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Embryonic stem (ES) cells provide a potentially unlimited cell source for cellular 

therapies; however, reliable methods must be developed to provide clinically-relevant 

numbers of homogeneous therapeutic cell populations.  Dynamic cultures may encourage 

ES cell differentiation and amenable to large-scale cell production. Our goal was to 

optimize dynamic culture parameters (bioreactor type, speed, cell seeding density, 

conditioned medium, and hypoxia) to maximize the generation of hematopoietic stem and 

progenitor cells (HSPCs) from ES cells and also to investigate the ability of dynamic 

culture-derived HSPCs to generate terminally differentiated hematopoietic cells. Our 

results indicate that varying cell seeding density and speed in two different bioreactors 

significantly affects embryoid body formation and ES cell differentiation efficiency into 

progenitor cells. In general, increased cell seeding density generated higher percentages 

of HSPCs in both bioreactors. In addition, rotary (Synthecon) bioreactors produced more 

sca-1
+
 progenitors, and spinner flasks generated more c-kit

+
 progenitors, demonstrating 

their unique differentiation profiles. cDNA microarray analysis of genes involved in 
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pluripotency, germ layer formation, and hematopoietic differentiation showed that unique 

gene expression profiles were observed in the two bioreactors with the expression of 

specific hematopoietic genes more up regulated in the Synthecon cultures compared to 

spinner flasks. Combining bioreactor cultures with directed differentiation strategies via 

conditioned medium and hypoxic culture may further encourage hematopoietic 

differentiation. Dynamically cultured ES cell-derived hematopoietic stem and progenitor 

cells were further differentiated into a phenotype typical of dendritic cells which had the 

ability to process antigen. Additionally, microarray analysis of isolated ES cell-derived 

HSPCs demonstrated differences in the gene expression from native HSCs isolated from 

the fetal liver or bone marrow of mice.  Insight gained from this work should be 

continued by comparing the differentiation efficiency of HSPCs derived in dynamic and 

traditional static culture methods into functional, terminally differentiated hematopoietic 

cells to generate clinically-relevant numbers of transplantable, therapeutic cells. 
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CHAPTER ONE 

Introduction: Specific Aims and Overview 

1.1 INTRODUCTION 

A great motivation for recent stem cell investigations lies in the potential for cell 

based therapies to replace damaged cells in the body.  Embryonic stem (ES) cells are 

useful tools for studying embryonic development and differentiation into various cell 

lineages. ES cells provide a potentially unlimited source for cell therapies; however, 

reliable methods must be developed to provide clinically-relevant numbers of 

homogeneous therapeutic cell populations.  

Embryonic stem cell-derived blood cells could provide a potentially unlimited and 

on-demand source of therapeutic cells for a variety of clinical applications. Current 

therapeutic efforts for hematopoietic cells involve transplanting adult stem cells from the 

bone marrow or blood. Hematopoietic stem cell transplantation (or bone marrow 

transplantation) has proven successful in a variety of complex disorders, including 

treatment of certain cancers (Xun et al. 1999; Little et al. 2000; Storb et al. 2000; Storb 

2003). Similarly, successful vaccination trials with in vitro generated, antigen-loaded 

dendritic cells have been reported for treatment of leukemia, melanoma, lymphoma, 

multiple myeloma, and prostate cancer (Hsu et al. 1996; Murphy et al. 1996; Nestle et al. 

1998; Reichardt et al. 1999; Galea-Lauri et al. 2002; Buchler et al. 2003).  More recently, 

the FDA approved the first autologous cellular immunotherapy for the treatment of 

prostate cancer (PROVENGE), which utilizes the patient’s own dendritic cells.  

However, several disadvantages with current methods include the difficulties and 

efficiency of isolation as well as problems with long-term expansion of adult 

hematopoietic cells in vitro (Daley 2003).  
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Although a single hematopoietic stem cell (HSC) should be able to repopulate the 

immune system of a patient, much higher cell doses are actually used for treatment. 

Currently, the optimal cell dose has been dependent on donor relationship and stem cell 

source (Heimfeld 2003), and hematopoietic stem cell yields vary between patients 

(Bensinger et al. 2009). Even though studies are still ongoing for determining optimal 

cell doses, a minimum of two million hematopoietic stem cells per kilogram of body 

weight is recommended (Heimfeld 2003), with some studies recommending as high as 

ten million per kilogram, depending on cell source (Siena et al. 2000). This amounts to a 

minimum of 160 million hematopoietic stem cells for a single treatment for an average 

eighty kilogram individual. Therefore, the ultimate clinical applicability of embryonic 

stem cell-derived therapeutics requires the development of methods for high-throughput 

production of cells suitable for transplantation.  

Although there have been significant increases in the study of embryonic stem 

(ES) cell differentiation, most ES cell work has focused on differentiation in static culture 

systems which cannot generate the large amounts of cells needed for an application in 

cellular therapies. Employing dynamic cultures may encourage ES cell differentiation to 

various lineages through enhanced nutrient availability and have the ability to achieve 

clinically relevant scale-up.   

The research presented here will attempt to overcome the limitations of static 

cultures by providing methods for ES cell differentiation utilizing various dynamic 

culture parameters to maximize the generation of hematopoietic cells for the high-

throughput production of therapeutic cells. Specifically, stirred tank type and rotary-wall 

type microgravity bioreactors were compared and dynamic culture parameters (speed, 

cell seeding density) were optimized in order to maximize the spontaneous differentiation 

of hematopoietic stem and progenitor cells (HSPCs) from ES cells. Whether these ES 
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cell-derived HSPCs would be potentially suitable for transplantation was evaluated by 

examining the terminal differentiation and comparing their gene expression to native in 

vivo derived HSCs from the bone marrow and fetal liver of mice. 

 

1.2 SPECIFIC AIMS 

In order to fulfill these objectives, the specific aims for the project are as follows: 

 

1.2.1.  Aim 1: To study the effects of varying dynamic culture parameters to 

enhance the spontaneous differentiation of ES cells to (a) Embryoid Bodies and (b) 

hematopoietic stem and progenitor cells. 

We hypothesized that varying bioreactor system, cell seeding density, and rotation 

speed may influence ES cell aggregation and consequently EB formation, specifically the 

size and concentration of EBs. Furthermore, we also hypothesized that enhanced nutrient 

availability provided by dynamic mixing in bioreactors could create a better environment 

for the growth and differentiation of ES cells and ultimately enhance hematopoiesis. 

Finally, we hypothesized that bioreactor type would alter the gene expression profile of 

differentiating ES cells and perhaps demonstrate preferential differentiation towards a 

specific lineage.  ES cells were cultured as a suspension either in a bacteriological culture 

plate, spinner flask, or rotating vessel (Rotary Cell Culture System, Synthecon).  Various 

cell densities and stirring speeds were evaluated to study the effects on Embryoid Body 

(EB) formation and hematopoietic differentiation.  
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1.2.2.  Aim 2: To encourage hematopoietic differentiation from ES cells in 

bioreactor culture by utilizing stromal cell conditioned medium and a hypoxic 

environment to mimic the bone marrow microenvironment. 

We hypothesized that hematopoietic differentiation cues via stromal cell 

conditioned medium and a hypoxic environment could increase the generation of 

hematopoietic cells from ES cells in dynamic culture systems. Bone marrow stromal cell 

conditioned medium and a hypoxic environment were studied using the optimal cell 

densities and stirring speeds found in Aim 1 and evaluated to study the effects on 

Embryoid Body (EB) formation and hematopoietic differentiation. 

 

1.2.3.  Aim 3: Evaluation of ES cell-derived HSPCs by (a) examining terminal 

differentiation into hematopoietic colonies and dendritic cells (DCs) and (b) 

comparing gene expression to native HSCs from mouse bone marrow and fetal liver. 

We hypothesized that the enhanced nutrient availability of dynamic cultures may 

increase the functionality of HSPCs. ES cell-derived HSPCs differentiated using dynamic 

culture parameters were examined for lineage specific differentiation into dendritic cells 

(DCs).  Additionally, direct comparison of the gene expression profiles of ES cell-derived 

HSPCs to adult marrow-derived and fetal liver-derived HSCs could help explain whether 

static and dynamic cultures generate HSPCs with the expression of genes important for 

functional hematopoietic cells. 
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1.3 OVERVIEW 

The following Chapter Two discusses necessary background information about 

embryonic stem cells, hematopoiesis, and bioreactor culture, as well as the potential 

clinical applications of embryonic stem cell-derived hematopoietic cells. Chapter Three 

presents the effects of various bioreactor systems, cell densities, and rotation speeds on 

Embryoid Body formation and hematopoietic differentiation.  In Chapter Four, use of 

stromal cell conditioned medium and a hypoxic environment to provide hematopoietic 

differentiation cues in bioreactor cultures is investigated. Chapter Five examines ES cell-

derived HSPCs functionality using colony forming unit (CFU) assays and terminal 

differentiation into dendritic cells, as well as the comparison of the gene expression 

profiles of ES cell-derived HSPCs to adult marrow-derived and fetal liver-derived HSCs.  

Chapter Six discusses the overall conclusions from this study and recommendations for 

future work. Finally, Appendix A discusses the fluid dynamics of bioreactor systems 

investigated in this work, and Appendix B introduces the potential of induced pluripotent 

stem cell differentiation in dynamic culture systems. 
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CHAPTER TWO 

Background and Significance 

2.1 INTRODUCTION 

Controlled differentiation of embryonic stem cells into lineage-specific, 

functional, transplantable cells could provide new directions in cell therapy. Although the 

biological mechanisms for stem cell differentiation into various tissue types have been 

increasingly studied, strategies to produce therapeutic cells in large scale are still needed 

to transform stem cell research into clinical possibilities. The use of bioreactors to 

achieve scale-up makes these dynamic culture systems critical for potential clinical 

applications. 

Embryonic stem cell-derived blood cells could provide a potentially unlimited and 

on-demand source of therapeutic cells for a variety of clinical applications, including 

bone marrow transplantation, adoptive T cell, and dendritic cell therapies, as well as for 

blood transfusions, e.g. platelet or red blood cell therapy. Some of these applications, e.g. 

bone marrow transplantation, has been used for decades and have revolutionized modern 

medicine. Yet, current paradigms of isolating donor or patient cells for acute or future 

transplantation, with or without in vitro modification, are unsustainable in the face of 

high demand and immediate needs. The true impact of these therapies could only be 

realized if blood lineage cells (hematopoietic stem and progenitor cells, dendritic cells, T 

cells, red blood cells, platelets, etc.) are available on-demand for ready-to-use therapeutic 

system. 

This chapter provides a fundamental understanding of embryonic stem cells, ES 

cell differentiation, hematopoietic development, and clinical therapies that would benefit 
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from ES cell-derived hematopoietic cells. Additionally, this chapter describes the 

approaches to culture ES and hematopoietic cells in vitro, including bioreactors. 

 

2.2 EMBRYONIC STEM CELLS 

Embryonic stem (ES) cells can indefinitely self-renew and have the potential to 

differentiate to every cell in the body (Sato et al. 2003), as demonstrated in Figure 2.1. 

ES cells were first isolated from the inner cell mass of developing mouse blastocysts 

(Sukoyan et al. 1993). Murine ES cells are maintained in their undifferentiated state in 

the presence of leukemia inhibitory factor (LIF) which can be expressed by a feeder layer 

of co-cultured cells or added directly to the cell medium. Because of their renewal in the 

undifferentiated state and pluripotent properties, ES cells are a valuable research tool and 

a novel cell source for clinical therapies (Kaji et al. 2001). 

ES cells offer advantages over adult stem cells (also termed somatic stem cells) 

which can be difficult to isolate due to accessibility and low frequency in adult 

organisms. Additionally, these adult stem cells have decreased differentiation potentials 

and growth which reduces their utility for tissue engineering applications (Guillot et al. 

2007).  Differentiation from ES cells into hematopoietic cells has the potential to treat 

several diseases (Daley 2003), including  hematopoietic malignancies (Hsu et al. 1996; 

Nestle et al. 1998; Reichardt et al. 1999; Galea-Lauri et al. 2002; Buchler et al. 2003) 

(e.g. leukemia, lymphoma, and myeloma), certain cancers (Murphy et al. 1996) and 

immunodeficiency (Rideout et al. 2002). 
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2.3 EMBRYONIC STEM CELL DIFFERENTIATION VIA EMBRYOID BODY FORMATION 

During differentiation encouraged by suspension culture and removal of LIF, 

embryonic stem cells typically form aggregates known as embryoid bodies (EBs). Similar 

to embryonic development, these EBs increase in size and complexity and differentiate 

into the three germ layers of embryonic development, which are the endoderm, ectoderm, 

and mesoderm.  

Embryoid body development has been studied using a variety of static techniques. 

Liquid suspension, hanging drop, methylcellulose, and liquid attached cultures have 

encouraged embryonic stem cell aggregation and differentiation. In liquid suspension and 

methylcellulose culture, single ES cells are suspended in medium. Individual ES cells are 

attached to a gelatin coated plate in liquid attached culture. In hanging drop culture, 

aggregates of multiple ES cells form EBs. 

The effects of these different culture systems have been studied with respect to 

EB formation and hematopoiesis. Liquid suspension, methylcellulose and hanging drop 

cultures produced no difference in hematopoietic differentiation of EBs produced in these 

systems. However, EBs created in the liquid attached culture showed decreased 

hematopoietic differentiation (Dang et al. 2002). 

 

2.4 HEMATOPOIETIC DIFFERENTIATION AND SOURCES OF HEMATOPOIETIC CELLS 

Hematopoiesis is the development of blood lineage cells from stem and 

progenitor cells, including both red blood cells (erythrocytes) and white blood cells 

(leukocytes). There are two types of hematopoietic tissue, myeloid and lymphoid tissue. 

Myeloid tissue is found in the bone marrow and produces red and white blood cells. 

Lymphoid tissue functions to mature lymphocytes and is found in the lymph nodes, 

thymus, spleen, and mucosa of respiratory and digestive tracts.   
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2.4.1.  Hematopoietic Cells: In vivo development 

In embryonic development, hematopoiesis begins in the blood islands of the yolk 

sac. This beginning stage of hematopoiesis is termed “primitive” and functions to 

produce red blood cells for oxygenation of the rapidly growing embryo. Primitive 

hematopoiesis is transient and is eventually replaced by definitive or adult-type 

hematopoiesis. The site of hematopoiesis shifts to an intraembryonic region known as the 

aorta-gonad-mesonephros (AGM), followed by the fetal liver.  Although experimental 

evidence confirms all of these locations as sites for hematopoietic cells, the precise origin 

where hematopoietic stem cells (HSCs) are first generated is believed to be the AGM 

region (Medvinsky et al. 1996). Additionally, the placenta has been identified as a 

location for human hematopoietic development (Barcena et al. 2009) and as a source of 

murine HSCs with adult reconstitution abilities (Ottersbach et al. 2005).  The 

hemangioblast is a multipotent cell believed to be a common origin for both blood and 

vascular cells (Choi et al. 1998). The experimental evidence for the origin and locations 

of HSCs as well as a comparison of hematopoiesis in various vertebrate animals has been 

reviewed (Cumano et al. 2007). In addition, the discovery that umbilical cord blood 

(UCB) cells contain hematopoietic stem cells has led to harvest of these cells. 

At the time of birth and throughout adulthood, the bone marrow is the primary 

site for hematopoiesis and is the location of most of the HSC population. A small 

percentage of HSCs are mobilized and found in circulating or peripheral blood (PB). 

Additionally, other hematopoietic sites function to further differentiate and mature 

hematopoietic stem and progenitor cells (HSPCs). The thymus differentiates HSPCs into 

T cells, and the spleen functions to differentiate into B cells (in mice and humans). 

Hematopoietic stem cells (HSC) are adult multipotent stem cells that are defined 

by the ability to self-renew and develop all cellular components of the blood including 
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progenitor cells for both the lymphoid and myeloid lineages. However, various 

classifications of hematopoietic stem and progenitor cells (HSPCs) are identified by their 

reconstitution potential and self-renewing ability (Morrison et al. 1994; Morrison et al. 

1997). Long-term self-renewing HSCs (LT-HSCs) have self-renewal characteristics 

throughout the lifetime of the organism and are able to repopulate a host’s hematopoietic 

system.  LT-HSCs develop into short-term self-renewing HSCs (ST-HSCs) and 

subsequently into hematopoietic progenitor cells (HPC) or multipotent progenitor cells, 

which have the ability to differentiate into all cellular components of the blood; however, 

these ST-HSC and progenitor cells only have a limited ability to self-renew. Therefore, 

identifying methods for the production and maintenance of LT-HSC is essential for the 

use of HSCs in cellular therapies.  

Terminally differentiated hematopoietic cells develop from two types of 

progenitor cells, lymphoid and myeloid. Figure 2.2 illustrates the differentiation from 

hematopoietic stem cells into lineage specific cells. Lymphoid progenitors develop into 

lymphocytes, which are T cells, B cells, and natural killer cells. Myeloid progenitors 

differentiate into dendritic cells, monocytes, macrophages, neutrophils, eosinophils, mast 

cells, basophils, platelets, and erythrocytes. Although the mouse model of hematopoiesis 

has been extensively studied, significant gaps remain in our knowledge of lineage 

commitments during differentiation. 

