solutes (O, and glucose) were in the range of 6 — 14 x 10° cm?/s
[134], which is favorable to solute-waste exchange necessary in cell culture. Variations in
the chemical constituents can also be used to control various physical properties of the
hydrogel [135-137]. Biofunctionalization by the conjugation of a specific protein peptide
or ligand [128] can be tailored to enhance specific interactions [138] thus creating a

designer-specific 3D bio-synthetic in vitro microenvironment.

Given the flexibility and tunable physical properties of the Ca-alginate hydrogel
system, we believe that cell encapsulation in Ca-alginate hydrogels can provide a realistic
3D in vitro model for studying leukemogenesis. We hypothesize that matrix presentation
performed in a 3D microenvironment will be more representative of in vivo interactions

and result in alterations of cellular interactions and functions from those observed in TCP.

3.2 Materials and methods

3.2.1 Materials

Sodium-alginate, CaCl, and phosphate buffered salt (PBS) powder were all purchased
from Sigma Aldrich. A 0.10 M CaCl, solution was prepared by dissolving CaCl, powder

in ultrapure water with 0.01% Tween-20 and 10mM HEPES. Alginate solutions were
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prepared by dissolving 1.1% Na-alginate in PBS and then adding 2% gelatin solution

(Sigma Aldrich) at ratio 19:1 to obtain mixture of 1% alginate and 0.1% gelatin.

Figure 3-1 Molecular structure of alginate polymer

3.2.2 Generation of gel block

Alginate solution was poured into a mold with tiny pores and placed in a cubic container.
50ml of CaCl, solution was then added to initiate gelation. Gelation of Ca-alginate
hydrogels occurs due to cross-linking action of Ca®* ions with carboxylic groups in the G-
blocks. To ensure a homogeneous reaction, the cubic container was capped and placed on
the orbital shaker for 24hours. This allows a slow and homogenous diffusion of Ca®* into
the alginate solution during the gelation process and will result in a homogenous block of

Ca-alginate hydrogel.

Figure 3-2 Preparation of gel blocks
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3.2.3 Mechanical characterization

Compressive stress test was done on an Instron mechanical testing machine, at a rate of
0.0001mm/s. Briefly, the cyclindrical block of Ca-alginate was placed on the stand,
immersed in the respective CaCl, solution. Data collected was plotted as in stress-strain
curve and elastic modulus (E) was calculated from the slope in the linear viscoelastic
range.Network crosslink density, pxandthe average mesh size, &, of the polymeric were

calculated by Flory’s theory [127] and the equivalent network theory [129]:
px = E/3RT
& =(6/mpNp)

where R is the universal gas constant, T is the absolute temperature and Na is the

Avogadro constant.
3.2.4 Scanning electron microscopy

Selected hydrogel samples were gently rinsed with PBS, fixed with 3% glutaraldehyde,
and post-fixed with 1% osmium tetraoxide. Samples were dehydrated using a graded
series of ethanol followed by hexamethyldisilazane drying. Finally, samples were gold
sputter-coated before viewing under field emission scanning electron microscope (SEM;
FEI Company, Hillsboro, OR, USA) for surface and cross-section morphology scanning.

Images were taken at x4000, x4500 and x5000 magnification.

3.2.5 High-performance liquid chromatography(HPLC)

39



HPLC on Zorbax 5um column (Eclips ZDB-C18, Agilent) was performed using Agilent
HPLC instrument to determine the M:G ratio of the commercial alginate used. Mobile
phase contained 2mM potassium diphosphate KH,PO,4 + methanol 5% in ultrapure water.

Flow rate was set at 1.5ml/min and UV wavelength was 210nm.

3.3 Results

3.3.1 Mechanical properties of alginate hydrogel (HV vs LV)

In this study, we utilized two types of commercial alginate namely high viscosity
(~250cP, HV) and low viscosity (~20cP, LV) to investigate various characteristics of the
hydrogel model. Different molecular weights of each constituent polymer gave different
mechanical characteristics of the resulting gel. In general, LV alginate creates 2-3 times
softer gels than those made from HV alginate in the presence of the same amounts of Ca?*
ions. The stiffness of the HV alginate hydrogel in 150 mM of Ca®* solution was found to
be at 13 KPa compared to 6 KPa of gels composed from LV alginate. As we lower the
concentration of Ca?* ions, gel stiffness from HV alginate was measured as 11KPa while

those of LV alginate was 4.5KPa in 40 mM Ca’* solution.
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Figure 3-3 Mechanical properties of Ca-alginate hydrogels.(a) and (b) Stress-strain
curve of HV and LV alginate hydrogels made from 40-150 mM Ca** concentrations. (c)
Calculated E modulus and mesh size of HV and LV alginate hydrogelsindifferent Ca®*

concentration

Figure 3-3 shows the stress-strain curve of alginate hydrogels made from two
different types of material. In both HV and LV alginates, hydrogels exhibit high elasticity;
able to withstand the maximum stress of around 10* N/m and a deformation up to 50%
before losing their integrity. Stiffness of the matrix was found in a small range of 11-13

KPa for HV (Figure 3-3a) and 6-7 KPa for LV alginates (Figure 3-3b) (40-150 mM
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concentration of Ca’"). Data from matrix stiffness were found close to those of the
muscular (HV alginate) and adipose (LV alginate) tissues. LV alginate, despite lower
matrix stiffness, appeared more resilient to stress (higher elastic limit) than HV alginate

did.

Calculated mesh size of the system ranges from 12-13 nm for HV and 16-18 nm
for LV alginate. This data gives an approximate internal pore size of the hydrogel, which
is also roughly 100 times smaller than a single cell; the average size of a hematopoietic
cell being 20 um. Thus the alginate hydrogel provides a truly microporous environment

which encapsulates cells within the confines of its matrix.
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Figure 3-4 Morphology of alginate beads made from HV (left column) and LV (right
column) alginates. (a) (b) (c) and (d) represent various Ca?* concentration of 27mM,
40mM, 70mM and 100mM respectively. Scale bar 500um
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Figure 3-4 shows the overall shape and morphology of alginate beads at different
Ca?* crosslinking concentrations. It was observed that LV alginate maintains its spherical
shape regardless of the Ca** concentration (27-100 mM). On the other hand, the integrity
of hydrogel beads made from HV alginate is highly affected by the amount of Ca®* ions
available for crosslinking. Concentrations of Ca** below 100 mM were insufficient for the
gel to form a nice spherical shape. This phenomenon may be explained by reasoning that
high MW polymers in HV alginate would require more Ca®" ions for holding the long
chain polymers together to form tight structure in the hydrogel. Insufficient crosslinking
may result in slack and irregular gel architecture. Bead sizes range from 2.4 — 2.7 mm for

both HV and LV alginates.

3.3.2 SEM imaging

SEM images of our Ca-alginate hydrogels revealed a highly fenestrated surface and pore-
like structures of <5um (Figure 3-5) on their exterior surfaces. The fenestrated surfaces
and fine textures along the surfaces of the alginate hydrogel provide a high surface area,
which is beneficial to nutrient, ion and oxygen transport. The internal structure of the Ca-
alginate is densely-packed (Figure 3-6) which resembles the condensed environment in

the bone marrow.