 

2.4.2.  Hematopoietic Cells from Embryonic Stem Cells 

As previously mentioned, differentiation of ES cells to form aggregates known as 

embryoid bodies (EBs) predominantly emulates in vivo embryonic development and 

produces the three germ layers of embryonic development, consisting of the endoderm, 
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ectoderm, and mesoderm. The mesoderm gives rise to the blood tissue, and 

hematopoietic cells including hematopoietic stem cells (HSC) and hematopoietic 

progenitor cells (HPC) develop within the EB.  Reminiscent of in vivo development, 

terminally differentiated hematopoietic cells also develop from embryonic stem cells. 

 

2.5 THE HEMATOPOIETIC STEM CELL NICHE 

Stem cell niches are the microenvironments in which stem cells reside that 

regulate stem cell renewal and differentiation. The balance between self-renewal and 

differentiation is critical for adult stem cells, as the stem cell population could be 

depleted if differentiating cells surpassed those undergoing self-renewal or create tumors 

with unconstrained proliferation.   

Two distinct niches have been identified in the bone marrow to support HSCs, 

which are the osteoblastic niche and the vascular niche. The role of osteoblastic niche is 

to support HSC maintenance. This claim is supported in mouse models by a gain in the 

number of HSCs when the number of osteoblastic cells is increased (Calvi et al. 2003; 

Zhang et al. 2003), as well as a decrease in hematopoietic progenitors in the bone marrow 

of mice with an induced osteoblast deficiency (Visnjic et al. 2004).   The vascular niche 

has been reported to aid in self-renewal, differentiation, as well as migration of HSCs. 

This statement is supported by translocation of megakaryocyte progenitors to the bone 

marrow vascular sinusoids induced megakaryocyte maturation as well as disruption of 

bone marrow endothelial cell (BMEC) VE(vascular endothelial)-cadherin-mediated 

intercellular adhesion interactions results in an inability of the vascular niche to support 

megakaryocyte differentiation (Avecilla et al. 2004). Additionally, sinusoidal 
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endothelium cells may create a niche that sustain HSCs in extramedullary tissues (Kiel et 

al. 2005). 

The bone marrow contains extracellular matrix (ECM) as well as stromal cells 

which contribute to hematopoiesis. The ECM is composed of various proteins, including 

fibronectin and laminin, structural macromolecules, such as proteoglycans and 

glycosaminoglycan. Stromal cells are various cells at different developmental stages, 

including fibroblasts, osteocytes, adipocytes, chondrocytes, osteoblasts, and endothelial 

cells. Additionally, mesenchymal stem cells (MSCs) reside in the bone marrow and give 

rise to the majority of these stromal cells. These stromal cells provide secreted and 

membrane-bound cytokines to support HSC maintenance and differentiation. Stromal 

cells in combination with the blood vessels of the bone marrow create what is termed the 

hematopoietic inductive microenvironment.  Additionally, the stem cell niches within the 

bone marrow are low oxygen environments, and the proliferation of hematopoietic 

progenitors has been shown to be regulated by a hypoxia-mediated signaling pathway in 

culture (Adelman et al. 1999).   

 

2.6 IDENTIFICATION OF HEMATOPOIETIC STEM CELLS 

In order to effectively utilize hematopoietic stem cells and their derivatives in a 

clinical setting, reliable methods must be employed to identify and examine function of 

hematopoietic cell populations. Cell surface markers can be used to help identify HSCs, 

and functional assays aim to measure cellular proliferation and differentiation both in 

vitro and in vivo.  
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2.6.1.  Cell Surface Markers 

Hematopoietic cells can be identified by cell surface markers via flow cytometry. 

If testing of a purified population of either HSCs or differentiated cells is desired, 

hematopoietic cells can be isolated by Fluorescence Activated Cell Sorting (FACS) or 

magnetic separation by either positive or negative selection of known hematopoietic 

surface markers. Continued study of the markers which distinguish HSCs and their 

derivatives to clearly identify HSCs must be done in order to further examine and utilize 

these various cell populations.  

There are no definitive markers expressed on HSCs; however, many markers on 

both mouse and human HSC have been identified. Hematopoietic stem and progenitor 

cells lack expression of lineage (lin) markers found on mature hematopoietic cells, and 

hence are classified as lin
-
 cells. HSC are identified the in mouse by the expression cell 

surface markers c-kit (CD117) and
 
sca-1 (Spangrude et al. 1988; Ogawa et al. 1991; Ikuta 

et al. 1992). Other markers that have been used to identify mouse HSC are Thy-

1.1(CD90),
 
CD150, CD244, CD48, CD45, and CD41 (Kiel et al. 2005; McKinney-

Freeman et al. 2009). Human HSCs are most often characterized with CD34(Baum et al. 

1992)
 
and CD38 (Muench et al. 1994) but also CD133, and c-kit (CD117) markers are 

used (Ogawa et al. 1991; Wognum et al. 2003). Additionally, HSC have been identified 

by their ability to efflux various fluorescent dyes, such as Rhodamine-123 (Rho) and 

Hoechst 33342 (Ho). Cells identified using this method are referred to as side population 

(SP) cells because they form a unique cluster of events when identified using flow 

cytometry (Goodell et al. 1996). Further identification of hematopoietic stem cells as well 

as terminally differentiated hematopoietic cells is desired so that these populations can be 

isolated and used for cellular therapies. 
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2.6.2.  Functional Assays 

Both in vitro and in vivo assays have been developed to characterize and measure 

the function of hematopoietic stem cells. Cobble stone area-forming cell (CAFC) assays 

measure both progenitors and stem cells. Cells are cultured on a stromal layer, and the 

number of hematopoietic colonies, which appear underneath the stromal layer, are 

counted. Colony forming units (CFU) or colony forming cells (CFC) assays measure the 

ability of progenitor cells to rapidly produce colonies, including erythroid, granulocyte, 

megakaryocyte, or combinations of these precursors. The long-term culture- initiating 

cell (LTC-IC) assay determines the prevalence of stem cells, and as the name suggests, 

measures the ability form colonies after longer culture than the CFU assay.  

Although in vitro assays provide an indication of in vivo activity, in vivo assays 

are a better demonstration of HSC function. In vivo assays involve reconstitution of the 

hematopoietic system in immunodeficient or irradiated animal models. Spleen colony 

forming unit (CFU-S) measures the ability of HSCs to repopulate the spleens of lethally 

irradiated mice. However, CFU-S assays are short-term assays (approximately 12 days). 

Therefore, in vivo assays which examine the reconstitution of the entire hematopoietic 

system in immunodeficient or irradiated animal models for the lifetime of the animal are 

the only assays which truly identify HSCs. 

 

2.7 CLINICAL THERAPIES WITH HEMATOPOIETIC CELLS 

Hematopoietic stem cell transplantation (HSCT) was originally referred to as 

bone marrow transplantation, as bone marrow was the cell source for these transplants, 

but now may also involve transplanting adult stem cells from the peripheral blood or 

umbilical cord blood.  Hematopoietic cell transplants can be self-transplants (autologous) 

or donor transplants (allologous). Hematopoietic cells have the potential to treat several 
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diseases (Dang et al. 2002), including  hematopoietic malignancies (Hsu et al. 1996; 

Nestle et al. 1998; Reichardt et al. 1999; Galea-Lauri et al. 2002; Buchler et al. 2003) 

(e.g. leukemia, lymphoma, and myeloma), certain cancers (Murphy et al. 1996) and 

immunodeficiency (Rideout et al. 2002). Similarly, vaccination trials with in vitro 

generated, antigen-loaded dendritic cells (DCs) have been reported on human malignant 

melanoma, renal cell cancer, non-Hodgkin lymphoma, multiple myeloma and prostate 

cancer (Morse et al. 2000; Galea-Lauri et al. 2002; Engleman 2003). More recently, the 

FDA approved the first autologous cellular immunotherapy for the treatment of prostate 

cancer (PROVENGE), which utilizes the patient’s own dendritic cells.   

Disadvantages exist with current methods, including isolation difficulties of rare 

cell populations, problems with long-term expansion of hematopoietic stem and 

progenitor cells (HSPCs) in vitro, and availability of matched human leukocyte antigen 

(HLA) donor marrows (Daley 2003). In addition, autologous grafts require the expansion 

of the patient’s own hematopoietic cells which is a time-consuming process. The high-

throughput generation of hematopoietic stem and progenitor cells or terminally 

differentiated hematopoietic cells could provide a renewable, readily-available cell source 

for cell based therapies. 

 

2.6 GENERATION OF HEMATOPOIETIC CELLS IN CULTURE 

One difficulty associated with the use of HSCs and mature hematopoietic cells for 

therapeutic applications is maintaining and expanding these cells in vitro; therefore, 

researchers have attempted to optimize culture environments for the hematopoietic cell 

expansion and, more recently, embryonic stem cell differentiation into hematopoietic 

cells.  One common practice to influence hematopoietic cell expansion and differentiation 
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is the addition of various cytokine and growth factor combinations in vitro to help 

replicate the signals provided by the HSC niche. The expansion and maturation of 

hematopoietic lineages from murine ES cells has been reviewed (Mohle et al. 2007). 

Briefly, cytokines that have been studied included thrombopoietin (TPO), interleukin 

(IL)-6, and IL-11 for megakaryocytes and platelets, erythropoietin (EPO), c-kit ligand 

(KL), insulin, insulin-like growth factor (IGF)-1, and IL-3 for erythroid cells, IL-3 and 

KL for mast cells, IL-1, IL-3, macrophage colony stimulating factor (M-CSF), and 

granulocyte/macrophage colony stimulating factor (GM-CSF) for macrophages, FMS-

like tyrosine kinase-3 ligand (Flt-3L) and IL-7 for T and B lymphocytes, IL-5, IL-3, GM-

CSF, eotaxin for eosinophils, oncostatin M (OSM), basic fibroblast growth factor (b-

FGF), IL-6, IL-11, leukemia inhibitory factor (LIF), KL, granulocyte colony stimulating 

factor (G-CSF), GM-CSF, and IL-6 for neutrophils,  GM-CSF, IL-3, IL-4, tumor necrosis 

factor alpha (TNF-α), lipopolysaccharide (LPS), and anti-CD40 for dendritic cells, Flt-

3L, IL-15, IL-6, IL-7, and KL for natural killer cells, and M-CSF, receptor activator for 

nuclear factor ligand (RANKL) for osteoclasts.  

As previously mentioned, ES cells provide a potentially unlimited cell source; 

therefore, embryoid body (EB) based differentiation has been studied for the generation 

of hematopoietic cells. EB development has been studied using a variety of static 

techniques, including liquid suspension, hanging drop, methylcellulose, and liquid 

attached cultures, to encourage embryonic stem cell aggregation and hematopoietic 

differentiation. Liquid suspension, methylcellulose, and hanging drop cultures produce no 

difference in hematopoietic differentiation of EBs produced in these systems. However, 

EBs created in the liquid attached culture show decreased hematopoietic differentiation 

(Dang et al. 2002). Interestingly, different stem cell lines may have varying 

differentiation potentials. Testing of five different human ES cell lines have demonstrated 
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that although all ES cells form the three germ layers of embryonic development, they 

were marked differences in their hematopoietic differentiation potential (Chang et al. 

2008). 

Definitive blood lineages can be developed from ES cells. Studies which have 

involved EB or stromal cell co-culture based differentiation with the addition of different 

cytokines to produce terminal differentiated hematopoietic cells are reviewed by Olsen et 

al (Olsen et al. 2006).  

For the generation of hematopoietic cells, techniques often involve mimicking the 

bone marrow environment for the enhanced expansion or differentiation of stem cells. In 

addition to the use of cytokines and growth factors, culture techniques include 

manipulation of oxygen tension, stromal cell co-culture, and biomaterial culture. Methods 

for oxygen tension and stromal cell co-culture will be discussed in further detail in the 

following sections.   

 

2.6.1.  Hypoxia 

As mentioned previously, the HSC niche is a low oxygen or hypoxic 

environment, also referred to as hypoxia. Although the majority of cells are negatively 

affected by decreasing oxygen levels, low oxygen tension has shown increases in the 

expansion and differentiation potentials of stem cells. In stirred culture systems, recent 

studies have shown increased HPCs from encapsulated ES cells when differentiated at 

low (3-4%) oxygen (Dang et al. 2004) as well as examined hypoxic response in embryoid 

body based hematopoietic differentiation (Cameron et al. 2008). Additionally, the 

expansion of human cord blood progenitors showed significantly higher cell increases in 

hypoxic (5% oxygen) compared to normoxic conditions (Koller et al. 1992). Hypoxic 
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effects may further increase hematopoiesis, including the expansion of HSPCs and 

differentiation into hematopoietic cells.  

 

2.6.2.  Stromal Cell Line Co-culture and Conditioned Medium 

Stromal cell lines have been established to support hematopoietic cell 

maintenance and differentiation in culture, comparable to stromal cells support in vivo. 

Several stromal lines have been utilized from the mouse bone marrow (Pessina et al. 

1992; Qiu et al. 2003).  Additionally, murine stromal cell lines have been established 

from the AGM region (Ohneda et al. 1998; Xu et al. 1998; Weisel et al. 2006) and the 

fetal liver (Moore et al. 1997) for the maintenance and differentiation of hematopoietic 

stem and progenitor cells. 

OP9 is a commonly used murine stromal cell line from the bone marrow which is 

deficient in macrophage colony stimulating factor (M-CSF) and known to support 

hematopoiesis (Nakano et al. 1994).  Although the mechanism by which these cells 

support hematopoietic differentiation from embryonic stem cells is largely unclear, the 

importance of M-CSF deficiency was demonstrated when recombinant M-CSF reduced 

differentiation of ES cells into mesodermal cells and subsequent development to 

hematopoietic cells (Nakano et al. 1994), and Ueno et al. demonstrated that the gene 

mKirre encodes a membrane protein that significantly supports the maintenance of HSC 

(Ueno et al. 2003).  OP9 cells have been studied for generating hematopoietic progenitor 

cells as well as definitive hematopoietic lineages from embryonic stem cells (Suzuki et al. 

2001; Kitajima et al. 2003; Schmitt et al. 2004; Umeda et al. 2004; Vieira et al. 2004; La 

Motte-Mohs et al. 2005).   
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Most previous work with OP9 cells has involved co-culture with ES cells. 

However, disadvantages exist with a co-culture system; for example, the co-culture of 

cells may require sorting to obtain and analyze the specific cell population of interest. 

Taqvi et al. demonstrated that cell-cell contact may not be required for OP9 support of 

hematopoiesis from ES cells by culturing OP9 and ES cells on separate scaffolds that did 

not contact but were placed in the same culture so that soluble factors could penetrate 

throughout (Taqvi et al. 2006). OP9 conditioned medium supplemented with cytokines 

and growth factors has recently shown increased hematopoietic differentiation of ES cells 

(Zhang et al. 2006).   

 

2.7 BIOREACTORS FOR STEM CELL CULTURE 

Traditional two dimensional (2D) static methods can culture only a limited 

number of cells and is generally considered time-consuming and labor-intensive.  Unlike 

traditional static 2D culture methods, bioreactor systems have the ability to achieve scale-

up, which makes bioreactors critical for potential clinical applications. Additionally, the 

dynamic flow of bioreactors creates a more homogeneous environment and increases 

nutrient availability when compared to traditional static culture (Nielsen 1999).  Stem cell 

expansion and differentiation has been typically performed in static cultures, but recently 

the expansion of adult HPCs and efficiency of ES cell differentiation into various 

lineages has been studied in several different types of bioreactors including stirred flasks, 

rotary wall, perfusion cultures, and packed-bed bioreactors, which are summarized in 

Table 2.1.  

The two bioreactor systems studied in this work are stirred tanks (spinner flask) 

and rotary wall vessels (Synthecon) and are shown in Figure 2.3. In general, stirred tank 
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systems are characterized by turbulent flow and high shear forces. On the contrary, the 

Synthecon rotary culture system generates laminar flows with low shear forces. The fluid 

flow characteristics of these two bioreactors are discussed in more detail in Appendix A, 

and their applications in the culture of hematopoietic cells are discussed in detail below.  

 

2.7.1.  Stirred Bioreactors 

Stirred-tank bioreactors have been used for culturing a variety of suspension cells, 

including HSCs, as well as adherent cells using microcarriers. The spinner flask system 

has shown expansion of human bone marrow progenitors (Zandstra et al. 1994; Kim 

1998), umbilical cord blood (Collins et al. 1998), CD34
+
 peripheral blood (Collins et al. 

1998), mouse bone marrow cells (Kwon et al. 2003), and human T cells (Carswell et al. 

2000). Spinner flask culture showed no detrimental effects on primary T cell expansion; 

however, a significant down-regulation of interleukin-2 receptor (IL-2R) occurred 

compared to static culture (Carswell et al. 2000). Additionally, a T cell line had severally 

reduced growth rates showing extensive sensitivity to agitation at much lower speeds 

than the primary T cells, demonstrating the potential culture differences between model 

cell lines and the hematopoietic cells of interest (Carswell et al. 2000). Spinner flask 

cultures have also been used for successful EB-based differentiation, demonstrating 

potential hematopoietic-specific differentiation of ES cells (Dang et al. 2004; Fok et al. 