HV and LV alginates exhibited distinct architecture with respect to Ca?*
concentrations (Figure 3-8). Increasing Ca®* crosslinking density made polymer bundles
in HV alginate thinner, exhibiting more Kinks, resulting in a concave appearance on the
surface. Exterior surface of the bead with lowest Ca’* concentration of 27.57mM contains
fewer folds and the distance between two folds is greater, leading to larger pore sizes

(5um). These pores facilitate the entry and subsequent diffusion of nutrients and oxygen
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Figure 3-5 Cross-section architecture of alginate hydrogels. (left column) HV alginate,
(right column) LV alginate; (a) (b) Crosslinked with 70mM and (c) (d) 100mM of Ca**

concentration. Scale bar 5pum.

to the encapsulated cells. With increasing Ca** concentration, the number of folds
increased, shortening the distance between two folds and hence resulting in smaller but
higher density of pore. The surface of Ca-alginate bead with the highest Ca**of 100mM
has the greatest density of folds and pores, the size of which is <1 pum. On the other hand,
LV alginate appeared smoother with less polymer folds as more Ca®* crosslinking are
present. Pores were hardly observed in saturated Ca®* crosslinked LV alginate (100-
150mM). We predict that alginate hydrogel made from LV alginate crosslinked with Ca**
concentration of > 100mM would likely be unfavorable for cell culture. In examining the
cross-section morphology of the inner gel architecture, we observed more texture and
ridges created by polymer folding in both HV and LV alginate crosslinked in higher

concentration of Ca** ions (Figure 3-7).
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Figure 3-6 SEM images of Ca-alginate hydrogel surface. (left) HV, (right) LV; (a) (b)
27mM, (c) (d) 40mM, (e) (f) 70mM and (g) (h) 100mM of Ca®* concentration. Scale bar 5

pm.
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3.3.3 M:Gratio (HV vsLV)

Figure 3-4 shows the HPLC profile of two sodium alginate salts constitutive of the
hydrogel structure. Two major peaks corresponding to the G and M acid blocks
respectively. It was calculated from the chromatograph that M:G ratio of HV alginate was
0.49 and that of LV alginate was 1.78. The HV alginate has a higher number of G-blocks
than LV alginate. This data is in agreement with the mechanical characterization of our
HV and LV alginates: alginate with low M:G ratio i.e. high content of GG blocks tend to

give stiffer matrix.

A

Figure 3-7 HPLC results of two different alginates. (a) HV, (b) LV
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3.4 Discussion

This study examined three important properties of Ca-alginate hydrogel including matrix
architecture via morphological analysis, stiffness of matrices and the M:G ratio of each
alginate material, which will help in understanding the capability of such materials in
hematopoietic cell culture applications. Gel morphology and the analysis of surface-to-
volume ratio will give us an idea of transport properties within the highly dense hydrogel
matrix; high fold density would be more beneficial to the distribution of proteins and
nutrients within the matrix thus supporting better cell growth. Matrix stiffness was
examined and variation in the chemical constituents will gives us some ideas on the how
the gel can resemble that of the natural tissues while the M:G ratio will provide
information on the polymer constituents and its crosslinking capacity in tuning

mechanical strength of the matrix.

From the study, elastic modulus of LV alginate hydrogels was generally lower
than HV alginate. A low elastic modulus may not be suitable for the fabrication of
scaffolds in culturing cells that require moderate mechanical strength and support for their
optimal growth. The yellow marrow within the medullary cavity of cancellous bone
consists mainly of adipose tissue which has Young’s moduluss of 3-4KPa [139] while the
main hematopoietic site — red marrow — consisting of a network of fibers would have
higher stiffness measurement. In other studies, elastic modulus of soft tissue in general
was found to range between 25-300KPa [140] while those of natural collagen fibers and

elastin proteins were 1 GPa and 0.6 MPa respectively [141]. Hence, HV alginate is
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believed to better resemble the intricate natural hematopoietic microenvironment and it

will be used as our standard material in the latter cell studies.

The extent of ionic crosslinking affects the shape and overall integrity of alginate
hydrogels, especially in the case of HV alginate. Beads made from HV alginate can only
achieve uniform shape at 100mM concentration of Ca®* ion, lower crosslinking density
leads to more irregular shapes formed using the gel-drop method. The mechanical
characteristics of HV alginate can be slightly altered by changing the crosslinking divalent
ion (such as Ba?*, Sr**) and its concentration. Replacing Ca?* with Ba®* or Sr** generally

produces stronger beads but reduces the gel permeability in high-G alginate [142, 143].

The SEM images revealed that micro-scale topography of HV and LV alginate gels
might be different. Recall that alginate gelation process is achieved by the exchange of
Na* ions from the guluronic acids with the divalent Ca** cations, conformation of the
hydrogel is therefore highly dependent on the composition of both Ca** and availability of
GG blocks of the alginate. In HV alginate, which has a higher proportion of G monomers,
has more GG blocks. Thus increasing Ca®* concentration results in higher crosslinking
density, greater degree of polymerization and microtexturing of the polymers. However,
due to the likelihood of longer chain polymers in HV alginate, we hypothesize that the
organization of crosslinked chains will only begin to improve in the presence of high Ca®*
ion concentrations, thus at 40 mM Ca®" microtextures of alginate hydrogels have not yet
formed. Contrary to HV alginate, LV alginate made from low MW polymers has less GG
constituents and is more likely to have short GG polymer chains. At very low
concentration of Ca**, polymerized short chain GG polymers in LV alginate can readily

arrange themselves randomly, resulting in finer structure and textured surface. When more
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Ca®* ions are present, longer chains of GG-Ca’*-GG crosslinking can form and the
stacking of crosslinked GG groups into an egg-box structure can result, leading to thicker
bundles of polymer. This stacking of crosslinked short chain polymers may establish
elongated bundles, and has a conformation similar to that seen in HV alginate with long
polymer chains. We argue that the density of fenestrated surface in LV alginate hydrogels
decreases with increasing Ca?* concentration as the high cross-linking density result in

blocks of crosslinked GG polymers.

While increasing Ca?* crosslinking density improves mechanical properties of the gel,
shrinkage of pore size in high Ca** crosslinked alginate is expected, especially in LV
alginate as revealed by SEM surface scan. This may lead to increased mechanical stress
on encapsulated cells affecting the cell viability during the gelation process and a
limitation in transportation within the matrix. The choice of making alginate would
therefore depend on the specific application. Gels made from LV alginate can be
crosslinked with low Ca** concentration (40-70 mM). However, if we were to choose the
stiff scaffold to introduce certain mechanical signals as in our latter cell studies, HV
alginate and Ca** of 100 mM is needed to maintain the gel integrity and minimize the

compromising of the nutrient transportation.

The M:G ratio obtained from HPLC data is valuable in understanding the mechanical
properties and crosslinking capability of alginate salts. Low M:G ratio meaning high
content of GG blocks explain for the stronger matrix and highly textured surfaces in HV
alginate. While Ca?* crosslinking density of 100mM is almost ‘saturated’ in LV alginate

with highly compact surface, HV alginate can still accommodate more crosslinking and
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stacking of polymer bundles. The M:G ratio is therefore useful in predicting crosslinking

patterns and behaviors of an alginate hydrogel for better control of matrix characteristics.