2005; Cameron et al. 2006); however, the effects of various culture parameters, such as 

cell seeding density and rotation speed, still require continued examination in this system.  
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2.7.2.  Rotary Wall Vessels 

Rotary wall vessels have also been used for suspension and microcarrier cell 

culture. Previous studies have employed rotary wall cultures for the expansion of human 

CD34
+
 bone marrow, umbilical cord blood, and mouse bone marrow cells (Plett et al. 

2001; Konstantinov et al. 2004; Liu et al. 2006). Originally developed by NASA, the 

Synthecon, Inc. (Houston, TX) Rotary Cell Culture System with a slow turning lateral 

vessel (STLV) has been reported to increase the efficiency of EB formation and 

differentiation of stem cells into the three germ layers of embryonic development; 

however, differentiation specifically into hematopoietic lineages was not investigated 

(Gerecht-Nir et al. 2004). Therefore, differentiation of ES cells into hematopoietic stem 

cells and their derivatives needs to be explored in this system.  
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Table 2.1 Bioreactors for hematopoietic cell culture. 

 

Bioreactor Application Reference(s) 

Spinner Flask Expansion of hBM, PB, UCB, mBM 

cells 

(Zandstra et al. 1994; Collins 

et al. 1998; Kim 1998; Kwon 

et al. 2003) 

 Expansion of T cells 

Differentiation of ES cells 

(Carswell et al. 2000) 

(Dang et al. 2004; Fok et al. 

2005; Cameron et al. 2006; 

Fridley et al. 2010) 

Rotating Wall 

(Synthecon) 

Expansion of hBM, mBM, and UCB 

cells 

 

Differentiation of ES cells 

(Plett et al. 2001; 

Konstantinov et al. 2004; Liu 

et al. 2006) 

(Gerecht-Nir et al. 2004; 

Fridley et al. 2010) 

Perfusion Chamber Proliferation of mBM, hPB, hUCB 

cells 

(Koller et al. 1993; Peng et 

al. 1996; Sandstrom et al. 

1996; Jaroscak et al. 2003) 

Packed bed bioreactors Expansion of mBM, hBM, hUCB, 

hPB cells 

(Mantalaris et al. 1998; 

Meissner et al. 1999) 

Airlift packed bed 

bioreactor 

Expansion of mBM cells (Highfill et al. 1996) 
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Figure 2.1 Embryonic Stem Cells have an unlimited ability to self-renew and can 

differentiate into all of the cell types of the body, including hematopoietic 

cells. 
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Figure 2.2 Hematopoietic cells. Long-term hematopoietic stem cells (LT-HSC) renew 

throughout life and give rise to short-term hematopoietic stem cells (ST-

HSC) which have a limited capability for self-renewal. Multipotent 

progenitor (MPP) cells differentiate into common lymphoid progenitors 

(CLP) and common myeloid progenitors (CMP). Those progenitors then 

differentiate then differentiate into the cell types of the blood, including T 

lymphocytes, B lymphocytes, Natural Killer (NK) cells, dendritic cells, 

macrophages, neutrophils, eosinophils, basophils, erythrocytes, 

megakaryocytes, and platelets. 

 

 
 

 

 LT-HSC 
 

  

 

  

ST-HSC 

MPP 

   

CLP CMP 

T cell B cell NK cell 
 

Macrophage 
 

Neutrophil 
 

Eosinophil 
 

Basophil 
 

Erythrocyte 
 

Megakaryocyte 

Platelets 

 
Dendritic Cell 



 

 27 

Figure 2.3 Bioreactor systems used to culture ES cells. Spinner Flask (A) and 

Synthecon Rotary Cell Culture System (B) 

 

A B 
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CHAPTER THREE 

Embryonic Stem Cell Differentiation with Varying Dynamic Culture 

Parameters 

3.1 INTRODUCTION 

Embryonic stem (ES) cells can indefinitely self-renew and have the potential to 

differentiate into every cell in the body (Sato et al. 2003). Because of these self-renewal 

and pluripotent properties, ES cells are a valuable research tool and a novel cell source 

for clinical therapies (Kaji et al. 2001). Differentiated ES cells could become a potentially 

unlimited source for transplantable cells. However, the ultimate clinical applicability of 

such stem-cell based therapeutics depends critically on the ability to maximize lineage-

specific differentiation efficacy and provide large scale, high-throughput production of 

therapeutic cells suitable for transplantation. 

Hematopoietic stem cell (HSC) transplantation has proven successful in a variety 

of complex disorders, including treatment of certain cancers (Xun et al. 1999; Little et al. 

2000; Storb et al. 2000; Storb 2003). Current therapeutic efforts for HSCs involve 

transplanting adult stem cells from the bone marrow or blood. Despite success and 

widespread clinical use, HSC transplantations have several key problems, including 

difficulties and efficiency of HSC isolation, problems with long-term expansion of HSCs 

in vitro and, limited availability of human leukocyte antigen (HLA)-matched donor 

marrows (Daley 2003). Efficient differentiation of ES cells into HSCs has the potential to 

alleviate these limitations and treat several diseases (Daley 2003), including  

hematopoietic malignancies (Hsu et al. 1996; Nestle et al. 1998; Reichardt et al. 1999; 

Galea-Lauri et al. 2002; Buchler et al. 2003) (e.g. leukemia, lymphoma, and myeloma), 

certain cancers, and immunodeficiencies (Rideout et al. 2002). However, new strategies 
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that maximize hematopoietic differentiation of ES cells in a high-throughput, easy to 

scale up manner, must be developed for such a concept to be clinically feasible. 

During differentiation in suspension cultures, ES cells form aggregates known as 

embryoid bodies (EBs). Similar to embryonic development, these EBs increase in size 

and complexity in culture and differentiate into the three germ layers of embryonic 

development: endoderm, ectoderm, and mesoderm. Subsequently, the mesoderm gives 

rise to blood tissue and lineage-specific cells including hematopoietic stem cells and 

hematopoietic progenitor cells (HSPC). In the mouse bone marrow, HSC are identified 

by specific cell-surface markers and are characterized lin
-
c-kit

+
sca-1

+
 cells (Ikuta et al. 

1992; Uchida et al. 1992). In addition to HSPCs, progenitor cells from other tissue types 

have been uniquely characterized by the c-kit and sca-1 markers (Ashman 1999; Holmes 

et al. 2007). 

Over the last decade, most ES cell work, especially for hematopoiesis, focused on 

differentiation in two dimensional (2D), static culture systems. Such approaches have 

several limitations, including lack of mixing, time-consuming, labor-intensive, and have a 

limited ability to generate large percentages of HSPCs needed for cellular therapies 

(Polak et al. 2008; Kaufman 2009). Recently the efficiency of EB formation and stem cell 

differentiation into various lineages has been studied in several different types of 

bioreactors including spinner flasks and rotary wall vessels. Unlike traditional static 

culture methods, bioreactor systems have the ability to achieve scale-up and be integrated 

with chemical process development, both of which are critical for potential clinical 

applications. Additionally, the dynamic flow of bioreactors creates a more homogeneous 

environment and increases nutrient availability when compared to traditional static 

culture (Nielsen 1999). Spinner flask cultures have been used for successful ES cell 

expansion and EB-based differentiation (Fok et al. 2005; Schroeder et al. 2005; Cameron 
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et al. 2006). Similarly, the Synthecon
TM

 Rotary Cell Culture System (RCCS), a 

microgravity type bioreactor with a Slow Turning Lateral Vessel (STLV), originally 

developed by NASA, has also been reported to increase the efficiency of EB formation 

and differentiation of stem cells into the three germ layers of embryonic development 

(Gerecht-Nir et al. 2004). Comparison of spinner flask and Synthecon
TM

 bioreactors for 

human ES cell differentiation, specifically focusing on cardiac and endothelial lineages, 

has also been recently reported (Yirme et al. 2008).  

In this study, we report that cell seeding density and bioreactor speed significantly 

affect embryoid body (EB) formation and subsequent generation of hematopoietic stem 

and progenitor cells (HSPCs) in both stirred tank (spinner flask) and rotary 

(Synthecon
TM

) type bioreactors. In general, high percentages of HSPCs were generated in 

both bioreactors, especially at high cell densities. In addition, Synthecon bioreactors 

produced more sca-1
+
 progenitors and spinner flasks generated more c-kit

+
 progenitors, 

demonstrating their unique differentiation profiles. cDNA microarray analysis of genes 

involved in pluripotency, germ layer formation, and hematopoietic differentiation showed 

that on day 7 of differentiation, EBs from both bioreactors consisted of all three germ 

layers of embryonic development. However, unique gene expression profiles were 

observed in the two bioreactors, e.g. the expression of specific hematopoietic genes were 

significantly more up regulated in the Synthecon
TM

 cultures compared to spinner flasks. 

These results demonstrate that bioreactor type and culture parameters can be used to 

control ES cell differentiation, enhance unique progenitor cell populations, and provide 

means for large scale production of transplantable therapeutic cells.   
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3.2 MATERIALS AND METHODS 

 

3.2.1. ES cell maintenance  

R1 mouse ES cells (from Prof. A. Nagy, Mount Sinai Hospital, Toronto, ON) 

were maintained in an undifferentiated state by culturing on a mitomycin C (Sigma-

Aldrich, St. Louis, MO)-inactivated fibroblast cell layer (MEF cells, ATCC, Manassas, 

VA). ES cells were expanded in Knockout DMEM (Invitrogen, Carlsbad, CA) containing 

15% ES cell screened fetal bovine serum (defined FBS, Hyclone, Thermo Fisher 

Scientific Inc., Waltham, MA), 2mM L-glutamine (Invitrogen), 0.1 mM non-essential 

amino acids (Invitrogen), 100 U/mL penicillin G with 10 mg/mL streptomycin 

(Invitrogen), and 5x10
-5

M 2-mercaptoethanol (Sigma-Aldrich). In addition, Leukemia 

Inhibitory Factor (ESGRO® LIF, Millipore, Temecula, CA) was included in the 

expansion medium at 1000 U/ml to minimize differentiation and ensure growth of 

undifferentiated ES cells. One passage prior to the differentiation culture, ES cells were 

cultured on gelatinized flasks without feeder cells and cultured using a pre-differentiation 

medium of IMDM (Invitrogen) containing 15% fetal bovine serum (defined, Hyclone), 

5x10
-5 

M 2-mercaptoethanol (Sigma-Aldrich), 1000 U/ml LIF (Millipore), 100 mM 

sodium pyruvate, 0.1 mM non-essential amino acids, 100 U/mL penicillin G, and 10 

mg/mL streptomycin (all from Invitrogen).  

 

3.2.2. ES cell differentiation and EB formation 

Upon reaching confluence, ES cells were harvested and cultured without LIF or 

feeder cells to initiate EB formation and differentiation. During differentiation, ES cells 

were cultured as a suspension either in a static flask (Ultra Low Attachment Flask, 
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Corning Incorporated, Corning, NY), a spinner flask system (125 ml Disposable Spinner 

Flask, Corning), or the Synthecon rotating vessel (22.5 ml Slow Turning Lateral Vessel, 

Rotary Cell Culture System, Synthecon Inc., Houston, TX).  Low attachment culture 

plates were used for static conditions since attached plates show decreased hematopoietic 

differentiation (Dang et al. 2002). The differentiation medium contained IMDM 

(Invitrogen) with 15% fetal bovine serum (ES-Cult for Hematopoietic Differentiation, 

StemCell Technologies, Vancouver, BC), 5x10
-5

M 2-mercaptoethanol (Sigma-Aldrich), 

0.1 mM non-essential amino acids, 100 U/mL penicillin G, and 10 mg/mL streptomycin 

(all from Invitrogen).  

 

3.2.3. Analysis of EB formation under various culture conditions 

On days two, four, and six of ES cell differentiation, a small sample was removed 

for light microscopic imaging (EVOS microscope, Westover Scientific’s Advanced 

Microscopy Group, Mill Creek, WA). The amount and size of EBs in each sample was 

determined by placing 100 µl of the culture volume in each well of a 96 well plate. For 

each condition, EBs from at least six fields of view was acquired. The concentration and 

diameter of EBs were calculated by an in-house image processing program written in 

Matlab (MathWorks, Inc., Natick, MA).  Additional data analysis of calculations 

acquired from each individual picture was performed as described below. Furthermore, 

individual EB diameters from day 6 pictures from a representative experiment were 

calculated for generating the EB size distribution.   
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3.2.4. Flow cytometry analysis 

On day 7 of ES cell differentiation, EBs were dissociated using Accumax
TM

 

(Innovative Cell Technologies, San Diego, CA) for 1.5-2 hours at 37°C and mechanical 

shearing to create a single cell suspension. Efficacy of HSPC generation was analyzed as 

reported before (Liu et al. 2005; Taqvi et al. 2006). Specifically, cells were washed and 

stained in a PBS buffer with 1% BSA and 0.05% sodium azide (Sigma-Aldrich). Non-

specific binding was blocked by incubating with anti-mouse CD16/CD32 monoclonal 

antibody (BD Pharmingen™, CA) for 10 min at 4°C. Cells were then incubated with 

allophycocyanin (APC) or phycoerythrin (PE) conjugated antibodies against sca-1 and c-

kit (BD) for 30 minutes at 4°C in dark. 7-Aminoactinomycin D (7-AAD, BD) was used 

for the exclusion of non-viable cells. Isotype-matched irrelevant monoclonal antibodies 

were used as negative controls. All samples were analyzed on BD FACSCalibur™ (BD 

Biosciences) and FlowJo (Tree Star, Inc., Ashland, OR) software. ES cell-derived HSPCs 

were identified as cells that express both c-kit and sca-1 surface markers (Ikuta et al. 

1992; Uchida et al. 1992).  In addition, cells that express only c-kit or only sca-1 were 

also analyzed to determine the unique profile of differentiated cells in each bioreactor 

culture. 

 

3.2.5. Statistical Analyses of EB formation and HSPC generation 

Groups of identical conditions from independent experiments were combined for 

figures and statistical analysis. Graphical representations were performed using Excel 

(Microsoft, Redmond, WA), and statistical analyses were performed using SPSS (SPSS, 

Inc., Chicago, IL).  The mean values were reported in all graphs with the error bars 

representing standard error, with the exception of the EB size distribution data. The size 

distribution data was graphed by sorting EBs in bins of 50 µm with the frequency based 
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on the total number of EBs, and a polynomial trend-line was calculated in Excel. To 

account for the variability in flow cytometry data, the modified Thompson’s Tau method 

was applied, and a maximum of one outlier was removed from each condition. Due to the 

unequal sample size produced by combining conditions from independent experiments 

and variance of the conditions, statistical analysis was performed using a one-way 

ANOVA with Games-Howell correction and a significance level of p<0.05.   

 

3.2.6. cDNA microarray analysis of differentiated ES cells 

Total RNA was isolated either from undifferentiated R1 ES cells (as a control) or 

from day 7 EBs from differentiation cultures (with three different biological repeats of 

spinner flask and Synthecon). EBs and undifferentiated cells were spun down, washed 

with PBS, and re-suspended in lysis buffer (RLT, Qiagen). RNA was extracted according 

to manufacturer’s protocol (RNAeasy mini kit, Qiagen). The quantity and quality of RNA 

was measured by spectrophotometry (OD 260/280) using a Nanodrop ND-1000 

(Nanodrop Technologies). Double-stranded cDNA was synthesized from 10 g of total 

RNA (Invitrogen Superscript Double-Stranded cDNA Synthesis Kit) followed by RNAse 

A cleanup and cDNA precipitation (NimbleGen Arrays User’s Guide). cDNA samples 

were quantified and checked for quality (as described above for RNA) using a 

Bioanalyzer (Agilent Bioanalyzer 2100). cDNA labeling and array hybridization were 

carried out at The University of Texas at Austin Microarray Core Facility on a mouse 

cDNA expression array (4-plex format, 72K) from Roche NimbleGen which contains 

25631 genes (Cat No. A4486001-00-01). After hybridization, the slides were scanned 

with a GenePix 4000B Scanner. Data were extracted using Roche NimbleScan software, 

and the expression intensities were calculated from scanned images and normalized using 
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the Robust Multichip Average (RMA) method. The RMA.calls data was log2-

transformed for further analysis. In addition, the TMeV4.0 microarray data analysis 

software from TIGR was used to perform principal component analysis (PCA) and 

hierarchical clustering (HCL) to statistically validate the experiment. The ArrayStar
TM

 

software was also used to perform expression data analysis (pair-wise comparison in the 

scatter plot, HCL clustering, one-way ANOVA).  One-way ANOVA was used to obtain 

the number of statistically significant genes among the two bioreactor conditions (p<0.01 

and p<0.05), and a t-test (p<0.01 and p<0.05) was performed to compare each sample 

with the control (undifferentiated cells) along with determination of genes whose median 

expression levels in one culture condition differed from that in another culture condition 

by at least two folds ( 2 fold change).  The analysis was focused on the evaluation of 

changes in gene expression in selected ES cell and hematopoiesis-related genes in 

different culture conditions (p<0.05 was considered statistically significant).  The data is 

represented as fold change of gene expression levels in each culture condition compared 

to control (undifferentiated cells) with error bars representing the standard error for each 

sample.    

 

3.3 RESULTS 

 

3.3.1. Influence of cell seeding density and bioreactor speed on EB morphology and 

numbers 

To study the effect of initial cell seeding density on EB formation in bioreactor 

systems, cells were seeded at 50,000, 100,000, 500,000, and 750,000 cells per ml in both 

bioreactor systems.  Cell seeding density in the static system was tested for this range but 
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also included 10,000 cells/ml, which was based on previously published methods for 

optimal EB formation efficiency at lower cell seeding densities (Dang et al. 2002). 

Rotation speed was held constant; all spinner flasks were cultured at 100 rpm, and all 

Synthecon vessels were cultured at 20 rpm. In separate studies, the influence of rotation 

speed was also examined while cell seeding density was held constant (750,000 cells/ml). 

These bioreactor systems have differing hydrodynamics (Papoutsakis 1991; Martin et al. 

2005); therefore, different ranges of rotation speeds were investigated (10 to 40 rpm in 

intervals of 10 rpm for Synthecon, and 60 to 100 rpm in intervals of 20 rpm for spinner 

flask) as demonstrated in previous work for ES cell culture (Gerecht-Nir et al. 2004; Fok 

et al. 2005; Cormier et al. 2006). 

As shown in Figure 3.1, qualitatively, EB formation was more efficient in the 

spinner flask system as compared to the Synthecon and static systems leading to higher 

EB concentration. At low seeding densities as well as high rotation speeds, the Synthecon 

system had very few EBs formed. Morphologically, EBs formed in the Synthecon 

bioreactor, especially at lower cell seeding densities, were less-uniform compared to the 

spinner flask culture. At 750,000 cells/ml, highest EB concentration and most uniform 

morphology were observed at the 20 rpm rotation speed in the Synthecon system. In 

general, EBs increased in number as cell seeding density was increased in all three 

culture systems.  

Image quantification results indicate that overall in the spinner flask and static 

systems, the average diameter of EBs increased with time and the EB concentration 

decreased with time (Figures 3.2 A, B, E, F, I, and J). Increasing cell seeding density 

significantly increased EBs concentration in both the static and spinner flask cultures, 

although the difference was less prominent at later time points as the EB concentration 

decreased in conditions with higher initial cell seeding densities (Figure 3.2 B, D, F, and 
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H). In the spinner flask, decreased rotation speed increased the average EB diameter at 

day 2, but by day 6 the average diameters showed no significant difference (Figure 3.2 I 

and K). The Synthecon system did not demonstrate any clear trends over the 6 days of 

EB formation with respect to average diameter or EB concentration (Figures 3.2 M-T). 

However, at 20 rpm the Synthecon system demonstrated significantly higher number of 

EBs when compared to other rotation speeds at day 6 of EB formation (Figure 3.2 R and 

T).  

When comparing between the different culture systems, the average diameter was 

similar between the 3 systems.  EB concentration in the spinner flask was higher than 

both the Synthecon and static systems at higher cell densities; however, the concentration 

decreased noticeably with time. At day 6 of differentiation with the highest cell seeding 

density, the spinner flask produced a significantly higher number of 1356.0 ± 73.7 

EBs/ml compared to 298.1 ± 40.6 EBs/ml in the Synthecon and 435.0 ± 35.8 EBs/ml in 

the static (Figure 2).  Therefore, the spinner flask system produces a larger number of 

cells per ml than static and Synthecon cultures of the same cell seeding density, as the 

average diameter of the EBs was similar yet the EB concentration was significantly 

higher.  

The control of EB size (Figure 3.3) appeared greater in the spinner flask and 

Synthecon systems, which is demonstrated the smaller distribution (peak width) 

compared to the static. Variation of cell seeding density and speed in the spinner system, 

on average, did not show any difference in EB size distribution. In the Synthecon system, 

culture parameters do impart some control over EB sizes. For example, at the lowest cell 

density majority of the EBs were either below 100 um or above 400 um (Figure 3.3D), 

while at high cell densities the EB size is primarily between 100 and 300 um. In the 
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Synthecon system, higher rotation speeds demonstrate a trend of an increased number of 

smaller EBs compared to lower rotation speeds (Figure 3.3E). 

 

3.3.2. Influence of cell seeding density and speed on c-kit
+
, sca-1

+
 HSPC generation 

The effect of initial cell seeding density and rotation speed on efficiency of 

hematopoietic differentiation was studied in bioreactor systems. Cells were seeded at the 

densities described above and the rotation speeds were varied as previously mentioned 

for EB characterization. Spinner flask experiments were repeated a minimum of 3 times 

with 3 biological repeats. Synthecon experiments were repeated a minimum of 4 times 

with 2 biological repeats.  

The static system showed a significant increase in generation of HSPCs with 

increasing initial cell seeding density (Figure 3.4 A and B). The spinner flask 

demonstrated a similar pattern of increased initial cell seeding density showing 

significantly increased generation of HSPCs with the highest percentage of c-kit
+
sca-1

+
 

cells in the culture initiated with 750,000 cells/ml (Figure 3.4 C and D). However, the 

rotation speeds tested did not show any significant influence on the percentage of HSPCs 

generated in the spinner flask (Figure 3.5 A and B).  

The Synthecon bioreactor system showed an increase in the percentage of HSPCs 

as cell seeding density was increased with significantly higher HSPC generation observed 

at 500,000 cells/ml (Figure 3.4 E and F). Further increase of the cell seeding density (to 

750,000 cells/ml) decreased the HSPC percentage, unlike the spinner flask system. In 

addition, lower rotation speeds (10 or 20 rpm) clearly shows a trend in higher HSPC 

percentages, although differences between the groups were not statistically significant 

(Figure 3.5 C and D).   
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3.3.3. Influence of cell seeding density and speed on generation of sca-1
+
 and c-kit

+
 

progenitors 

The flow cytometry plots in Figure 3.4 and 3.5 (Figure 3.4: B, D, and F, and 

Figure 3.5: B and D) also reveals a unique pattern of differentiation for each bioreactor. 

As shown, higher percentages of sca-1
+
 cells are generated in the Synthecon cultures 

while high percentage of c-kit
+
 cells are produced in both the static and spinner flask 

systems. Since these markers, by themselves are indicative of a wide variety of stem and 

progenitor cells, production of c-kit
+
 and sca-1

+
 (single positive) cells in the two 

bioreactors at various cell seeding density and rotation speed were further analyzed 

(Figures 3.6, 3.7). Regardless of rotation speed, the Synthecon cultures had significantly 

higher expression of sca-1 and lower expression of c-kit compared to spinner flasks 

Statistical significance by ANOVA for different cell seeding densities is shown in Tables 

3.1-4. This pattern of c-kit and sca-1 between the various culture systems is also 

supported by gene expression analysis (discussed below, Figure 3.8A).  As discussed 

below, this could indicate unique distinctions between the two bioreactor systems in 

generating different progenitor cells. 

 

3.3.4. Gene expression analysis of differentiated ES cells 

The global gene expression profile of ES cells differentiated in dynamic (spinner 

flasks and Synthecon) culture conditions was compared using a mouse cDNA expression 

array (4-plex format, 72K) from Roche NimbleGen that contains 25631 genes. As 

discussed above, the cell seeding density that produced the highest percentage of c-

kit+sca-1+ cells (HSPCs) for each bioreactor system (500,000 cells/ml for Synthecon and 

750,000 cells/ml for spinner flask) were used to differentiate ES cells for the microarray 

experiments.  874 genes were determined to have statistically significant differential 
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expression (p<0.01 by ANOVA analysis across all conditions, n=9 and at least 2-fold 

change in each culture condition compared to undifferentiated cells). 

We evaluated hematopoietic differentiation in the different bioreactor conditions 

by quantifying the expression levels of specific genes involved in pluripotency, 

differentiation, and growth of ES cells. The expression level was quantified by 

calculating the fold change of the gene expression level in each condition compared to 

undifferentiated cells as a control (Figure 3.8). Only genes that showed statistically 

significant differential expression (p<0.05 by one-way ANOVA) were considered for 

analysis.  

Figure 3.8A shows the expression levels of c-kit and sca-1. C-kit expression was 

up-regulated in both conditions, showing a slight increase in Synthecon compared to 

spinner flask. However, sca-1 expression was significantly up-regulated in the Synthecon 

compared to spinner flask. These results were consistent with the observed protein 

expression levels of both markers (Figures 3.3 and 3.4).  Figure 3.8B illustrates the 

expression levels of other markers associated with embryonic and adult hematopoiesis, 

including CD41, CD150, HoxB4, Runx1, CD45, and CD48. As shown, there is a distinct 

pattern between the two bioreactors. Most markers are up-regulated in the Synthecon 

cultures, except for Runx-1, while the opposite pattern is evident in spinner cultures. 

We also analyzed the gene expression level of a group of candidate “pluripotency-

related” genes, including Oct3/4 (Pou5f1), Sox2, Rex-1 (Zfp-42), Foxd3 and Gbx2 (Rao et 

al. 2004). These genes are highly expressed in pluripotent ES cells compared to lineage-

committed cells (Sharova et al. 2007). As shown in Figure 3.8C, these genes were 

mostly down-regulated in both conditions. There was also a greater down-regulation of 

Tie2, an endothelial-specific receptor tyrosine kinase, in spinner flask cultures compared 

to Synthecon (Figure 3.8D). Besides Tie2, we also looked at the expression levels of 
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CD31 and CD34 (Figure 3.8D), which are expressed in the hemangioblast, a common 

progenitor for hematopoietic and endothelial lineages. CD31, a marker for early 

endothelial lineage, was up-regulated in both conditions. However, CD34 was down-

regulated in both bioreactors. The expression of Flk-1 is an indicator of the development 

of the lateral plate mesoderm, and Flk-1
+
 cells give rise to endothelial cells and blood 

vessels (Kabrun et al. 1997; Chung et al. 2002).  Our results show a higher expression of 

Flk-1 in spinner flask than in Synthecon cultures (Figure 3.8E). The expression of E-

cadherin was down-regulated in both conditions (Figure 3.8E).  Furthermore, EBs from 

both suspension cultures were examined for markers from all three germ layers 

(endoderm, mesoderm, and ectoderm). The early mesoderm markers Brachyury-T and 

Wt-1 (Figure 3.8F) were down-regulated in both bioreactor conditions. The ectoderm 

markers (Nestin and Neurofascin) were mostly down-regulated in the bioreactors (Figure 

3.8G). However, the expression of the selected endoderm markers was up-regulated in 

both conditions (Figure 3.8H). In addition, we evaluated the expression of genes 

involved in extracellular matrix (ECM) production genes (Figure 3.8I). The expression 

levels of various collagen genes, as well as of the activated leukocyte cell adhesion 

molecule (Alcam), demonstrated that the Synthecon culture had more up-regulation of 

ECM-related genes compared to the spinner flask culture. 

 

3.4 DISCUSSION 

Although bioreactor cultures are increasingly being studied for stem cell 

expansion and differentiation, much work remains in understanding large scale lineage 

specific differentiation specifically to generate blood lineages. In the present study, 

suspension cultures of ES cells were examined using the conventional static culture and 



 

 50 

two different bioreactors, the stirred tank type spinner flask system and the rotary type 

Synthecon system. Various stirring speeds and cell seeding densities were evaluated to 

study the effects on EB formation and HSPC generation. It is critical to note that 

throughout this study we have investigated how culture conditions affect spontaneous 

differentiation with specific focus on hematopoiesis. Differentiation of ES cells using 

cytokines (Chadwick et al. 2003; Wang et al. 2005) or marrow stromal cell co-culture 

(Nakano et al. 1994; Suzuki et al. 2001; Kitajima et al. 2003; Umeda et al. 2004; Wang et 

al. 2005) has been reported to aid in HSC generation. We have purposefully avoided 

these additional variables in order to selectively identify the effect of dynamic culture 

conditions. Future work would combine these optimized bioreactor cultures with directed 

differentiation strategies. 

Spinner flask cultures have been previously used for EB-based differentiation 

using cell seeding densities of 2×10
5 

cells per ml (Schroeder et al. 2005). Cameron et al. 

initialized EB formation in static cultures before seeding 35 EBs per ml (2-3 ×10
5 

cells 

per ml) into stirred cultures (Cameron et al. 2006); however, initializing EB in static 

cultures creates a two step process that could hinder future scale-up. We have 

demonstrated that increasing the initial cell seeding density increases hematopoietic 

differentiation in the spinner flask system. Specifically, a seeding density of 750,000 cells 

per ml maximizes EB concentration and HSPC percentage under the range of cell seeding 

densities investigated.  The Synthecon rotating vessel system has been previously 

reported to increase the efficiency of EB formation and differentiation of stem cells into 

the three germ layers of embryonic development using 0.5-0.7 ×10
6
 cells per ml 

(Gerecht-Nir et al. 2004), and the culture of nuclear transfer ES cells lines for 

differentiation into cardiomyocytes using 1×10
5 

cells per ml (Lu et al. 2008). Although 

no clear trends were recognized for EB morphology and concentrations, we have 
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demonstrated that differentiation into HSPCs was maximized by using an initial cell 

seeding density of 500,000 cells per ml. Although previous studies have indicated that 

lower cell densities could enhance EB formation efficiency in static suspension cultures 

(Dang et al. 2002), our results indicate that increasing cell seeding density increases EB 

concentration and HSPC percentage. 

Since cells in bioreactors are exposed to varying forces with alterations in fluid 

flow, the effects of rotation speed must be considered when utilizing bioreactor cultures. 

Low speeds cause extensive aggregation of cells and EBs, as well as increased variability 

of EB size and shape (Fok et al. 2005). High speeds can decrease cell aggregation and EB 

formation (Carpenedo et al. 2007) or even cause cell death. Generally, spinner flasks 

have turbulent flows with high shear stress whereas rotating vessels have laminar flows 

with low shear forces (Vunjak-Novakovic et al. 1999; Vunjak-Novakovic et al. 2006). 

The varying hydrodynamics of the two bioreactor systems is discussed in further detail in 

Appendix A and necessitates evaluation of different range of speeds for each system. 

Rotation speed in spinner flask systems has been previously investigated between 

60 and 100 rpm. It was reported that 100 rpm provides optimal expansion of 

undifferentiated stem cells (Fok et al. 2005; Cormier et al. 2006).  However, these 

previous studies did not investigate how varying rotation speed affected EB formation or 

hematopoietic differentiation. We have identified that varying rotation speeds between 60 

and 100 rpm does not produce a significant difference on hematopoietic differentiation. 

Gerecht-Nir et al. reported that 15-20 rpm is the optimal speed for EB formation in the 

Synthecon system (Gerecht-Nir et al. 2004). Our results also indicate that higher rotation 

speeds of 30 and 40 rpm culture reduces the percentage of c-kit
+
sca-1

+
 cells in addition to 

decreasing EB formation. McDevitt and colleagues have also shown an optimal rotation 

speed (40 rpm) for EB formation using rotary orbital shakers (Carpenedo et al. 2007). 



 

 52 

These various bioreactor systems illustrate a need for individualized optimization for a 

unique set of culture conditions before comparisons can be made between the various 

systems. 

Although the spinner flask and Synthecon systems did not demonstrate the same 

degree of control over EB size as other EB differentiation systems, such as the rotary 

culture system (Carpenedo et al. 2007), the control of EB size appeared greater in the 

spinner flask and Synthecon systems than traditional static culture (Figure 3.3). Variation 

of cell seeding density and speed in the spinner system, on average, did not show any 

difference in EB size distribution. In the Synthecon system, culture parameters do impart 

some control over EB sizes. For example, at the lowest cell density majority of the EBs 

were either below 100 um or above 400 um (Figure 3.3D), while at high cell densities 

the EB size is primarily between 100 and 300 um, which has been previously reported to 

have increased differentiation into various lineages (Valamehr et al. 2008). Additionally, 

higher rotation speeds demonstrate a trend of an increased number of smaller EBs 

compared to lower rotation speeds (Figure 3.3E).  Although EB size has been shown to a 

significant factor in stem cell fate (Valamehr et al. 2008), the flow cytometry data was 

collected with the same variations in cell seeding density and rotation speeds so that the 

trends in differentiation are regardless of EB size. We have demonstrated that EB size 

alone is not the defining factor in ES cell hematopoiesis; even if size differences are not 

significant, parameters like rotation speed and cell seeding density can have significant 

influence on differentiation. 

When the conditions which produced the highest percentage of HSPCs (500,000 

cells/ml for static, 500,000 cells/ml for Synthecon, and 750,000 cells/ml for spinner flask, 

shown in Figure 3.4) were compared, no significant difference was found between the 

three cultures with respect to the percentage of HSPCs generated. However, the spinner 
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flask produced a significantly higher percentage of EBs (Figure 3.2). Therefore, the 

spinner flask system produces a higher percentage of HSPCs per ml, which could have 

implications when applying these methods to produce clinically relevant quantities of 

cells. 