3.5 Conclusion

Alginate hydrogel was investigated as a highly hydrated network of polymers which is
close to the native fibrous structure within the bone marrow. Stiffness of HV alginate was
found in the range of 11-13 KPa while that of LV alginate was 6-7 KPa. Calculated mesh
size of the system is approximated 100 times smaller than the size of a single cell.
Varying Ca”* concentration proved to have little impact on gel stiffness, but the integrity
and micro-structure of the resulting hydrogels is affected. Macroscale gel architecture
determines gel durability in long-term cell culture while the microscale topography may
have greater direct impact on the cells themselves. In fact, culturing hematopoietic cells in
confined spaces (15um) has proven to retain stemness of HSCs, as reducing the cell
proliferation and differentiation while expressing higher stem cell markers [121].
Microscale topography is therefore an important consideration in reconstructing the bone
marrow environment. Another advantage of the alginate system is the simple handling
procedure and well-manipulated beads that make Ca-alginate hydrogel a power tool in

hematopoietic cell applications.
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Chapter 4

Cell-matrix interactions in 3D Ca-alginate culture

The Ca-alginate hydrogel is predicted to provide a true 3D encapsulation that support cell-
cell and cell-matrix interactions. Results from chapter 3 suggest the use of HV alginate to
create an inducive scaffold that replicate the physical properties of the bone marrow
structure. The Ca?* concentration of 100mM is the lowest concentration necessary to
maintain the bead integrity, especially for long-term culture while predicted not
compromising the nutrient transportation for leukemic cell culture. Hence, it was used as
our standard method in constructing the 3D Ca-alginate culture system. In this chapter, we
investigate the capability of Ca-alginate hydrogel in facilitating leukemic cell proliferation
and differentiation. The possibility of adjusting its properties for increased cell growth
will be explored while differences in both 2D and 3D context are highlighted for better

insights into in vitro cell behaviors.
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4.1 Introduction

Cell-matrix interactions exhibited different characteristics in 2D and 3D context. It was
once proven that 2D culture system projects tangential cell-ECM interactions compared to
the in vivo state, and hence resulting in unnatural cellular binding and altered
mechanotransduction [144]. These changes would influence subtle cellular processes such
as global histone acetylation [145], proliferation, apoptosis [146], differentiation, and
gene expression [147], and as a result lead to the misinterpretation of molecular cues of
hematopoietic cells in their natural 3D environment.

Tuning mechanical characteristics of the matrix is therefore capable of directing cell
behaviors. For example, increasing crosslink concentration would reduce pore sizes,
reducing the transportation within the matrix while exerting more stresses on the
encapsulated cells. The harsh environment might therefore turn off proliferation and
trigger apoptosis or differentiation.

This chapter highlights the differences found in the cell proliferation and
differentiation cultured in 2D and 3D context. Cell viability and morphology are also
assessed in tuning various alginate components, including the componential alginate and
Ca’* crosslinking used, and the sizes of hydrogel beads in an attempt to optimize

conditions for hematopoietic cell culture in vitro.
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4.2 Materials and methods

4.2.1 Materials

Sodium-alginate, CaCl, and phosphate buffered salt (PBS) powder were all purchased
from Sigma Aldrich. A 0.10 M CaCl; solution was prepared by dissolving CaCl, powder
in ultrapure water with 0.01% Tween-20 and 10mM HEPES. Alginate solutions were
prepared by dissolving 1.1% Na-alginate in PBS and then adding 2% gelatin solution

(Sigma Aldrich) at ratio 19:1 to obtain mixture of 1% alginate and 0.1% gelatin.

4.2.2 Cell encapsulation

Cells were resuspended in 1 ml of alginate-gelatin mixture at concentrations of 1-5 x 10°
cells/ml. Assays of 96-well plates were prepared by adding 100ul CaCl; solution to each
well and the cell-alginate mixture was dropped from the height of 3 cm through a 25G
needle into wells containing CaCl, solution. Cell-encapsulated gels were solidified within
5 mins after contact with CaCl,forming spherical beads of 2.1 mm in diameter, one bead
per well. The cell-encapsulated beads were then carefully washed thrice with sterile PBS
before cell culture. All the above reagents were sterilized by autoclaving and/or filtering

through 0.2 um membrane prior to use.
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Scm

Figure 4-1 Process of making alginate hydrogel. (a) Cell-suspended alginate solution
was dropped from the height from 5cm to the CaCl; bath in the preparation of Ca-alginate

hydrogel, (b) micrograph of a hydrogel bead. Scale bar 500um.

4.2.3 Cell culture

Human leukemic K562 cells (ATCC) were cultured in a 75 cm? tissue culture polystyrene
(TCP) with Iscove’s Modified Dulbecco’s Medium (IMDM; Invitrogen) supplemented
with 10% fetal bovine serum (FBS; Hyclone) and 1.5g/lI sodium bicarbonate (Sigma
Aldrich) according to ATCC formulation. Encapsulated cells for the 3D culture were
cultured in 96-well plates containing the same media as stated for the 2D TCP culture.
Cells were cultivated at 37°C in a fully humidified 5% CO, incubator for up to 2 weeks.
Cell cultures were monitored daily on the light microscope and a change of media was

performed every two days.
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4.2.4 Cell proliferation assay

Assays were performed in 96-well plates, containing K562 cells cultured either in 2D
plates or 3D hydrogels. Cell proliferation was quantitatively assessed by a highly stable
WST assay (Cell Counting Kit-8; Dojindo), which uses tetrazolium salt WST-8 (2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,3-disulfophenyl)-2H-tetrazolium,
monosodium salt). WST-8 is bioreduced by cellular dehydrogenases to an orange
formazan product that is soluble in tissue culture medium. The procedure is described in
Figure. In short, assay plates were incubated for 2h at 37°C and 5% CO,. Absorbance was
measured at 450 nm. A standard curve was constructed by plotting absorbance of known
cell numbers for calculating the number of viable cells in assay.Cell population doubling

time (PDT) (in hours) was calculated according to the established formula:

Where 1y, I, are the absorbance reading and T is the duration of the 2 time points within

the exponential phase of cell proliferation.

4.2.5 Cell viability and morphology

Cell survival in 2D and 3D cultures were monitored via live/dead staining and performing
manual cell counts using a viability stain. For live/dead staining, viable and dead cells
were stained at a concentration of 4 uM Calcein-AM (Invitrogen) and 8 UM propidium
iodide (PI; Sigma Aldrich) respectively. Cell mixture was incubated at 37°C for 15 mins.
Images were taken with Axiovert 200M fluorescence microscope (Carl Zeiss) using FITC

and Rhodamine channels. For a manual cell count, the Ca-alginate hydrogel beads were
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dissolved in a dissolution buffer to retrieve all the hematopoietic cells. The bead
dissolution buffer contains 50 mM tri-sodium citrate dehydrate, 77 mM NaCl and 10 mM
HEPES (Sigma Aldrich). Cells were washed, stained in Trypan blue solution, and

visualized under the microscope using a hemacytometer.

For a morphological analysis and hematological identification of the K562 cell
population, cultured cells were washed, cytospun and stained in Hemacolor® (Merck
Chemicals), a rapid Wright-Giemsa based staining solution Kit, air-dried and visualized

under the microscope.