We have examined the global gene expression profile under different conditions 

and focused the analysis on the expression level of genes important for pluripotency and 

hematopoietic differentiation.  By day 7, cells were differentiated into lineage-specific 

pathways. The expression of candidate pluripotency genes, like Oct3/4, Sox2, Rex1, 

Foxd3 and Gbx-2, was down-regulated in both culture conditions, compared to 

undifferentiated cells. In suspension cultures, mouse ES cells can spontaneously 

differentiate into EBs. Differentiation within EBs occurs in a well-defined temporal 

manner with the initial formation of all three embryonic germ layers (ectoderm, 

mesoderm and endoderm) followed by further differentiation to terminally differentiated 

cell types, similar to in vivo embryogenesis (Weiss et al. 1996). Mature EBs are generally 

considered to be formed from an outer layer of primitive endoderm surrounding an 

interior of differentiating cells, with the endoderm providing molecular signals necessary 

for proper differentiation (Coucouvanis et al. 1995), which could explain the up-regulated 

expression of all the endodermal markers in the different conditions. The expression of 

the early mesoderm markers Brachyury-T and Wt1 was down-regulated at this time point 

(day 7), suggesting that by day 7 bioreactor-cultured cells are likely in the late mesoderm 

stage.  This is consistent with results reported from Carpenedo et al. where the expression 

of Brachyury-T was measured at day 4 and day 7, being lower at day 7 (Carpenedo et al. 

2007; Sargent et al. 2010). Interestingly, the expression of Flk-1 was down-regulated in 

Synthecon cultures compared to spinner flask.  Flk-1 has been considered a marker in the 

hemangioblast, a common progenitor for hematopoietic and endothelial cell lineages. 
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Although endothelial cells generated from the hemangioblast are all Flk-1
+
, Flk-1 

expression in nascent hematopoietic progenitors is down-regulated (Chung et al. 2002), 

which could be associated with a better commitment to endothelial cell differentiation in 

the spinner flask.  We also observed down-regulation of Tie-2 and CD34, hemangioblast 

markers present in endothelial cells, in both bioreactors but more so in the Synthecon 

culture. This could suggest that by day 7 the cells are more directed to hematopoiesis in 

Synthecon than in spinner flask cultures since mouse HSCs are CD34
low

 (Osawa et al. 

1996). Furthermore, several hematopoiesis related genes, especially those that identify 

cells capable of long term reconstitution and engraftment, e.g. CD41, CD150 and HoxB4 

(McKinney-Freeman et al. 2009) etc., were significantly up regulated in the Synthecon 

cultures and down-regulated in spinner flask.  Although Runx-1, a hemangioblast marker 

necessary for definitive hematopoiesis showed the opposite trend, cells in Synthecon 

culture could be further along the hematopoietic lineage compared to those in the spinner 

culture at day 7 and thus show down regulation of Runx. Further evaluation of gene 

expression at various time points would be necessary in future studies to determine the 

kinetics of differentiation under each bioreactor conditions.  

We have also evaluated the expression of ECM related genes, such as collagens 

and adhesion molecules, because the interactions of cells with the extracellular matrix are 

critical for the establishment and maintenance of stem cell self-renewal and 

differentiation (Chen et al. 2007). The demonstrated up-regulation of different collagen 

genes and Alcam (cell adhesion molecule) in both conditions indicates that dynamic 

culture conditions support ES cell differentiation. Previous results from our laboratory 

have also shown that the expression of ECM component genes is up-regulated in 3D-

spinner cultures (Liu et al. 2006).   
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Another interesting observation is the high levels of cells expressing sca-1 in the 

Synthecon system compared to the high levels of cells expressing c-kit in the static and 

spinner flask systems (Figures 3.6 and 3.8A). In addition to hematopoietic cells, other 

cell populations expressing c-kit have been identified including embryonic brain, hepatic, 

germ, interstitial cells of Cajal, astrocytes, renal tubules, breast glandular epithelial cells 

and sweat glands (Ashman 1999). Additionally, c-kit is expressed on cardiovascular 

progenitors (Tallini et al. 2009).  Interestingly, c-kit receptors have been identified on 

endothelial cells (Broudy et al. 1994; Bernex et al. 1996), which could support our claim 

of an increased commitment to endothelial cell differentiation in spinner flask over 

Synthecon cultures seen in the gene expression data discussed above. In addition to a 

common marker for HSCs, sca-1 has been identified as a potential marker for other stem 

and progenitor cell populations, including skeletal, cardiovascular, hepatic, prostate, skin, 

and mammary cells (Holmes et al. 2007). This could imply that the Synthecon system is 

generating a greater amount of stem and progenitor cell types compared to the static and 

spinner flask systems. These should be further studied in future experiments. 
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Table 3.1 Analysis of Variance of sca-1 Expression, Static versus Spinner and 

Synthecon (p-Values) 

 

 
Static 

10,000 cells/ml 

Static 

50,000 cells/ml 

Static 

100,000 cells/ml 

Static 

500,000 cells/ml 

Static 

750,000 cells/ml 

Spinner 
50,000 cells/ml 

p < 0.05 p > 0.05 p > 0.05 p > 0.05 p < 0.05 

Spinner 

100,000 cells/ml 
p < 0.05 p > 0.05 p > 0.05 p > 0.05 p < 0.05 

Spinner 

500,000 cells/ml 
p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 

Spinner 
750,000 cells/ml 

p < 0.05 p < 0.05 p < 0.05 p > 0.05 p > 0.05 

Synthecon 

50,000 cells/ml 
p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05 

Synthecon 

100,000 cells/ml 
p < 0.05 p < 0.05 p < 0.05 p = 0.052 p > 0.05 

Synthecon 
500,000 cells/ml 

p < 0.05 p < 0.05 p < 0.05 p < 0.05 p > 0.05 

Synthecon 

750,000 cells/ml 
p < 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05 
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Table 3.2 Analysis of Variance of sca-1 Expression, Spinner versus Synthecon (p-

Values) 

 

 
Spinner 

50,000 cells/ml 

Spinner 

100,000 cells/ml 

Spinner 

500,000 cells/ml 

Spinner 

750,000 cells/ml 

Synthecon 
50,000 cells/ml 

p < 0.05 p < 0.05 p < 0.05 p < 0.05 

Synthecon 

100,000 cells/ml 
p < 0.05 p < 0.05 p < 0.05 p > 0.05 

Synthecon 

500,000 cells/ml 
p < 0.05 p < 0.05 p < 0.05 p > 0.05 

Synthecon 
750,000 cells/ml 

p < 0.05 p < 0.05 p < 0.05 p < 0.05 
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Table 3.3 Analysis of Variance of c-kit Expression, Static versus Spinner and 

Synthecon (p-Values) 

 

 
Static 

10,000 cells/ml 

Static 

50,000 cells/ml 

Static 

100,000 cells/ml 

Static 

500,000 cells/ml 

Static 

750,000 cells/ml 

Spinner 
50,000 cells/ml 

p < 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 

Spinner 

100,000 cells/ml 
p < 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 

Spinner 

500,000 cells/ml 
p < 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 

Spinner 
750,000 cells/ml 

p < 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 

Synthecon 

50,000 cells/ml 
p > 0.05 p < 0.05 p < 0.05 p < 0.05 p < 0.05 

Synthecon 

100,000 cells/ml 
p > 0.05 p = 0.051 p > 0.05 p < 0.05 p < 0.05 

Synthecon 
500,000 cells/ml 

p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 

Synthecon 

750,000 cells/ml 
p > 0.05 p > 0.05 p > 0.05 p < 0.05 p > 0.05 
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Table 3.4 Analysis of Variance of c-kit Expression, Spinner versus Synthecon (p-

Values) 

 

 
Spinner 

50,000 cells/ml 

Spinner 

100,000 cells/ml 

Spinner 

500,000 cells/ml 

Spinner 

750,000 cells/ml 

Synthecon 
50,000 cells/ml 

p < 0.05 p < 0.05 p < 0.05 p < 0.05 

Synthecon 

100,000 cells/ml 
p < 0.05 p = 0.050 p < 0.05 p < 0.05 

Synthecon 

500,000 cells/ml 
p > 0.05 p > 0.05 p > 0.05 p > 0.05 

Synthecon 
750,000 cells/ml 

p > 0.05 p > 0.05 p < 0.05 p < 0.05 
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Figure 3.1 EB pictures EBs in Static (A), Spinner Flask (B), and Synthecon (C) 

suspension cultures with varying initial cell densities and rotation speeds at 

day 6 of differentiation. EBs appeared to increase in number as cell seeding 

density was increased. Scale bar is 630 µm. 
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Figure 3.2 Effect of initial ES cell concentration on average diameter and concentration 

of Embryoid Bodies in static culture at varying cell densities (A-D), spinner 

flask at varying cell seeding densities (E-H) and speeds (I-L), and 

Synthecon at varying cell seeding densities (M-P) and speeds (Q-T). Static 

experiments were repeated a minimum of 4 times with 3 biological repeats 

with a minimum of 36 total fields of view for each condition. Spinner flask 

experiments were repeated a minimum of 2 times with 3 biological repeats 

with a minimum of 18 total fields of view for each condition. Synthecon 

experiments were repeated a minimum of 3 times with 2 biological repeats 

with a minimum of 24 total fields of view for each condition. Similar 

conditions from various experiments were combined for graphical 

representation. * represents p<0.05 when compared to other conditions as 

indicated, ** represents p<0.05 when compared to all other conditions on 

same day 
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Figure 3.3 Effect of initial ES cell concentration on size distribution of Embryoid 

Bodies in static culture at varying cell densities (A), spinner flask at varying 

cell seeding densities (B) and speeds (C), and Synthecon at varying cell 

seeding densities (D) and speeds (E). EBs were sorted into bins of 50 

microns with a polynomial trend-line shown. In general, the static system 

(A) showed least control over EB size, as demonstrated the larger peak 

width. In the Synthecon system, higher rotation speeds demonstrate a trend 

of smaller EBs compared to lower rotation speeds (E). 
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Figure 3.4 Percentage of cells positive for HSPC markers c-kit and sca-1 with varying 

initial ES cell concentration in static (A, B), spinner flask (C, D) and 

Synthecon (E, F) cultures. Cells from EBs at day 7 of differentiation were 

compared using flow cytometry. Static experiments were repeated a 

minimum of 4 times with 3 biological repeats. Spinner flask experiments 

were repeated a minimum of 3 times with 3 biological repeats. Synthecon 

experiments were repeated a minimum of 4 times with 2 biological repeats. 

Similar conditions from various experiments were combined for figures and 

statistical analysis. Final number of n after removal of outliers (in order of 

increasing cell density) were 34, 15, 15, 12, 15 for static cultures; 9, 9, 9, 23 

for spinner flask cultures; and 7, 7, 8, 15 for Synthecon cultures. * 

represents p<0.05 when compared to lowest cell density, ** represents 

p<0.05 when compared to all other conditions 

 

 



 

 64 

Figure 3.5 Percentage of cells positive for HSPC markers c-kit and sca-1 with varying 

rotation speed in spinner flask (A, B) and Synthecon (C, D) cultures. Cells 

from EBs at day 7 of differentiation were compared using flow cytometry. 

Spinner flask experiments were repeated a minimum of 3 times with 3 

biological repeats. Synthecon experiments were repeated a minimum of 4 

times with 2 biological repeats. Similar conditions from various experiments 

were combined for figures and statistical analysis. Final number of n after 

removal of outliers (in order of increasing rotation speed) were 15, 15, 23 

for spinner flask cultures and 8, 15, 8, 8 for Synthecon cultures. 
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Figure 3.6 Percentage of cells positive for progenitor cell markers sca-1 (A) and c-kit 

(B) with varying initial ES cell concentration in static, spinner flask, and 

Synthecon cultures. Cells from EBs at day 7 of differentiation were 

compared using flow cytometry. Static experiments were repeated a 

minimum of 4 times with 3 biological repeats. Spinner flask experiments 

were repeated a minimum of 3 times with 3 biological repeats. Synthecon 

experiments were repeated a minimum of 4 times with 2 biological repeats. 

Similar conditions from various experiments were combined for figures and 

statistical analysis. Final number of n after removal of outliers was a 

minimum of 7. 
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Figure 3.7 Percentage of cells positive for progenitor cell markers sca-1 (A) and c-kit 

(B) with varying speed in spinner flask, and Synthecon cultures. Cells from 

EBs at day 7 of differentiation were compared using flow cytometry. 

Spinner flask experiments were repeated a minimum of 5 times with 3 

biological repeats. Synthecon experiments were repeated a minimum of 4 

times with 2 biological repeats. Similar conditions from various experiments 

were combined for figures and statistical analysis. Final number of n after 

removal of outliers was a minimum of 7. All spinner flask conditions 

showed a statistically significant difference to all Synthecon cultures when 

comparing both c-kit and sca-1. 
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Figure 3.8 Expression profile of specific genes differentially regulated in bioreactor 

culture conditions (Synthecon and spinner flask). Comparison of the 

expression levels (n=3) of hematopoiesis markers (A, B), pluripotency and 

self-renewal markers (C), hemangioblast markers (D), germ layer markers 

of mesoderm (E,F) , ectoderm (G), endoderm (H) and genes involved in 

extracellular matrix (ECM) production (I). 
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CHAPTER FOUR 

Dynamic Cultures with Stromal Cell Conditioned Medium and Hypoxia 

for Hematopoietic Differentiation 

4.1 INTRODUCTION 

For the generation of hematopoietic cells, techniques to influence hematopoietic 

cell expansion and differentiation often involve mimicking the bone marrow environment 

in vitro to help replicate the signals provided by the hematopoietic stem cell (HSC) niche. 

The bone marrow contains stromal cells which contribute to hematopoiesis by providing 

secreted and membrane-bound cytokines to support HSC maintenance and 

differentiation.  OP9 cells are a commonly used murine stromal cell line from the bone 

marrow and have been studied for generating hematopoietic progenitor cells as well as 

definitive hematopoietic lineages from embryonic stem cells (Suzuki et al. 2001; 

Kitajima et al. 2003; Schmitt et al. 2004; Umeda et al. 2004; Vieira et al. 2004; La Motte-

Mohs et al. 2005).  Our laboratory has demonstrated that cell-cell contact may not be 

required for OP9 support of hematopoiesis (Taqvi et al. 2006). Therefore, conditioned 

medium may provide advantages over stromal cell co-culture by providing secreted 

factors while limiting contamination from stromal cells and also can be used in dynamic 

culture systems.   

Another culture technique used to imitate the bone marrow environment is 

manipulation of oxygen tension. The stem cell niches within the bone marrow are low 

oxygen environments, and the proliferation of hematopoietic progenitors has been shown 

to be regulated by a hypoxia-mediated signaling pathway in culture (Adelman et al. 

1999). Therefore, low oxygen environments may encourage hematopoietic differentiation 

from ES cells.  
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In this study, the effects of OP9 stromal cell conditioned medium and hypoxia on 

the differentiation of ES cells was investigated. Due to the complexity of studying 

multiple variables in numerous culture systems (including increased incubator space 

needed for dynamic culture systems, etc.), only the static and spinner flask conditions 

were examined to give a representation of how these hematopoietic differentiation cues 

would compare in static and dynamic culture systems. We report that conditioned 

medium and hypoxic cultures do alter the EB formation and generation of c-kit
+
sca-1

+
 

cells in static and spinner flask systems.  Moreover, conditioned medium and hypoxia 

could have a synergistic effect to further increase the percentage of c-kit
+
sca-1

+
 cells. 

These results demonstrate that combining bioreactor cultures with directed differentiation 

strategies via conditioned medium and hypoxic culture could encourage hematopoiesis 

and also allow for large scale, high-throughput production of therapeutic cells. 

 

4.2 MATERIALS AND METHODS 

 

4.2.1. ES cell maintenance and differentiation via embryoid body (EB) formation 

R1 mouse ES cells were maintained in an undifferentiated state by culturing as 

previously described in Chapter 3. During EB formation and ES cell differentiation, ES 

cells were cultured in static and spinner flask culture systems examined in the previous 

chapter. The cell seeding density and rotation speed that produced the highest percentage 

of c-kit
+
sca-1

+
 cells (HSPCs) for each culture system (500,000 cells/ml for static and 

750,000 cells/ml for spinner flask with rotation speed of 100 rpm for spinner flask) were 

used to evaluate EB formation and differentiation ES cells into c-kit
+ 

sca-1
+
 cells when 

combined with differentiation cues provided by conditioned medium and hypoxia. For 
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the results shown here, all cultures had 3 biological repeats with the exception of the 

combined conditioned medium and hypoxia culture, which had 2 biological repeats. 

 

4.2.2. Conditioned Medium and Hypoxia 

The OP9 stromal cell line was maintained in α-MEM with 20% fetal bovine serum 

(defined), 2mM L-glutamine, 1.5g/L sodium bicarbonate, and 100 U/mL penicillin G 

with 10 mg/mL streptomycin (all from Hyclone). To generate conditioned medium (CM), 

differentiation medium for R1 cells (used in Chapter 3) was placed on OP9 cells after 

reaching confluency. Supernatants were collected, and flasks of OP9 were replaced with 

fresh medium every 24 hours for 3 days. All supernatants were stored at 4ºC and filter-

sterilized prior to culture with ES cells.   

To study hypoxic (H) effects on the hematopoiesis of ES cells, cultures were 

placed in an incubator with 5% oxygen. Nitrogen was used as a balance to replace 

oxygen in a Thermo Scientific Forma Series Incubator. Normoxic conditions contained 

21% oxygen. 

 

4.2.3. Analysis of EB formation under various culture conditions 

On day six of ES cell differentiation, a small sample was removed for light 

microscopic imaging (EVOS microscope, Westover Scientific’s Advanced Microscopy 

Group, Mill Creek, WA). Similar to methods in Chapter 3, the amount and size of EBs 

were determined from images from at least six fields of view for each condition. The 

concentration and diameter of EBs were calculated by an in-house image processing 

program written in Matlab (MathWorks, Inc., Natick, MA).  Additional data analysis of 

concentration and diameter values acquired was performed as described below.  
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4.2.4. Flow cytometry analysis 

On day 7 of ES cell differentiation, EBs were dissociated into single cells and 

stained for c-kit and sca-1 surface markers as described in Chapter 3. Samples were 

analyzed using an Accuri C6 Flow Cytometer®(Accuri Cytometers, Inc., Ann Arbor, MI) 

and FlowJo (Tree Star, Inc., Ashland, OR) software. ES cell-derived HSPCs were 

identified as cells that express both c-kit and sca-1 surface markers (Ikuta et al. 1992; 

Uchida et al. 1992).   

 

3.2.5. Statistical Analyses of EB formation and HSPC generation 

Similar to Chapter 3, graphical representations were performed using Excel 

(Microsoft, Redmond, WA), and statistical analyses were performed using SPSS (SPSS, 

Inc., Chicago, IL).  The mean values were reported in all graphs with the error bars 

representing standard error, with the exception of the EB size distribution data. The size 

distribution data was graphed by sorting EBs in bins of 50 µm with the frequency based 

on the total number of EBs, and a polynomial trend-line was calculated in Excel. 

Statistical analysis was performed using a one-way ANOVA with Games-Howell 

correction and a significance level of p < 0.05.   

 

4.3 RESULTS 

 

4.3.1. Influence of conditioned medium and hypoxia on EB morphology and 

numbers 

To study the effect of conditioned medium (CM) and hypoxia (H) on EB 

formation in bioreactor systems, ES cells were differentiated in static and spinner flask 
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suspension cultures with OP9 conditioned medium and hypoxic (5% oxygen) 

environments. Using results from Chapter 3, the cell seeding density and rotation speed 

that produced the highest percentage of c-kit
+
sca-1

+
 cells (HSPCs) for each culture 

system (500,000 cells/ml for Static and 750,000 cells/ml for spinner flask with rotation 

speed of 100 rpm for spinner flask) were used. 

As shown in Figure 4.1, qualitatively, hypoxic conditions appeared to give larger 

numbers of EBs. Additionally, EB formation was more efficient in the spinner flask 

system as compared to the static systems leading to higher EB concentration, as expected 

from results shown in Chapter 3. 

Image quantification results indicate that conditioned medium and hypoxia can 

alter EB size and concentration (Figure 4.2). In static culture, conditioned medium did 

not alter the average EB size but did reduce the concentration of EBs, and hypoxia 

reduced EB size and increased EB concentration (Figure 4.2 A, B). In spinner flasks, 

conditioned medium reduced the average EB size, and both conditioned medium and 

hypoxia increased the concentration of EBs (Figure 4.2 C, D).  

Conditioned medium appears to give larger range of EB sizes (Figure 4.3), as 

demonstrated by the slightly wider distribution of frequencies (peak width) in static 

culture and the increased number of larger EBs (higher peak around 500 μm) in the 

spinner flask. Furthermore, control of EB size appeared greater in the spinner flask, 

demonstrated the smaller distribution compared to the static, which also agrees with 

results found in Chapter 3. 
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4.3.2. Influence of conditioned medium and hypoxia on c-kit
+
sca-1

+
 HSPC 

generation 

The effect of initial conditioned medium and hypoxia on efficiency of 

hematopoietic differentiation was studied in static and spinner flask cultures. Cells were 

cultured at the initial seeding densities and the rotation speed described above.  

The static system did not show a change in generation of HSPCs when cultured 

using conditioned medium and showed a statistically significant decrease in hypoxic 

cultures (Figure 4.4). The spinner flask demonstrated a similar pattern of similar 

generation of HSPCs in conditioned medium cultures; however, the spinner flask 

demonstrated a higher percentage of c-kit
+
sca-1

+
 cells in hypoxic cultures when 

compared to normoxic conditions (Figure 4.4). Furthermore, the combination of 

conditioned medium and hypoxia further increased the percentage of c-kit
+
sca-1

+
 cells.  

 

4.4 DISCUSSION 

In this study, OP9 conditioned medium and hypoxia were examined using the 

conventional static culture and spinner flask culture systems to study the effects on EB 

formation and HSPC generation. Combining optimized cell seeding density and rotation 

speed of bioreactor cultures with directed differentiation strategies via conditioned 

medium and hypoxic culture could encourage hematopoiesis and also allow for large 

scale, high-throughput production of therapeutic cells. 

Conditioned medium and hypoxia demonstrated a change in the average diameter 

and concentration of EBs compared with regular differentiation medium under normoxic 

conditions; however, these trends were not similar for static and spinner flask cultures. 

Although a minimum of 6 fields of view were used for analyzing EBs, analyzing larger 

numbers of EBs (as done in Chapter 3) could help clarify that trends are not a result of 
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small volume sampled. However, we have already demonstrated in Chapter 3 that EB 

size alone may not be the defining factor in ES cell hematopoiesis; therefore, conditioned 

medium and hypoxia may influence hematopoietic differentiation without having a 

relationship to EB size. 

Most previous work with OP9 stromal cells has involved co-culture with ES cells. 

However, disadvantages exist with a co-culture system; for example, the co-culture of 

cells may require sorting to obtain and analyze the specific cell population of interest. 

Taqvi et al. demonstrated that cell-cell contact may not be required for OP9 support of 

hematopoiesis from ES cells by culturing OP9 and ES cells on separate scaffolds that did 

not contact but were placed in the same culture so that soluble factors could penetrate 

throughout (Taqvi et al. 2006). OP9 conditioned medium supplemented with cytokines 

and growth factors has recently shown increased hematopoietic differentiation of ES cells 

(Zhang et al. 2006).  The results presented here do not show a significant increase in the 

generation of c-kit
+
sca-1

+
 cells when using OP9 conditioned medium alone. However, 

multiple methods to generate conditioned medium exist, including various stromal lines 

and ways to re-supplement the medium. Various methods for conditioned medium could 

be explored for their effects on ES cell differentiation. Additionally, defining the factors 

secreted from OP9 cells would be important in the goal of developing a serum-free 

medium with these factors to encourage hematopoietic differentiation. 

In stirred culture systems, recent studies have shown increased HPCs from 

encapsulated ES cells when differentiated at low (3-4%) oxygen (Dang et al. 2004) as 

well as examined hypoxic response in embryoid body based hematopoietic differentiation 

(Cameron et al. 2008). Additionally, the expansion of human cord blood progenitors 

showed significantly higher cell increases in hypoxic (5% oxygen) compared to normoxic 

conditions (Koller et al. 1992). The results presented here show a slight increase in the 
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generation of c-kit
+
sca-1

+
 cells from ES cells cultured in a hypoxic environment in the 

spinner flask culture; however, the hypoxic cultures showed a significantly significant 

decrease in the static culture.  

When comparing between the static and dynamic culture systems, the spinner 

flask did demonstrate a slight reduction in the percentage of c-kit
+
sca-1

+
 cells compared 

to static culture in this experiment when comparing differentiation medium and normoxic 

conditions used in Chapter 3; however, the spinner flask and static cultures did not 

demonstrate any statistically significant difference in these results or over numerous 

repeated experiments in Chapter 3.  

Particularly interesting is the further increase in the generation of c-kit
+
sca-1

+
 

cells when using OP9 conditioned medium and hypoxic culture combined. These results 

demonstrate that conditioned medium and hypoxia could have a synergistic effect to 

increase the percentage of c-kit
+
sca-1

+
 cells. Although the reason for this effect is not 

understood at this time, this result could be further explored, and gene expression profiles 

in cultures with conditioned medium and hypoxia could be determined to help explain 

important differences in cells undergoing hematopoietic differentiation. 
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Figure 4.1 EB pictures EBs in Static (A) and Spinner Flask (B) suspension cultures 

with conditioned medium and hypoxic environments at day 6 of 

differentiation. Hypoxic conditions appeared to increase the number of EBs. 

Scale bar is 630 µm. 
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Figure 4.2 Effect of conditioned medium and hypoxia on average diameter and 

concentration of Embryoid Bodies in static (A,B) and spinner flask (C,D) 

cultures at day 6 of differentiation. * p < 0.05; CM- Conditioned Medium, 

H- Hypoxia 
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Figure 4.3 Effect of conditioned medium and hypoxia on size distribution of Embryoid 

Bodies in static culture (A) and spinner flasks (B). EBs were sorted into bins 

of 50 microns with a polynomial trend-line shown. In general, the 

conditioned medium showed least control over EB size, as demonstrated the 

larger peak width in static and higher peak in larger EBs (around 500 μm) in 

the spinner flask.. CM- Conditioned Medium, H- Hypoxia 
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Figure 4.4 Effect of conditioned medium and hypoxia on percentage of cells double 

positive for progenitor cell markers sca-1 and c-kit in static and spinner 

flask cultures. All cultures had 3 biological repeats with the exception of the 

combined conditioned medium and hypoxia culture, which had 2 biological 

repeats.  * p < 0.05; CM- Conditioned Medium, H- Hypoxia 
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CHAPTER FIVE 

Embryonic Stem Cell-derived Hematopoietic Stem and Progenitor Cell 

from Dynamic Cultures: Terminal Dendritic Cell Differentiation and 

Gene Expression Comparison to Native HSCs 

5.1 INTRODUCTION 

In order for embryonic stem cells to be used in clinical applications, the 

functionality of ES cell derived hematopoietic cells must be studied to provide clinically-

relevant numbers of homogeneous therapeutic cell populations. Static cultures have 

demonstrated the ability to generate terminally differentiated, functional dendritic cells 

from ES cells (Fairchild et al. 2000; Senju et al. 2003). However, these static cultures 

have a limited ability to produce clinically-relevant cell amounts, as mentioned 

previously. Therefore, the effects of dynamic culture systems on the ability of ES cell-

derived hematopoietic progenitors to function as suitable cells for transplantation must be 

examined. 

In this study, differentiation into terminal hematopoietic cells, dendritic cells, was 

studied. Additionally, comparison of embryonic stem cell-derived progenitors with native 

adult stem cells is critical for examining the ability of ES cell-derived progenitors to 

function as replacements for native adult stem cells for clinical therapies.  Systematic 

profiling of gene expression (Ivanova et al. 2002; Park et al. 2002; Ramalho-Santos et al. 

2002; Chambers et al. 2007) to study genes enriched in ES cell and HSC populations that 

are important for self-renewal and differentiation could clarify differences between ES 

cell-derived progenitors and native adult stem cells. During in vivo development, 

hematopoiesis occurs in the fetal liver at later stages of embryogenesis until birth 

(Potocnik et al. 2000); however, during adulthood the maintenance and differentiation of 
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HSCs occurs in the bone marrow.  Therefore, the gene expression profile of native HSCs 

from mouse fetal liver and bone marrow were compared to c-kit
+
sca-1

+
 cells 

differentiated from mouse embryonic stem cells using static suspension cultures, 

Synthecon rotary-wall, and spinner flasks using cDNA microarray analysis. 

These results presented here demonstrate that dynamic culture systems can 

produce ES cell-derived hematopoietic stem and progenitor cells that can further 

differentiate into dendritic cells. However, native HSCs derived in bone marrow (BM) or 

fetal liver (FL) demonstrate significant differences from ES cell-derived c-kit
+
sca-1

+
 

cells, and greater differences where seen when comparing to bone marrow than fetal liver 

derived HSCs. Among the differentiated ES cell cultures, the ones generated in static 

cultures showed the highest similarity to the native HSCs. Therefore, dynamic stem cell 

culture may vary from traditional static cultures in the functionality of cells generated and 

need to be further examined.  

 

5.2 MATERIALS AND METHODS 

 

5.2.1. ES cell maintenance and differentiation via embryoid body (EB) formation 

R1 mouse ES cells were maintained in an undifferentiated state by culturing as 

previously described in detail in Chapter 3. During initial EB formation and ES cell 

differentiation, ES cells were cultured in static and dynamic culture systems examined in 

previous chapters. The cell seeding density and rotation speed that produced the highest 

percentage of c-kit
+
sca-1

+
 cells (HSPCs) for each culture system (500,000 cells/ml for 

Static and Synthecon cultures and 750,000 cells/ml for spinner flask with rotation speed 
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of 20 rpm for Synthecon and 100 rpm for spinner flask) were used to differentiate ES 

cells. 

 

5.2.2. Dendritic Cell Differentiation 

After initial EB formation and ES cell differentiation, EBs were removed from 

culture for differentiation into terminal dendritic cells using methods described by 

Fairchild and colleagues (Fairchild et al. 2000), with some modifications. After 14 days 

of EB formation, approximately 20-30 EBs were plated to 100mm tissue culture dishes in 

R1 differentiation medium (as described in Chapter 3) supplemented with 25 ng/ml 

rmGM-CSF and rmIL3 (Peprotech). EBs attached to the culture plate, and cells expanded 

at the edges of attached EBs. After an additional 7-14 days of DC differentiation, 

moderately adherent cells were gently removed with EDTA (Invitrogen) and re-plated on 

6 well plates (with approximately 100,000 cells per well). After 3 days, moderately 

adherent cells were again gently removed with EDTA and flow cytometry staining was 

performed as previously described to identify the percentage of hematopoietic cells 

expressing CD11c, CD11b, CD45, and F480. Maturation of immature DCs was 

encouraged by using IL-4 (25 ng/ml) and activation with lipopolysaccharide (LPS, 

Sigma) at 1g/ml. Cells were stained for CD11c as well as DC activation markers, CD80, 

CD86, and MHC II. Antibodies were labeled with FITC, PE, PerCP-Cy5.5, or APC (BD 

or eBiosciences). 

DCs matured using IL-4 (25 ng/ml) were examined for their ability to process 

ovalbumin (OVA) using a self-quenched conjugate of OVA (DQ-ovalbumin, Molecular 

Probes, Inc., OR). DCs were incubated with 100 µg/ml DQ-ovalbumin for 30 minutes in 
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medium at 37°C. Cells were incubated at 4°C as a control for background fluorescence 

and evaluated using flow cytometry.  

Flow cytometry staining was performed as described in previous chapters, and 

samples were analyzed using an Accuri C6 Flow Cytometer®(Accuri Cytometers) and 

FlowJo (Tree Star, Inc.) software.   

 

5.2.3. Bone marrow and fetal liver cells isolation 

129X1/SVJ and 129S1/SvImj mice (Jackson) were bred to obtain R1 background 

mice. Mice were maintained at University of Texas at Austin Animal Research Facility 

(ARC). Whole mouse bone marrow (BM) was isolated from femurs and tibias of 8-12 

weeks-old and fetal livers (FL) were harvested from E15 timed pregnant mice, both from 

R1 background mice. Single-cell suspensions were prepared as previously described 

(Morrison et al. 1995) with some modifications.  

 

5.2.4. Fluorescence-activated cell sorting of c-kit
+
sca-1

+
 cells 

BM and FL cells were incubated with a cocktail of biotinylated antibodies against 

a panel of lineage hematopoietic antigens following manufacturer’s protocol (Lineage 

cell Depletion kit, Miltenyi Biotech). Single-cell suspensions from BM and FL Lineage 

negative cells, as well as day 7 EBs were stained with anti-mouse CD16/CD32 Fc Block 

for 10 min at 4°C followed by c-kit-APC and sca-1-PE antibodies (BD Biosciences) for 

30 minutes at 4°C. Live cells were distinguished from dead cells by gating using the 

forward and side scatter signals as well as by exclusion of 7-amino-actinomycin D 

(eBioscience, USA) stained dead cells. Cell sorting was performed on an Aria Cell sorter 

(BD Biosciences). c-kit
+
sca-1

+
 cells from each sample were resuspended in lysis buffer 
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(RLT, Qiagen). RNA was isolated according to manufacturer’s protocol (RNAeasy mini 

kit, Qiagen).  