4.2.6 Flow cytometry

Surface expression of different lineage-specific markers on K562 cultured cells were
analyzed by Epics-Altra (Beckman Coulter) flow cytometer, equipped with a 488 nm
Argon laser. At each passage, 0.5-1.0 x 10° cultured cells were harvested and incubated
with directly labeled anti-human CD34, CD38 (common stem cell markers); GPA, CD71
(erythroid); CD13, CD16b (granulocytic); and CD41b and CD42b (megakaryocytic) (BD
Bioscience). CD34, GPA, CD42b and CD16 were pre-conjugated with fluorescein
isothiocyanate (FITC); CD38, CD71, CD41 and CD13 were pre-conjugated with
phycoerythrin (PE). Staining buffer contains 2% FBS and 0.1% sodium azide (Sigma

Alrich). Matched isotype controls were used for gating and analysis purposes.
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4.3 Results

4.3.1 Cell proliferation and viability

It is noted from light microscope observations that cells cultured in 3D tend to take shape
and orientation according to the pores or wedges of the matrix, with greater tendencies in
clumping together to form tight aggregates within the hydrogel (Firgure 4-2). Boundaries
between cells are harder to distinguish due to tight cell-cell interactions maintained in a
3D architecture. Clusters of K562 cells in 3D alginate range from 60-100 pm in diameter
at day 5 and rapidly grew up to 2-3 times bigger at day 11 when they occupies all the
available spaces. On the other hand, cells in 2D appear smaller (~ 20 um) compared to

those in 3D (~ 35 um) and tend to be loosely stacked on top of each other.

Figure 4-3 shows the growth profile of K562 cells in 2D versus 3D. Cell
proliferation in 3D hydrogel was comparable to 2D culture; the maximum growth
achieved was 18-19 folds for an initial seeding density of 1 x 10° cells/ml in both culture
systems. Expansion capacity of K562 cells, on the other hand, was more advantageous in
the 3D hydrogel culture; as it is not dependent on the seeding density as seen in 2D
culture. This feature would be beneficial in the long-term as high cell density does not
affect the growth rate. At higher seeding densities (2-5 x 10°cels/ml), better expansion
was achieved in 3D hydrogels (~14 fold) as compared to the 2D culture (~6 fold). Despite
the long lag phase, cells cultured in 3D hydrogels have a comparable average cell
population doubling time (PDT) with 2D culture in the first 4 days. The cell PDT in 2D

was 23 hours at 1 x 10° cells/ml, longer at 5 x 10° cells/ml (42 hours); while those in 3D
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culture were 26 hours at both initial seeding densities. K562 cells doubling time was

reported at around 30 hours in vitro.

Figure 4-2 Micrographs of K562 cells in 2D vs 3D culture. Images were taken at day 3

(top row) and day 7(bottom row). (a) (c) 2D; (b) (d) 3D. Scale bar 50 um

Table 4-1 Average population doubling time (PDT) of K562 in 2D vs 3D culture over
the first 4 days of culture.

Cell density (cells/ml) 2D 3D
1E5 23 26
5E5 42 26.5
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Figure 4-3 Cell proliferation in 2D TCP vs 3D alginate hydrogel cultures as

measured by WST assay at different initial seeding density from 1-5 E5 cells/ml

In terms of culture adaptation, 3D cultures suffer from a longer lag phase of ~2
days as compared to the 2D culture which reflects an increase of ~6-9 folds after two days
in culture. Cell viability was quite low in 3D culture for the first week (40-60%) but
increased and stabilized at ~ 75% afterwards up to 2 weeks (Figure 4-4). It was observed
that live cells are evenly distributed throughout the 3D hydrogel suggesting that the gel
structure and composition does not limit nutrient and waste exchange throughout the

matrix.
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Figure 4-4 Viability of K562 cells in 2D TCP and 3D Ca-alginate hydrogel cultures
as manually counted using trypan blue exclusion dye (a) and in live/dead

fluorescence cell staining (b). Live cells — green, dead cells — red. Scale bar 200um.
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4.3.2 Spontaneous differentiation of K562 cells in 3D hydrogel

Typical phenotype of K562 cells cultured in 2D system expressed immature myeloblastic
characteristics (98% CD34°CD38") (Table 4-2). In contrast, culture of K562 cells in
alginate hydrogel activated ~40% of the cell population to CD38"; among them ~40%
were CD34°CD38" progenitor cells and ~60% were at later stage (CD34°CD38") (Table
4-2). It is postulated that these two populations form the activating progenitor and

differentiated pools in the 3D cultured cells.

Table 4-2 Expression of CD34 & CD38 markers in K562 cells in different culture
systems

‘ CD34°CD38" CD34'CD38° CD34CD38" CD34CD38
2D 0.2% 0.4% 1.0% 98.5%
3D 15.9% 3.1% 23.2% 57.8%
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Figure 4-5 Micrographs of Wright-giemsa stained cells cultured in 2D (a) & 3D (b)
at day 7. Cells cultured in 3D expressed morphology of late megakaryocytes (1),

granulocytes (2) and erythrocytes (3).
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Wright staining of the cells at day 9 reveals some distinguished degree of
differentiation in different conditions. Cells cultured in 2D at day 9 were mostly still in
primitive stages of early myeloblasts (~ 20 um in diameter) and expressing a tendency to
differentiate toward erythroid lineage with round condensed nucleus. No megakaryocytes
or band cells were observed. On the other hand, K562 cells cultured in 3D appear more
heterogeneous (~ 20 — 35 um) with the presence of more mature cells of all four lineages

(erythroid, megakaryocytic, granulocytic and monocytic).

4.3.3 Optimization of alginate hydrogel size

To test the effects of bead size on cell expansion, various gauge needles (21 — 30G) were
used to produce different sized beads. Our results showed that the smallest sized bead (<
1.8 um) had the greatest expansion capacity, reaching two times greater fold expansion
(30-fold) than our standard beads at 2.1 um; this is likely due to the larger surface contact
areas to volume ratio in smaller beads which may influence expansion capacity. In
optimizing the components of the hydrogels, low alginate concentration (1%) produced

the best result.
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4.3.4 Effects of low viscosity (LV) alginate

Cell morphology, proliferation and viability of K562 cells were also assessed in culture of
LV alginate crosslinked by the same concentrations of Ca®*. In contrast to HV alginate
(Figure 4-2), individual cells in LV alginate beads can be clearly distinguished under light
microscopy at day 7 (Figure 4-7). Cells at periphery of each clump still maintain a normal
rounded shape, suggesting lower mechanical stress exerted from the surrounding matrix.

Clumps of cells appear ovals rather than wedges seen in HV alginate.

Figure 4-7 Morphology of K562 culture in alginate hydrogel at day 3 (left column) &
7 (right column). (a) (b) (c) light microscopy; (d) Live/dead cell staining. Scale bar 100

jm.
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Figure 4-8 Viability (a) and proliferation (b) of K562 cells in different alginate

hydrogels. Initial cell seeding density was 5 x 10° cells/ml
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As predicted by the mechanical properties of the alginate hydrogel, LV alginate
yields higher viability ~ 100% at most concentrations of Ca®* crosslinking density through
the first 7 days (Figure 4-8a). Fold expansion of cells in LV alginate achieved at day 7
was approximately 30x higher than those cultured in HV alginate (figure 4-8b), even
though the estimated doubling time averaged over 7 days for LV alginate was around 30-
31 hrs, which is comparable to that of cells grown in HV alginate. Cells in LV alginate
appear to sustain longer cell proliferation, while cells cultured in HV alginate reached a
growth plateau before day 7 (Figure 4-3). This phenomenon, together with the shorter lag
time observed in LV alginate explains for the higher fold expansion of cells cultured in
LV alginate at day 7. Contrary to alginate components, Ca** concentration did not seem to
significantly affect the cell proliferation, except for 150mM concentration of Ca?*
crosslinking, which hamper the proliferation of K562 cells in both HV and LV alginates.

Cell viability in high Ca®* (>100mM) were also reduced, especially in HV alginate.