 

5.2.5. Microarray analysis 

Samples for mRNA profiling studies were processed by Asuragen, Inc., according 

to the company’s standard operating procedures.  The purity and quantity of total RNA 

samples were determined by absorbance readings at 260 and 280 nm using a NanoDrop 

ND-1000 UV spectrophotometer.  The integrity of total RNA was qualified by Agilent 

Bioanalyzer 2100 capillary electrophoresis.  Total RNA (100 ng per sample) was used for 

preparation of biotin-labeled targets (cRNA) using a MessageAmp™ II-based protocol 

(Ambion Inc., Austin, TX) and one round of amplification.  The cRNA yields were 

quantified by UV spectrophotometry and the distribution of transcript sizes was assessed 

using the Agilent Bioanalyzer 2100 capillary electrophoresis system.  Labeled cRNA was 

used to probe MouseRef-8 v2 Expression BeadChips.  Hybridization, washing, and 

scanning of the Illumina arrays were carried out according to the manufacturer’s 

instructions.  Briefly, cRNA/hybridization buffer mixtures were incubated at 65°C for 5 

minutes, followed by brief centrifugation to collect.  The mixtures were added to 

BeadChips and then BeadChips inserted into hybridization chambers, and hybridization 

was carried out at 58°C for 16-18 hours at rocking speed set to 5.  BeadChips were 

washed and stained in the following steps:  1) 55°C for 10 minutes static in HighTemp 

Wash Buffer in a Hybex waterbath, 2) ambient temperature shaking for 5 minutes in 

E1BC wash buffer, 3) ambient temperature shaking for 10 minutes in ethanol, 4) ambient 

temperature shaking for 2 minutes in E1BC buffer, 5) ambient temperature for 10 

minutes rocking in Block E1 buffer, 6) ambient temperature for 10 minutes rocking in 
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Block E1 buffer containing 1ug/ml Cy3-streptavidin, and 7) ambient temperature shaking 

for 5 minutes in E1BC buffer.  BeadArrays were dried in a centrifuge for 4 minutes and 

scanned using an Illumina BeadArray Reader.  Scanner settings were set at a default, 

Factor 1 setting, and scanned images were visually examined for the presence of 

anomalies and to ensure that average P95 values for each array is greater than 500.  

Illumina BeadScan software was used to produce idat, .xml, and .tif files for each array 

on a slide and .sdf files for each barcode on a slide of 8 arrays.  Raw data were extracted 

using Illumina BeadStudio software v 3.   Following quality assessment, data from the 

replicate beads on each array were summarized into raw intensity values with and 

without background subtraction in an Excel report containing the project description 

(sample key), gene identifiers and corresponding probe IDs, table of detection p-values, 

tables of normalized data with and without background subtraction, array quality control 

metrics, and array quality control metric cut-offs and definitions.  The following array 

quality control metrics were met: hybridization control graphs must have increasing 

signal intensities, negative graph must show an average background of less than 200, and 

the average biotin signal must be around 6000 or higher. 

 

5.2.6. Data normalization and statistical analysis 

The background subtraction, expression summary, normalization, and log base 2 

transformation of gene signals were carried out using Quantile Normalization.  For 

statistical analysis, one-way ANOVA was used for multiple group comparison across all 

samples in the experiment, followed by multiple testing correction to determine the false 

discovery rate (FDR) (Benjamini et al. 1995).  Genes with a FDR-adjusted p-value of < 

0.05 were considered differentially expressed genes (DEG).  Pair-wise comparisons were 
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then performed for all DEG.  For each pair of treatments, a two-sample t-test was carried 

out for every gene, followed by multiple testing correction to determine FDR.  Genes 

with a FDR-adjusted p-value of < 0.05 were considered statistically significant.  

Differentially expressed genes (p < 0.05) with a 5-fold difference from bone 

marrow or fetal liver c-kit
+
sca-1

+
 cells were compared to c-kit

+
sca-1

+
 cells from ES cells 

differentiated in static, spinner flask, and Synthecon rotary-wall culture. Genes shared 

between and unique to ES cell differentiation cultures (static, spinner flask, and 

Synthecon rotary culture) were compared using a Venn diagram (Oliveros 2007) and 

analyzed using the GOstat tool for Gene Ontology Analysis to identify gene groups 

involved in biological process, molecular function, or cellular components (Beissbarth et 

al. 2004).  

Differentially expressed genes (with a FDR-adjusted p-value of < 0.05) were then 

used to compare expression level of specific genes important for hematopoiesis, as well 

as other non-hematopoietic lineages. The data is represented as a fold change of the gene 

expression level in each condition compared to either BM or FL. 

 

5.3 RESULTS 

 

5.3.1. Dendritic Cell Differentiation  

Initially, differentiation experiments with EB formed in bioreactor cultures did 

not generate CD11c
+ 

cells with less frequent medium changes (data not shown); however, 

the results shown here, where the culture medium (supplemented with fresh cytokines) 

was changed every other day, did demonstrate the ability of ES cells differentiated in 

bioreactor cultures to produce cells positive for CD11c. Cells were stained for 
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hematopoietic markers CD11c, CD11b, CD45, and F4/80 (Figure 5.1 A). Cells stained 

for relatively high percentages of CD45, which is a marker for mature hematopoietic cells 

except erythrocytes. Cells also stained positive for CD11c and CD11b, which are 

expressed on dendritic cells but also on monocytes and macrophages. Cells stained 

relatively low for macrophage marker F4/80. 

Cells matured and activated with addition of IL-4 and LPS were stained for DC 

activation markers, CD80, CD86, and MHC II, as shown in Figure 5.1 B.  Notably, cells 

activated with only LPS did not express these activation makers (data not shown). 

Next, we determined whether ES cell-derived DC were able to uptake antigen to 

examine ES cell-derived DC functionality. Using a self-quenched conjugate of 

ovalbumin (DQ ovalbumin), we were able to measure the fluorescence upon degradation 

by flow cytometry and found that DCs were able to process OVA (Figure 5.2).  

 

5.3.2. Global gene expression of ES cell, bone marrow, and fetal liver derived 

ckit
+
sca-1

+
 cells 

We focused our analysis on those genes for which significant differences in 

expression were identified between groups (static, spinner flask, Synthecon, BM, and 

FL). As shown in Figure 5.3, ES cell-derived c-kit
+
sca-1

+
 cells from all ES cell 

conditions had fewer differentially expressed genes when compared to FL HSCs (Figure 

5.3B) than BM HSCs (Figure 5.3A). Additionally, static culture conditions showed 

fewer differentially expressed genes from BM and FL HSCs in comparison to c-kit
+
sca-

1
+
 cells derived in dynamic (spinner flask or Synthecon) conditions. More genes were 

shared by all three ES cell conditions when comparing to BM (Figure 5.4 A,C) than FL 

(Figure 5.4 B,D) HSCs. Additionally, the dynamic culture systems shared the largest 
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number of differentially expressed genes to BM (Figure 5.4 A,C) and FL (Figure  5.4 

B,D).  

Identification of Gene Ontology (GO) groups focused on groups with the lowest 

p-values that were from unique term lineages, and selected GO Terms are discussed 

briefly below.  Genes that were up-regulated in ES cell cultures compared to BM 

included genes involved in development (Table 5.1). Down-regulated genes in ES cell 

conditions compared to BM were various genes important for hematopoietic cell 

functionality (Table 5.2). Genes that were up-regulated in ES cell cultures compared to 

FL included GO terms similar comparison with BM which included development 

processes (Table 5.3). Similar to comparison to BM derived HSCs, GO terms associated 

with genes down-regulated in ES cell culture conditions compared to FL HSCs contained 

gene groups for defense response (Table 5.4).  

 

5.3.3. Hematopoiesis in ES cell cultures compared to bone marrow and fetal liver 

To evaluate hematopoiesis in static and dynamic (Synthecon and spinner flask) 

cultures, we examined the expression level of hematopoietic cell-surface markers, 

signaling-pathways and hematopoiesis-related molecules. This is reported as fold change 

of the gene expression level in each condition compared to BM and FL (Figures 5.5, 

5.6). Only differentially expressed genes (with a FDR-adjusted p-value of < 0.05) were 

considered for the analysis.  The expression pattern of every gene analyzed compared to 

BM and FL was similar. In general, Figures 5.5A and 5.5B show that there is a slight 

down-regulation of hematopoietic markers in ES cell-derived cells compared to BM and 

FL-derived HSCs, with the exception of sca-1.  Sca-1 expression was up-regulated in all 

three conditions compared to BM and FL, being significantly higher in Synthecon.  This 
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was consistent with our previous results (Fridley et al. 2010).  The expression level of 

additional cell-surface markers (CD150, Thy-1, CD48 and CD41) implicated in 

heterogeneity of the stem cell activity found in the murine KLS compartment (Bryder et 

al. 2006) was mostly down-regulated. However, only the expression of CD150 and CD41 

on Synthecon and spinner flask conditions compared to BM was statistically significantly 

reduced.  The expression of a mature hematopoietic cell marker, CD45, was statistically 

significantly down-regulated in all culture conditions compared to BM (Figure 5.5A) and 

in Synthecon and spinner flask conditions compared to FL (Figure 5.5B).  

Additionally, the expression levels of blood cell markers were mostly down-

regulated in ES cell conditions compared to BM and FL. However, compared to BM the 

expression of embryonic hemoglobins, Hbb-bh1 and Hbb-y, was significantly higher in 

Static than Synthecon and spinner flask. Moreover, they were also up-regulated 

compared to FL (Figures 5.5 C,D).  

HSC related signaling pathways, such as Wnt, Notch, TGF-beta and JAK/STAT 

(Blank et al. 2008), show an up-regulation of most of the genes important for Wnt 

receptor and Notch signaling and a down-regulation of TGF-beta and JAK/STAT 

signaling molecules (Figure 5.6 A-F). Interestingly, the expression of Wnt3a, a gene 

reported to be active in KLS HSCs, was significantly up-regulated in Synthecon 

compared to BM and FL.  Notably, Notch-1 and TGFb1 expression were slightly reduced 

and significantly reduced respectively in all ES-derived c-kit
+
sca-1

+
 cells compared to 

BM and FL (Fig 5.6 C,D).   

We next examined the data to determine whether a “HSC fingerprint” could be 

seen in our samples, similar to what was previously described by Chambers et al. 

(Chambers et al. 2007). Compared to BM and FL, most of the HSC Fingerprint genes 

analyzed (Figure 5.6 G,H) were down-regulated. However, this down-regulation was 
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lower in Static than in Synthecon and spinner flask. Differently, Tek, an endothelial-

specific receptor tyrosine kinase, was 2.5 folds higher in Static than BM and FL (Fig 5.6 

G,H).  

Furthermore, the expression of transcription factors that have been shown to play 

an important role in normal hematopoiesis, such as Scl, Hoxb4, Runx1 and Hhex 

(Kallianpur et al. 1994; Schiedlmeier et al. 2007; Dowdy et al. 2010; Paz et al. 2010) 

demonstrated a 2-fold down-regulation of Scl expression in Static-derived c-kit
+
sca-1

+
 

cells and a 5-fold down-regulation in Synthecon and spinner compared to BM and FL. 

Similarly, the expression of HoxB4, Runx1 and Hhex was significantly lower in dynamic 

culture conditions than in Static (Fig 5.6 I,J).  

 

5.3.5. Non-hematopoietic lineage differentiation in ES cell cultures compared to 

bone marrow and fetal liver 

We were also interested in investigating some other non-hematopoietic lineage 

committed genes expressed in these ES-derived c-kit
+
sca-1

+
 cells. ES cell conditions 

demonstrated an up-regulation of the hepatogenesis marker Foxa2 and myogenesis 

marker Desmin (Fig 5.7 A-D).  Furthermore, we saw a high expression of neural cell 

markers in all the culture conditions but especially in Synthecon and spinner flasks (Fig 

5.7 G,H).  

Our results showed a high expression of most MSCs markers in all ES-derived c-

kit
+
sca-1

+
 cells (Fig 5.7 E,F). Notably, the expression of Pdgfra was 5 folds and 3 folds 

higher in static and dynamic cultures, respectively, compared to BM and FL. We also 

saw a high expression of endothelial cell markers (Fig 5.7 I,J).   

Lastly, we looked at the expression of Oct-4, Sox2, Nanog and Rex-1 (Rao et al. 

2004). These are key transcriptional regulators that are highly expressed in pluripotent 
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cells and that should down-regulate upon differentiation (Sharova et al. 2007). We saw a 

high expression of all these markers, among all the culture conditions, compared to BM 

and FL (Figure 5.7 K,L).  

 

5.4 DISCUSSION 

In order for dynamic culture systems to become a clinical reality, the functionality 

of hematopoietic stem and progenitors cells and their derivatives must be examined from 

cells developed in these dynamic environments.  This study investigated the ability of ES 

cell-derived hematopoietic stem and progenitors cells to further differentiate into a 

specific, terminally differentiated hematopoietic cell type, dendritic cells. Additionally, 

comparison with native adult stem cells was examined to determine the ability of ES cell-

derived progenitors to function as replacements for native adult stem cells for clinical 

therapies 

As shown in Figure 5.1, cells differentiated into a phenotype typical of dendritic 

cells, as they were positive for CD11c, CD11b, and CD45, and had low levels of F480. 

However, F4/80 has been reported to identify immature ES cell-derived DCs (Fairchild et 

al. 2000); therefore, the ability of these cells to express additional markers for DC 

maturation and activation is important. Cells matured and activated stained positive for 

co-stimulatory molecules, CD80, CD86, and MHC II. Additionally, these cells had the 

ability to process antigen, as demonstrated by the DQova assay in Figure 5.2. 

Although hematopoietic stem and progenitor cells generated in dynamic culture 

systems did demonstrate some degree of functionality, further understanding is clearly 

needed to identify the differences between ES cell-derived and native hematopoietic stem 

and progenitor cells. Therefore, we examined the global gene expression profile of ES 
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cell-derived c-kit
+
sca-1

+
 cells and compared these to native HSCs from the bone marrow 

and fetal liver of mice. 

In order to compare these groups, we isolated the c-kit
+
sca-1

+
 cell population by 

Flow-Cytometry from day 7 EBs in each culture condition and compared it to Lin
-
c-

kit
+
sca-1

+ 
HSCs purified from mouse BM and FL cells using cDNA microarray analysis.  

We used Illumina’s MouseRef-8 v2.0 Expression BeadChip to look at whole-genome 

expression profiling.  

When examining cell-surface markers implicated in heterogeneity of the stem cell 

activity (CD150, Thy-1, CD48 and CD41), the general down-regulation of ES culture 

compared to BM and FL are expected as it has been reported that CD150 expression is 

up-regulated in HSCs (KLS) compared to multipotent progenitors (MPP) or CD45
+
 BM 

cells (Kiel et al. 2005). On the other hand, CD41 has been reported to mark the onset of 

primitive and definitive hematopoiesis in the murine embryo (Mikkola et al. 2003). Most 

yolk-sac hematopoietic progenitors express CD41, but only a minority of BM and FL 

hematopoietic progenitors expressed this antigen (Mitjavila-Garcia et al. 2002). Based on 

this, we suggest that the up-regulation of CD41 in static compared to FL reflects an 

earlier hematopoietic embryonic stage of this population, compared to FL-derived HSCs 

(Figure 5.5B).  

CD45 is mostly expressed in hematopoietic lineage committed cells; therefore, 

the down-regulation of CD45 is expected as we isolated c-kit
+
sca-1

+
 cells, previously 

considered hematopoietic progenitor cells, from day 7 EBs which is an early time-point 

to obtain hematopoietic lineage committed cells. Additionally, the up-regulation of 

embryonic hemoglobins, Hbb-bh1 and Hbb-y, compared to bone marrow and fetal liver 

(Figures 5.5C,D) confirms the earlier embryonic stage of the static population. 
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In addition to hematopoietic cell markers, HSC related signaling pathways 

(Figure 5.6A-F) may demonstrate differences in the differentiation of ES-, BM-, and FL- 

derived hematopoietic progenitors. In addition to hematopoietic signaling, Wnt3a has also 

been reported as very important for development of the central nervous system (Takada 

et al. 1994).  The down-regulation of Notch1 and TGF-beta is expected as Notch-1 is 

highly expressed in BM and FL HSCs (Kumano et al. 2003) and the TGF-beta signaling 

pathway has been implicated in the regulation of HSC quiescence (Yamazaki et al. 2009). 

Interestingly, TGFb1 expression was significantly lower in Synthecon and spinner flask 

than in Static. TGF-beta signaling deficient HSCs have been recently reported to have 

increased proliferative capacity in vitro (Yamazaki et al. 2009). This might explain our 

observations that ES cells cultured in dynamic conditions seem to proliferate more than 

in static cultures, although this needs to be confirmed. The up-regulation of Stat3 (Figure 

5.6F), a gene required for murine fetal development, in static compared to FL reaffirms 

our suggestion about the embryonic stage of Static derived- c-kit
+
sca-1

+
 cells.   

The results discussed thus far have demonstrated that among the three different 

ES cell-derived HPCs, the static population shows the highest similarity to BM and FL-

derived HSCs. This might suggest that there is a higher hematopoietic differentiation 

potential in static derived-c-kit
+
sca-1

+
 cells compared to those from spinner flask and 

Synthecon. Therefore, we were interested in examining other non-hematopoietic lineage 

committed genes expressed in these ES-derived c-kit
+
sca-1

+
 cells. 

When mouse ES cells differentiate into the mesoderm germ layer, they give rise 

to mesenchymal stem cells (MSCs) in addition to hematopoietic stem cells originated 

from the hemangioblast. The up-regulation of MSCs marker Pdgfra was particularly 

interesting as it has been recently reported that a subset of MSCs (PDGFRalpha
+
sca-

1
+
CD45

-
Ter119

-
) from adult mouse bone marrow can differentiate into hematopoietic 
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niche cells, osteoblasts and adipocytes, after in vivo transplantation (Morikawa et al. 