4.4 Discussion

In this chapter, we studied the biological response of K562 cells cultivated in Ca-alginate
hydrogel. More specifically, we were interested in quantifying the overall cell survival
and growth over a short-term culture (2 weeks) and drew comparisons to in vitro
behaviors typically observed on a standard TCP culture. Through microscopic
examination, we observed their time-lapsed behaviors in movement and cellular
interactions in both 2D and 3D culture settings. We quantified cell proliferating capacity

by obtaining cell growth curves and estimating their doubling times in each setting.
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Differences in cell proliferation between 2D and 3D culture are clearly attributed from
the different nature of cell microenvironments provided in each culture setting. Cells
suspended freely in medium (2D culture) presented high mobility where clusters of cells
are immediately formed within hours after seeding and hence, cell expansion begins
rapidly. In 3D culture, cells are singly suspended inside the gel matrix and do not form
direct cell-cell contact as readily due to mechanical resistance in the gel matrix. Therefore,
cells cultured in 3D hydrogel tend to take a much longer time to adapt to their
microenvironment, exhibiting a longer lag phase than 2D cultures. However as the cells
begin to proliferate, close cell-cell interaction is facilitated in 3D culture and more space
for expansion is available compared to the 2D environment. As a result, their proliferation
was maximized and these cells were able to reach high growth rate with doubling time
close to leukemic cells exhibited under in vivo condition. Growth profiles in 3D cultures
appeared less dependent on the seeding density as seen in 2D culture. Greater surface-
area-to-volume ratio presented in the 3D culture is another reason for longer sustenance of
cellular growth observed in 3D hydrogels than in 2D TCP cultures. Healthy cell growth
and sustained viability up to 2 weeks observed in 3D Ca-alginate hydrogels suggest that
there are minimal restrictions to solute-waste exchange within the hydrogel matrix [134].
Diffusion coefficients of small solutes (O, and glucose) were calculated as high as 6 — 14

x 10 cm?/s in 1.5% alginate [134].

Despite the limitation in maintaining good cell viability during the first week, Ca-
alginate hydrogel presents subtle mechanical cues to the regulation of cell behaviors in a
representative 3D manner. Cells cultured in 3D alginate system exhibited an expansion of

the progenitor pool (CD34%) which is in agreement with those found in the bone marrow
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from CML patients [149]. As with the differentiated pool, the cell phenotype showed high
proportion of granulocytic and megakaryocytic series [149] which is also similar to that
expressed in 3D culture. These observations are in contrast to the typical cell behaviors
observed in 2D TCP cultures as the latter skews differentiation of K562 cells toward the
erythroid lineage. Cellular behaviors observed in 3D hydrogel cultures show greater
resemblance to observations in vivo and supports the idea that 2D culture is likely to
misrepresent the subtle mechanical signals thus affecting leukemic cell proliferation and

differentiation.

In optimizing the hydrogel bead preparation, our data indicated that greater
expansion capacity can be achieved using smaller sized beads by maximizing the cell-
surface contact to volume ratio, increasing the efficiency of fluid exchange. Moreover,
such culture systems are much more practical for cultivating cells in bioreactors allowing
greater ease for scale-up. Concentration of alginate should be kept at low amount (1%) to

provide more rooms for cell expansion.

We observed that LV alginates were more favorable for cell survival and proliferation
than HV alginates. Rounded morphology of the cells is still maintained in 3D hydrogel of
LV alginate compared to those in HV alginate, implying lower mechanical stress and
lesser confinement of cells in LV alginate hydrogels. As a result, clumps of cells cultured
in LV alginate appear more even and in oval shape. On the contrary, with a stiffer matrix
in HV alginate hydrogels, cell expansion is more restricted, and the clusters tend to
elongate along the bead radii. Clusters of K562 cells therefore appeared wedge-shaped in

HV alginate hydrogels.
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Low viscosity alginate (yielding matrix of 4-6KPa stiffness) revealed an evidential
increase in cell proliferation compared to HV alginate. At this time, it is still not known to
us whether the improved cell survival and growth in LV alginate is triggered by molecular
signals from mechanotransduction or simply a space-advantage of the LV alginate matrix.
It seems from the study that softer structure with matrix stiffness close to the native
adipose tissue is more favorable for leukemic cell proliferation while increased matrix
stiffness causes cell apoptosis/differentiation/de-differentiation. The underlying
mechanism remains unclear. Nevertheless, by introducing tunable mechanical signals, Ca-
alginate presents potentials in mimicking different niches within the native bone marrow

environment.

4.5 Conclusion

Ca-alginate hydrogel was shown as an effective platform to support cell proliferation and
differentiation of K562 cells as those observed in vivo. Cell proliferation rate was
maximized, achieving average doubling time of 26 hours regardless of initial cell seeding
density. Population phenotype also exhibited heterogeneity, representing characteristics of
all four myeloid lineages. In optimizing the hydrogel preparation, we found that small
beads (<2um in diameter) made of 1% alginate and the use of LV alginate is more
advantageous to the cell proliferation. However, utilizing HV alginate might be desirable
to investigate the role of mechanotransduction in erythroleukemic cells, which was shown
to potentially play an indispensible part in controlling the cell proliferation and

differentiation. For studies on cell-ECM interactions, it is therefore imperative to develop

72



a realistic 3D scaffold that introduces appropriate mechanical signals as what are present

in the native bone marrow environment.
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Chapter 5

Role of cell-ECM interactions

Incorporation of proteins within the Ca-alginate hydrogel makes it possible to recreate
special ‘niches” mimicking the bone marrow microenvironments. This chapter explores
the effects of soluble proteins entrapped in hydrogel matrix in the regulation of
erythroleukemic cell behaviors in vitro. The proliferation and differentiation of K562 cells

will be investigated in more details with comparison to a 2D control system.

5.1 Introduction

We know that ECM plays an active role in directing cellular activities and that the cell
surface contains receptors that respond to extracellular signals. As soon as ligand-receptor
interaction is established, the biochemical machinery involved in the control of gene
expression begins. The understanding of cell differentiation and functions therefore begins
from a thorough knowledge of cell-cell and cell-extracellular matrix (ECM)

communication mechanisms.
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There are at least two main pathways by which the ECM can affect cell behavior.
One is via the mobilization of growth or differentiation factors, which modulates cell
proliferation and controls cell phenotype [150]. The other is via receptor-ligand binding in
cell-ECM interactions, which directly modulate cell functions as the receptor-mediated
signaling pathways become activated.

The identification of cell binding sites within extracellular molecules is thus a key
step toward identifying the mechanisms of cell- ECM interactions. These molecules
consist of non-integrin and integrin receptors. As soon as ECM molecules bind to their
specific receptors, cytoplasmic domain changes its morphology, leading to changes of the
cytoskeleton at focal adhesion sites. This attachment occurs rapidly (within minutes) as a
result of increased avidity rather than increased expression [151]. Finally, an assembly of
focal contact proteins occurs with other intercellular components, such as phosphorylated
proteins. These changes promote cytoskeleton rearrangement, which in turn determine
differential interactions of chromatin and nuclear matrix at the nuclear level.

This chapter explores cell-ECM interactions in a replicated in vitro 3D bone
marrow environment, specifically we were interested in looking at interactions with whole
native soluble proteins and how they affect cellular behaviors in 3D. From that, we
provide more insights into the regulatory affect of ECM to the proliferation and

differentiation of leukemic cells.
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5.2 Materials and Methods

5.2.1 Experimental design

In this study, we aim to look at the effects of three ECM proteins (FN, LN and Col I) to
the cell behaviors in terms of cell proliferation and differentiation. Therefore, cell
proliferation will be quantitatively measured by a metabolic assay. The differentiation
behaviors of the cells will be traced by morphological changes presented in Wright-
giemsa stained cells and the expression of the cell surface markers. Markers of different
blood cell lineages including GPA, CD71 (erythroid specific), CD13 (common myeloid),
CD14 (monocyte), CD 41 (megakaryocyte), and CD16 (neutrophil) will be quantitatively

measured by flow cytometry and visualized by fluorescence microscopy.

5.2.2 Materials

Sodium-alginate, CaCl, and phosphate buffered salt (PBS) powder were all purchased
from Sigma Aldrich. A 0.10 M CaCl, solution was prepared by dissolving CaCl, powder
in ultrapure water with 0.01% Tween-20 and 10mM HEPES. Alginate solutions were
prepared by dissolving 1.1% Na-alginate in PBS and then adding 2% gelatin solution
(Sigma Aldrich) at ratio 19:1 to obtain mixture of 1% alginate and 0.1% gelatin.
Hydrogels containing ECM proteins were prepared by adding each protein into the cell-
alginate mixture prior to the gelation step. All ECM proteins namely collagen-I,
fibronectin, and laminin (Sigma Aldrich) were diluted to a working concentration of

0.1%.
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5.2.3 Cell encapsulation

Cells were resuspended in 1 ml of alginate-gelatin mixture at concentrations of 1-5 x 10°
cells/ml. Assays of 96-well plates were prepared by adding 100ul CaCl; solution to each
well and the cell-alginate mixture was dropped from the height of 3 cm through a 25G
needle into wells containing CaCl, solution. Cell-encapsulated gels were solidified within
5 mins after contact with CaCl,forming spherical beads of 2.1 mm in diameter, one bead
per well. The cell-encapsulated beads were then carefully washed thrice with sterile PBS
before cell culture. All the above reagents were sterilized by autoclaving and/or filtering

through 0.2 um membrane prior to use.

Scm

Figure 5-1 Process of making alginate hydrogel. (a) Cell-suspended alginate solution
was dropped from the height from 5cm to the CaCl, bath in the preparation of Ca-alginate

hydrogel, (b) micrograph of the hydrogel bead. Scale bar 500um.
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5.2.4 Cell culture

Human leukemic K562 cells (ATCC) were cultured in a 75 cm? tissue culture polystyrene
(TCP) with Iscove’s Modified Dulbecco’s Medium (IMDM; Invitrogen) supplemented
with 10% fetal bovine serum (FBS; Hyclone) and 1.5g/l sodium bicarbonate (Sigma
Aldrich) according to ATCC formulation. Encapsulated cells for the 3D culture were
cultured in 96-well plates containing the same media as stated for the 2D TCP culture.
Cells were cultivated at 37°C in a fully humidified 5% CO; incubator for up to 2 weeks.
Cell cultures were monitored daily on the light microscope and a change of media was

performed every two days.

5.2.5 Cell proliferation assay

Assays were performed in 96-well plates, containing K562 cells cultured either in 2D
plates or 3D hydrogels. Cell proliferation was quantitatively assessed by a highly stable
WST assay (Cell Counting Kit-8; Dojindo), which uses tetrazolium salt WST-8 (2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,3-disulfophenyl)-2H-tetrazolium,
monosodium salt). WST-8 is bioreduced by cellular dehydrogenases to an orange
formazan product that is soluble in tissue culture medium. Assay plates were incubated
for 2h at 37°C and 5% CO,. Absorbance was measured at 450 nm. A standard curve was
constructed by plotting absorbance of known cell numbers for calculating the number of

viable cells in assay.

5.2.6 Cell morphology
For a morphological analysis and hematological identification of the K562 cell
population, cultured cells were washed, cytospun and stained in Hemacolor® (Merck

Chemicals), a rapid Wright-Giemsa based staining solution Kit, air-dried and visualized
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under the microscope. The bead dissolution buffer contains 50 mM tri-sodium citrate

dehydrate, 77 mM NaCl and 10 mM HEPES (Sigma Aldrich).

5.2.7 Flow cytometry

Surface expression of different lineage-specific markers on K562 cultured cells were
analyzed by Epics-Altra (Beckman Coulter) flow cytometer, equipped with a 488 nm
Argon laser. At each passage, 0.5-1.0 x 10° cultured cells were harvested and incubated
with directly labeled anti-human CD34, CD38 (common stem cell markers); GPA, CD71
(erythroid); CD13, CD16b (granulocytic); and CD41b and CD42b (megakaryocytic) (BD
Bioscience). CD34, GPA, CD42b and CD16 were pre-conjugated with fluorescein
isothiocyanate (FITC); CD38, CD71, CD41 and CD13 were pre-conjugated with
phycoerythrin (PE). Staining buffer contains 2% FBS and 0.1% sodium azide (Sigma

Aldrich). Matched isotype controls were used for gating and analysis.

5.3 Results

5.3.1 Enhanced proliferation of cells cultured in 3D with fibronectin and laminin

K562 cells exhibited different behaviors in the presence of common ECM proteins such as
Col, FN and LN. Firstly, higher expansion was found in 3D versus 2D for cultures
incorporated with FN or LN (Figure 5-2); suggesting that there is an enhanced cell-ECM
interaction in 3D with FN and LN that could have induced cell proliferation. Presence of
LN enhanced cell proliferation by ~100% greatest at day 9 while that achieved in

presence of FN was ~50% as compared to their control 3D protein-free cultures (Figure 5-
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I ECM-free

Absorbance at 450nm

Matrix

Figure 5-2 Cell proliferation in 2D TCP vs 3D alginate hydrogel cultures as
measured by WST assay (a) at different initial seeding density from 1-5E5 cells/ml; (b)
with added ECM proteins of 10 pg/ml at day 9 (FN — fibronectin, LN — laminin, Col | —
collagen type 1); data are represented in absolute absorbance and compared with the
ECM-free control sample (*p_value< 0.01, ** p_value< 0.001); initial seeding densities
were 2E5 cells/ml for both 2D and 3D cultures. Note that when started with the same
initial seeding density, the actual cell number in 2D culture at day 0 was appoximately 20

times as high as in 3D culture.

2). No changes in cell proliferation were observed in substrates containing Col-1 for both

2D and 3D systems (Figure 5-2).
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5.3.2 Cell-ECM interactions exhibit a dose-response relationship

Figure 5-3 shows the quantitative effects of FN, LN and Col-1 to cell proliferation of
K562 compared with ECM-free control. It is shown that FN&LN exerted similar effects
on K562 cells, i.e. reduce cellular activity between day 5 — 7 but enhance cellular activity
at day 9. No significant changes were observed in Col culture except for day 9 with
concentration of 5 pug/ml. The most effective concentration for all three ECM proteins was

5 —10pg/ml.
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Figure 5-3 Metabolic rate of K562 cells in different ECM cultures: fibronectin (FN —

top), laminin (LN — middle) & collagen (Col - bottom). Data are normalized and

compared with control of ECM-free culture. *p_value < 0.05, **p_value < 0.01
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5.3.3 Effects of ECM proteins on cell maturation

To trace K562 cell differentiation, flow cytometry was performed for surface markers of
different hematopoietic lineages (GPA/CD71 for erythroid, CD13/CD16 for granulocytic,
CD14 for monocytic and CD41/CD42 for megakaryocytic lineages). In the control 2D
flask culture, 70% of cells expressed GPA", 90% CD71", <20% CD16", 20% CD41b" but
few cells expressed markers of late granulocytes CD13" and megakaryocytesCD42b"
(Figure 5-4d). Among the whole population, which consists mainly of erythrocytic
progenitors in 2D, 27% of the erythroid cells were early GPA'CD71" and 65% were
immature GPA'CD71" (Figure 5-4a). In contrast, culture of K562 in alginate hydrogel
induced the spontaneous differentiation of K562 cells to both granulocytic and
megakaryocytic lineages (Figure 5-4d) while a loss of late erythroid marker (GPA)
appeared evident. Increased proliferation of early erythoid progenitors was still observed
in 3D cultures and the GPA'CD71" counts were higher (~63% population) compared to
the freshly thawed K562 cells (Figure 5-4a); however, a small fraction differentiated to
mature erythrocytes (~8% population of GPA*CD71" compared to 4% in 2D culture). No

expression of monocytic CD14" in both 2D and 3D cultures (data not shown).

The addition of FN, LN or Col-I further induced the differentiation of K562 cells
to specific lineages while they were inhibited in others (Figure 5-4). As with FN and LN,
the most prolific lineage was of megakaryocytic (60% matured CD41" megakaryocytes
compared to 20% in protein-free samples). Differentiation of K562 cells toward
erythrocytic and granulocytic lineages was evident but mostly early progenitors were
present; no matured GPA'CD71" erythrocytes and CD16°CD13 granulocytes were found

in these culture samples (compared to 6-8% in 3D culture alone). Col-I, on the other hand,
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maintained the immature granulocyte phenotype of K562 as in 3D protein-free culture
while no differentiation toward the megakaryocytic and erythroid lineages was observed.
No matured GPA'CD71" erythrocytes and CD16°CD13" granulocytes were found in Col

culture either.

Wright-Giemsa staining of K562 cells confirmed the unique phenotypic
characteristics of the cells cultured in different conditions (Figure 5-5). Mature
neutrophils were found in presence of collagen. FN and LN appeared to have a greater
tendency to induce K562 to the megakaryocytic lineage. Morphological observations

concur with our flow cytometry data.

We also monitored the expression of surface integrins responsible for the cell
adhesion to ECM (CD49b for Col-I, CD49e for FN and CD49e for LN). Figure 5-6 shows
the percentage of positive cells with these surface markers within K562 population
cultured in 2D and 3D structure, with/without ECM proteins. It was found that integrin
a5B1 (CD49¢) did not significantly change over time. Day 9 marks a significant decrease
in CD49b (02B1) & CD49f (a6p1) in all 3D cultures. Interestingly, FN shows the same
trend with LN, which is in agreement with the metabolic profile of K562 while Col and
ECM-free cultures share the same pattern. Integrin expression does not appear to be
correlated to cell-ECM interactions but may be indicative of cell differentiation.
Decreased expression of certain integrins would be the indication of cell maturation, as

cells are released from their current niche and undergo migration to another.
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87



120%
100%
80%
60%
40%
20%
0%

Percentage

120%
100%
80%
60%
40%
20%
0%

Percentage

120%
100%
80%
60%

Percentage

40%
20%
0%

CD4of

CD49%e

5 Day 7 9
CD49b

5 7 9
Day

Figure 5-5 K562 expression of p1 integrins over time as analyzed by FACS. Data are

represented by percentage of cells expressing positive degree of integrins with respect to

corresponding isotype controls, 2D == 3D mmmm—m" EN e |\ — )| S—

88



Figure 5-6 Micrographs of Wright-giemsa stained K562 cells cultured with different
ECM proteins [148]. Pictures were taken after 7 days culture.(a) FN, (b) LN, (c) Col I.
(1) megakaryocyte, (2) neutrophilic band cells.

89



5.4 Discussion

Covalently-conjugated proteins and peptides on various scaffolds including those of
alginate hydrogels [152, 153] were extensively used to study specific cell-ECM
interactions. These studies furnish the understanding of specific protein/peptide sequences
and their active role in cell-ECM interactions. However, in this study, we are interested in
the interaction of free unmodified proteins in a 3D in vitro environment. Proteins
entrapped in the matrix are present in soluble form, thus exhibiting its natural
conformation which is believed to expose more binding sites for cells. Proteins in 2D
cultures physically adsorb onto the surfaces of TCP but the presence of other proteins can
induce desorption of proteins from these surfaces. On the other hand, in 3D alginate
system, diffusional coefficient of high MW protein in 1.5% alginate is low, in the range of
5-7 x 10%cm?/s and does not change over 90 days [154]. With a small pore size of <5pm
on the gel surface, it is postulated that entrapped proteins would stay inside the matrix for

long-term culture.

As a general observation, interaction of leukemic cells with ECM proteins
appeared more enhanced in 3D hydrogel than 2D cultures. Based on our argument of
greater receptor presentation and prolonged entrapment, K562 cells cultured in FN and
LN indeed showed better growth in 3D than in 2D cultures as a consequence of enhanced
cell-ECM interaction. The impact of FN and LN was not significant in the first 7 days but
appeared more profoundly afterwards with protein concentrations of higher than 5ug/ml.
These leukemic cell behaviors resemble the trends found in its normal counterpart, where

interaction with FN and LN enhance proliferation of more primitive CD34" HSC
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population [76, 77, 86-88]. Observations on the effects of Col on leukemic cells are so far
consistent with those observed in normal hematopoietic cell behaviors, which showed no

significant effects on cell proliferation.

The multipotential nature of K562 cells to differentiate toward erythroid,
megakaryocytic and granulocytic lineages in the presence of various inducing agents has
been extensively studied in vitro [31, 33, 155]. So far no one has considered quantifying
the effects of ECM proteins on leukemic/hematopoietic cell differentiation and this may
likely be due to the fact that no such impact has been significant in 2D TCP cultures, as
we have shown here. Yet when we begin to culture these cells in a 3D matrix,
spontaneous differentiation of K562 cells was observed both in the presence or absence of
ECM proteins. Here we take a closer look at the impact of each ECM protein on
myeloleukemic cell differentiation potential under a 3D microenvironment, FN and LN
were able to induce the leukemic cells to differentiate toward megakaryocytic lineage,
which most probably involve the activation of ERK/MAPK pathway as other
megakaryocytic-inducing factors do [135, 156]. For Col-I, culture in 3D did not enhance
leukemic cell growth, just as normal HSCs [91]. However, it is for the first time
documented here that the presence of Col-1 is able to induce K562 cells to differentiate
toward some granulocytic lineages such as neutrophilic band cells, and observed only in
3D cultures. In the absence of any ECM protein, spontaneous differentiation of K562 cells
was also observed. We suggest that a possible role in mechanotransduction on cell
differentiation could occur, but further studies will be required to verify this hypothesis.

The 3D Ca-alginate hydrogel system presents an opportunity to study the contribution of
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cell-cell and cell-ECM interactions in a more realistic in vivo mimicking

microenvironment

Findings on the cell-ECM protein interactions provided interesting information to
leukemic cell behaviors. Researchers have found an abnormal trafficking of primitive
CML progenitors towards the basement membrane component LN [127, 129], which is
now shown to be favorable to the cell proliferation in 3D. Mechanisms of these
interactions remain unclear; nevertheless, the mechanotransduction theory on cell-ECM
interactions revealed that FN and LN both shared common MAPK/JNK1 pathway [157]
which can transduce signals for differentiation and inhibition of apoptosis in the
hematopoietic system [138, 158]. This may explain for the analogous increased
proliferation and skewed differentiation of K562 cells in cultured with FN and LN. This
study has provided strong evidences in the high dependency of leukemic cells to both the

biochemical and mechanical aspects of its surrounding microenvironment.

5.5 Conclusion

The 3D Ca-alginate hydrogel system showed more supportive hematopoietic activity for
K562 cells over traditional 2D TCP in terms of cell growth and differentiation. Enhanced
cell-ECM interactions achieved in the 3D hydrogel appear to play a role in cell fate
decisions, altering proliferation and differentiation of the erythroleukemic population. For
example, cell interactions with FN and LN enhance cell proliferation and trigger its
maturation to megakaryocytes; Col-I seems to skew the cell differentiation to granulocytic
lineage but does not have a significant effect on cell proliferation. Each component in the

ECM thus project distinct roles in directing stem cell fate; however, the interactions seem
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independent from the expression of integrin molecules. Integrins appear to be activated
during differentiation process, and it is predicted to be more important in regulating cell
migration in vivo. Future studies might focus on the molecular pathways that modulate the
whole development process. After all, Ca-alginate hydrogel present many opportunities in
creating inductive environment for cell proliferation and differentiation. Hence, the use of
this system will pave the way for studying 3D cell interactions of both hematopoietic and

leukemic stem cells in the future.
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Chapter 6

Conclusions

In this thesis, we reported the initial use of Ca-alginate hydrogel as a 3D cell culture
model for studying leukemogenesis in vitro. We interrogated the mechanical properties of
different alginate hydrogels, ability of the hydrogel in supporting the cell development,
and 3D reconstruction of ECM matrix to emulate cell-ECM interactions in the bone

marrow. Here, we summarize important findings implicated from the entire study.

6.1 Mechanical properties of Ca-alginate hydrogel

Ca-alginate hydrogel offer many opportunities for recapitulating the native bone marrow
environment. Structurally, it resumes the space-filling function of adipose tissue within
the bone marrow that few materials can do. Within the hydrogel, high number of wedges
or pores present provides individual niches specifying special signals for the encapsulated
cells. It was shown in the study that the hydrogel architecture and mechanical strength is
tunable by modifying the constitutive components consist of alginate. The alginate
molecular structure such as M:G ratio and MW weight of the monomers will determine

the crosslinking capability and hence the elastic modulus of the resulting hydrogel. On the
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other hand, by altering Ca** ion concentrations, cross-linking density is finely tuned while
surface topography changes accordingly. These matrix characteristics highly affect the
subtle behaviors of erythroleukemic cells, most probably by the mechanotransduction
pathway. Nevertheless, defined characteristics of the natural bone marrow environment
have yet to be elucidated; hence experimental models would mainly rely on the behavioral

characteristics of the cells.

6.2 Three-dimensional Ca-alginate as a platform for cell development

It was shown from this study that alginate hydrogels are superior in supporting cell
proliferation and differentiation of erythroleukemic cells than a 2D culture. However, LV
alginate hydrogel yielded better cell survival and expansion than that from HV alginate.
The cause of cell death in HV alginate hydrogel during the first week of culture is
currently not known, but could be due to unfavorable conditions or mechanical stress
from the alginate hydrogel. While Ca** crosslinking concentration did not significantly
affect cell proliferation, proliferation and spontaneous differentiation of cells were
promoted in HV alginate hydrogel. These observations suggest the role of
mechanotransduction in controlling hematopoietic cell fate. Scaffolds, which introduce
appropriate mechanical signals, are therefore imperative in recreating the natural

environment in hematopoiesis.

6.3 Study of cell-ECM interactions

As ECM was shown to be crucial for the maturation of the erythroleukemic cells just as in

normal hematopoiesis, findings suggested that the abnormal components of ECM inside
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the bone marrow might facilitate their aberrant behaviors. Cell expansion in our 3D bone
marrow mimicry appeared to be limited within the progenitor pool and did not change in
the presence of ECM proteins. On the other hand, FN and LN can induce further
differentiation to megakaryocyte, and to a lesser extent to granulocytes and erythroblasts
while Col-1 directed cells more toward neutrophilic lineage. An imbalance of these
proteins can therefore result in the arrest of immature hematopoietic cells at different
stages of differentiation. This study emphasized that the regulatory role of cell-ECM
interactions to cell proliferation and differentiation in leukemogenesis must be made in an
appropriate culture environment as no observations were made in 2D cultures. However,
we do not know whether it is practical to use ECM to suppress the leukemogenesis in
vivo. The observations expose a possibility of reconstructing the bone marrow niche for
improving prognosis of leukemia. Further studies are required to unravel the complex

interplay and contributions of cell-ECM interactions.

6.4 Limitation

One of the major limitations of this study is the inability to measure the amount of
proteins retained within the matrix as well as those that have actual interactions with the
cells due to the interference of other proteins present in the culture medium. There is
evidence that free proteins are readily released from the matrix without cells up to 80%
within the first 24 hours [159] while in another study, diffusion coefficient of large protein
IgG (155KD) was found to be ~ 6 x 107 cm?s and remain unchanged during 60 day
period [160]. Nevertheless, it is evidential in this study that cell interactions with matrix

proteins presented in the alginate hydrogel do affect cell behaviors; such interactions may
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serve to retain ECM proteins within the hydrogel matrix. However, the actual amount of
those proteins remains unknown. Quantification of these interactions is therefore limited,
making it difficult to depict the differences and similarities between our model and the in

Vivo environment.

6.5 Future work

As studying the leukemic cell behaviors in an inducive in vitro Ca-alginate system,
questions regarding the underlying mechanisms become relevant. Future work would
therefore be focus on the quantification of proteins which are retained in the matrix and
interact with encapsulated cells. Results from these findings might be useful in
comparison with other established studies on cell interactions with modified/covalently
conjugated protein sequence. This information will provide us with more insight into the

roles of specific protein segments to the cell growth and differentiation.

On the other hand, our model can be used to study cell-ECM interactions on other
leukemic cell lines. Cell physiology characteristics such as cell cycle, molecular
differential pathways might also be investigated in complement to the
growth/differentiation behavior patterns of the involving cell lines. The knowledge
obtained would unravel a more thorough understanding of the regulatory role of ECM on

leukemia development in general.

6.6 Final Conclusions

This study proposed a model from Ca-alginate hydrogel as a platform for supporting

hematopoiesis in vitro. Our results and observations affirm controversial questions laid
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upon behavioral characteristics of leukemic cells in relation to a 3D microenvironment
and mechano biology. It has also, for the first time, revealed how cell-ECM interactions of
free soluble proteins with leukemic cells affected cellular function in a 3D matrix. This
pioneering work draws focus to us on the underlying mechanism of mechanotransduction
and cell-ECM communication to intracellular pathways that modulate leukemic cell
proliferation and differentiation. It further supports our hypothesis in that cellular
interactions and ECM presentation in 3D differs from that in 2D thus having profound
effects atypical of those observed in vitro on flask cultures. Despite the fact that
hematopoietic and leukemic cells are inherently non-adherent or suspension in nature,
cellular interactions modulated by their physical and biochemical environment are still
just as critical in cell fate decisions. The study of apoptosis in this case would also be
equally relevant to unveil the nature of cell behaviors in Ca-alginate hydrogel. Finally, by
utilizing the proposed 3D hydrogel model, we can engineer bone marrow like niches that
would enable us to study leukemic/hematopoietic cell behaviors in their most natural

environment.
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