2009).  We also saw a high expression of endothelial cell markers, which confirms 

differentiation into mesodermal cells in all our culture conditions (Figure 5.7I,J).   

Finally, the up-regulation of pluripotency makers is expected as these are 

embryonic stem cell markers that are not expressed in BM and FL-derived HSCs. 

However, the expression levels of these markers were down-regulated when compared to 

undifferentiated cells (results not shown). As shown in Figure 5.7 K,L, the expression of 

these markers in static cultures is significantly lower than in dynamic cultures, suggesting 

an increase in differentiation in static conditions. 
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Table 5.1 Enriched Gene Ontology terms for up-regulated genes in ES culture 

conditions compared to bone marrow HSCs 

 
Culture 

Condition 
GO term GO ID Ontology 

Number 

of genes 
P value 

all ES cells      
 basement membrane GO:0005604 CC 8 3.73E-06 
 anatomical structure development GO:0048856 BP 27 3.81E-05 
 multicellular organismal 

development 

GO:0007275 BP 28 8.61E-05 
 protein homodimerization activity GO:0042803 MF 6 0.00216 
 cell leading edge GO:0031252 CC 5 0.00607 
 biological adhesion GO:0022610 BP 11 0.00607 
 calcium ion binding GO:0005509 MF 11 0.0455 
 plasma membrane GO:0005886 CC 17 0.0467 

static only      
 multicellular organismal 

development 

GO:0007275 BP 20 0.000162 
 anatomical structure development GO:0048856 BP 18 0.000498 
 ion binding GO:0043167 MF 2 0.0792 
 insulin-like growth factor binding GO:0005520 MF 2 0.0792 
 fatty-acyl-CoA synthase activity GO:0004321 MF 1 0.0792 
dynamic 

only 

     
 cell junction GO:0030054 CC 17 0.000831 
 organ morphogenesis GO:0009887 BP 20 0.0318 
 lipid binding GO:0008289 MF 15 0.032 
 stem cell differentiation GO:0048863 BP 3 0.0559 

 
positive regulation of osteoblast 

differentiation 

GO:0045669 BP 3 0.0559 

 embryo development GO:0009790 BP 17 0.0854 
Subset of GO groups with the lowest p-values from unique term lineages. 
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Table 5.2 Enriched Gene Ontology terms for down-regulated genes in ES culture 

conditions compared to bone marrow HSCs 

 
Culture 

Condition 
GO term GO ID Ontology 

Number 

of genes 
P value 

all ES cells      
 antigen processing and presentation GO:0019882 BP 8 5.49E-07 
 MHC protein complex GO:0042611 CC 6 5.49E-07 
 plasma membrane GO:0005886 CC 23 1.19E-05 
 water channel activity GO:0015250 MF 2 0.0224 
 defense response GO:0006952 BP 10 0.000751 
 fluid transport GO:0042044 BP 3 0.000944 
static only      
 nucleosome GO:0000786 CC 4 2.47E-06 
 cellular component organization GO:0016043 BP 5 0.00326 
dynamic 

only 

     
 immune system process GO:0002376 BP 42 4.49E-19 
 hematopoiesis GO:0030097 BP 18 1.42E-05 
 immune system development GO:0002520 BP 18 0.000127 
 cell activation GO:0001775 BP 14 0.00214 
 regulation of phagocytosis GO:0050764 BP 4 0.00313 
 chemokine receptor binding GO:0042379 MF 5 0.00752 
 defense response GO:0006952 BP 26 1.88E-16 
 multi-organism process GO:0051704 BP 8 0.0466 
 response to external stimulus GO:0009605 BP 26 8.59E-13 
 phagocytosis GO:0006909 BP 8 3.30E-05 
 external side of plasma membrane GO:0009897 CC 10 0.00193 
 response to chemical stimulus GO:0042221 BP 16 0.00214 
 extracellular space GO:0005615 CC 48 0.00214 
Subset of GO groups with the lowest p-values from unique term lineages. 
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Table 5.3 Enriched Gene Ontology terms for up-regulated genes in ES culture 

conditions compared to fetal liver HSCs 

 
Culture 

Condition 
GO term GO ID Ontology 

Number 

of genes 
P value 

all ES cells      
 basement membrane GO:0005604 CC 5 1.32E-03 
 cell leading edge GO:0031252 CC 5 1.92E-03 
 anatomical structure development GO:0048856 BP 16 3.95E-03 
 cellular component movement GO:0006928 BP 6 0.0245 
 localization of cell GO:0051674 BP 6 0.0245 
 cell adhesion GO:0007155 BP 7 0.0285 
 plasma membrane GO:0005886 CC 11 0.061 
static only      
 organ morphogenesis GO:0009887 BP 7 0.0119 
 transcription factor complex GO:0005667 CC 6 0.0119 
 organelle lumen GO:0043233 CC 7 0.0223 
 nuclear part GO:0044428 CC 7 0.0223 
 fatty-acyl-CoA synthase activity GO:0004321 MF 1 0.0573 
 hyaluronan synthase activity GO:0050501 MF 1 0.0573 
 heparin binding GO:0008201 MF 2 0.0885 
dynamic 

only 

     
 organ morphogenesis GO:0009887 BP 19 0.00924 
 specification of symmetry GO:0009799 BP 4 0.0641 
 cell-cell junction GO:0005911 CC 10 0.00924 
 positive regulation of cellular 

metabolic process 

GO:0031325 BP 15 0.00924 
 positive regulation of osteoblast 

differentiation 

GO:0045669 BP 3 0.0218 
 sequence-specific DNA binding 

transcription factor activity 

GO:0003700 MF 24 0.0116 
 heart development GO:0007507 BP 11 0.0156 
 stem cell differentiation GO:0048863 BP 3 0.0218 
 transmembrane receptor protein 

serine/threonine kinase signaling 

pathway 

GO:0007178 BP 7 0.0228 
 embryo development GO:0009790 BP 16 0.0228 
 basement membrane GO:0005604 CC 6 0.045 
 regulation of meiosis GO:0040020 BP 2 0.0911 
Subset of GO groups with the lowest p-values from unique term lineages. 
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Table 5.4 Enriched Gene Ontology terms for down-regulated genes in ES culture 

conditions compared to fetal liver HSCs 

 
Culture 

Condition 
GO term GO ID Ontology 

Number 

of genes 
P value 

all ES cells      
 extracellular space GO:0005615 CC 12 2.36E-03 
 defense response to bacterium GO:0042742 BP 3 2.96E-03 
 response to external stimulus GO:0009605 BP 5 0.0218 
 hydrolase activity GO:0016787 MF 8 0.0738 
dynamic 

only 

     
 immune system process GO:0002376 BP 29 1.42E-12 
 defense response GO:0006952 BP 17 7.14E-05 
 signal transduction GO:0007165 BP 47 0.00444 
 cell communication GO:0007154 BP 49 0.0055 
 response to external stimulus GO:0009605 BP 15 0.00444 
 extracellular space GO:0005615 CC 36 5.50E-03 
 protein tyrosine phosphatase activity GO:0004725 MF 6 0.02 
 cytokine receptor activity GO:0004896 MF 5 2.53E-02 
 plasma membrane GO:0005886 CC 29 0.0378 
Subset of GO groups with the lowest p-values from unique term lineages. Static ES cell culture only 

showed down-regulation of one gene within the parameters specified (differentially expressed with p < 0.05 

and a 5 fold difference) and therefore did not have any associated GO terms. 
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Figure 5.1 Dendritic Cell differentiation from embryonic stem cell-derived 

hematopoietic  progenitor cells.  Cells positive for hematopoietic markers 

(A) and markers for DC maturation and activation (B). 
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Figure 5.2 Ova uptake by ES cell-derived DCs from static (A), spinner flask (B), and 

Synthecon (C) cultures. Flow cytometry of gated DCs incubated for 30 

minutes with DQ-OVA at 4°C (thin lines) and 37°C (thick lines). 

Representative results from 3 biological repeats. 
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Figure 5.3 Number of differentially expressed genes (p<0.05) of to c-kit
+
sca-1

+
 cells 

from ES cells differentiated in static, spinner flask, and Synthecon rotary 

culture conditions compared to HSCs from bone marrow (A) and fetal liver 

(B). 
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Figure 5.4 Genes with a 5 fold difference from bone marrow or fetal liver were used to 

compare genes differentially expressed (p<0.05) in static, spinner flask, and 

Synthecon culture conditions. Venn diagram of differentially expressed 

genes of HSPC differentiated in static, spinner flask, and Synthecon rotary 

culture conditions when compared HSC from bone marrow (A) and fetal 

liver (B). Number of differentially expressed genes shared between and 

unique to ES differentiation cultures (static, spinner flask, and Synthecon 

rotary culture) when compared to HSCs from bone marrow (C) and fetal 

liver (D). 
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Figure 5.5 Fold difference of specific genes in ES cell culture conditions (Static, 

Synthecon, and Spinner flask) from bone marrow or fetal liver. Comparison 

of the expression levels (n=3) of hematopoiesis markers (A, B), and blood 

cell markers (C,D). * p < 0.05 
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Figure 5.6  Fold difference of specific genes in ES cell culture conditions (Static, 

Synthecon, and Spinner flask) from bone marrow or fetal liver. Comparison 

of the expression levels (n=3) of genes involved in of Wnt Signaling (A, B), 

Notch and TGF-beta Signaling (C,D), JAK/STAT Signaling (E,F), HSC 

Fingerprint (G,H), and Hematopoiesis Transcription Factors (I,J). * p < 0.05 
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Figure 5.7 Fold difference of specific genes in ES cell culture conditions (Static, 

Synthecon, and Spinner flask) from bone marrow or fetal liver. Comparison 

of the expression levels (n=3) of hepatogenesis (A, B), myogenesis (C,D), 

mesenchymal stem cell (E,F), neural cell (E,F), endothelial (I,J) and 

pluripotency (K,L) markers. * p < 0.05 
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CHPATER SIX 

Conclusions and Future Directions 

6.1 SUMMARY 

The research presented here provides methods for ES cell differentiation utilizing 

various dynamic culture parameters to maximize the generation of hematopoietic cells for 

the high-throughput production of therapeutic cells, alleviating the limitations of static 

cultures. Specifically, stirred tank type (spinner flask) and rotary-wall type (Synthecon) 

bioreactors were compared alongside traditional static culture methods. Cell seeding 

density and rotation speed were optimized in order to maximize the spontaneous 

differentiation of hematopoietic stem and progenitor cells (HSPCs) from ES cells. In 

order to encourage hematopoietic differentiation, the effects of stromal cell conditioned 

medium and hypoxia were studied. Finally, the functionality of ES cell-derived HSPCs 

was examined by the studying the terminal differentiation of ES cell-derived HSPCs and 

the comparison of ES cell-derived progenitors with native adult stem cells.  

 

6.2 CONCLUSIONS AND FUTURE DIRECTIONS WITH ES CELL DIFFERENTIATION IN 

DYNAMIC CULTURE SYSTEMS 

In order for stem cell based therapies to be used in clinical applications, the 

lineage specific differentiation of ES cells must be studied to provide clinically-relevant 

numbers of homogeneous therapeutic cell populations. The studies presented in this work 

demonstrated that varying cell seeding density and speed in two different bioreactor 

systems can increase the differentiation efficiency of ES cells into HSPCs. In addition, 

we have shown that bioreactor type and culture parameters have significantly affect ES 
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cell differentiation lineages and generate unique population of progenitor cells. The 

results presented here demonstrate the foundation for using dynamic culture for ES cell 

differentiation into therapeutic cell lineages. 

As mentioned in Chapter 3, other cell populations expressing c-kit have been 

identified including embryonic brain, hepatic, germ, interstitial cells of Cajal, astrocytes, 

renal tubules, breast glandular epithelial cells and sweat glands (Ashman 1999) as well as 

cardiovascular progenitors (Tallini et al. 2009) and endothelial cells (Broudy et al. 1994; 

Bernex et al. 1996). Sca-1 has been identified as a potential marker for other stem and 

progenitor cell populations, including skeletal, cardiovascular, hepatic, prostate, skin, and 

mammary cells (Holmes et al. 2007). Since the spinner flask and Synthecon cultures had 

differences in their ability to produce c-kit or sca-1 single positive progenitors, the 

potential for these bioreactor systems to produce other lineages from c-kit or sca-1 

progenitors should be further studied in future experiments. 

Although global gene expression provided valuable information about a large 

number of genes, identification of specific genes of interest and evaluation at a several 

time-points could provide valuable information about the kinetics of differentiation. The 

kinetics of differentiation might be different in static and dynamic cultures, as well as 

between the different flow environments of dynamic cultures. 

Other potential studies could further investigate details of EB formation and 

differentiation. The localization of c-kit
+
sca-1

+
 cells within the EB could be interesting to 

observe and might demonstrate how the motion of the fluid effects differentiation. 

Additionally, the efficiency of EB formation from individual ES cells during initial 

seeding might also be an interesting to study. If initially seeded cells are not incorporated 

into the EB, this could reduce the efficiency of the culture system when explored in a 

clinical setting.  
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Finally, methods for the dissociation EBs should be further examined. Several 

methods for dissociation of EBs were initially tried (results not shown), including 

incubation with collagenase and passing cells through a needle to employ mechanical 

shearing to create a single cell suspension. Dissociation with Accumax was the best 

alternative of the methods examined; however, dissociation inherently produces some 

cell clumps, prompting the use cell strainers to ensure single cell suspension for 

subsequent assays. This is particularly a problem with the tighter aggregates of cells 

produced in dynamic culture, as well as higher density cultures of EBs. Thus one loses 

some of the cell population. Improved EB dissociation would also improve quantification 

of the total (absolute) HSPC cell number produced. Therefore, improved methods for EB 

dissociation are needed to maximize the number of cells obtained for potential clinical 

therapies. 

 

6.3 CONCLUSIONS AND FUTURE DIRECTIONS WITH DYNAMIC CULTURES WITH 

STROMAL CELL CONDITIONED MEDIUM AND HYPOXIA FOR HEMATOPOIETIC 

DIFFERENTIATION 

In order to increase the differentiation of ES cells into a specific lineage, methods 

for encouraging lineage-specific differentiation need to be combined with large-scale 

culture techniques to provide clinically-relevant numbers of homogeneous therapeutic 

cell populations. We have demonstrated that the use of conditioned medium and hypoxia 

together may have a synergistic effect to produce an increased number of hematopoietic 

stem and progenitor cells, as demonstrated by the c-kit
+
sca-1

+
 cell population. 

As mentioned in Chapter 4, multiple methods of generating conditioned medium, 

including various stromal lines and ways to re-supplement the medium, could be 

explored for their effects on ES cell differentiation. In hypoxic cultures, differences in 
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oxygen concentration, for example 1% vs. 5% oxygen could be studied for effects on 

hematopoietic differentiation. In addition to differentiation, hypoxic effects on cellular 

apoptosis and proliferation need to examined.  

Examining the gene expression profiles in cultures with conditioned medium and 

hypoxia could potential answer questions about the intrinsic mechanisms that effect 

hematopoietic differentiation. Particularly interesting to examine would be hypoxia 

inducible factors (HIFs) and down stream targets of HIFs in hypoxic cultures.  

Ultimately, the success of translating these therapies to the clinic depends on 

many factors, and clinical grade cell production following Good Manufacturing Practice 

methods will likely require the avoidance of xenogeneic tissue such use of stromal cells 

and serum (Kaufman 2009). Defining the factors secreted from OP9 cells would be 

important in developing a cell-free and serum-free medium with these factors to 

encourage hematopoietic differentiation.  

 

6.4 CONCLUSIONS AND FUTURE DIRECTIONS WITH EMBRYONIC STEM CELL-

DERIVED HEMATOPOIETIC STEM AND PROGENITOR CELL FUNCTIONALITY FROM 

DYNAMIC CULTURES 

The functionality of hematopoietic stem and progenitor cells derived from ES 

cells must be examined for their potential use in cellular therapies. In this work, ES cells 

differentiated in dynamic culture conditions were able to generate cells positive for 

mature hematopoietic markers. However, comparison of gene expression to native HSCs 

derived in bone marrow (BM) or fetal liver (FL) demonstrate that the ES cell-derived 

cells are different from native HSCs. Among the ES cell-derived c-kit
+
sca-1

+
 cells, the 

ones generated in static cultures showed the highest similarity to the native HSCs. These 

results help to understand the similarities and differences between native and ES cell-



 

 121 

derived HSC, as well as to help identify an efficient culture condition to generate 

hematopoietic cells in vitro.  

Another important consideration would be the derivation of terminal 

hematopoietic cells in continued dynamic culture environments.  In this study, the 

secondary differentiation step into hematopoietic lineages was performed in static culture 

to examine the effects of dynamic cultures on initial differentiation during EB 

development.  However, the ultimate goal of producing clinically-relevant numbers of 

therapeutic cells would be improved by ongoing culture in dynamic culture systems. 

Additional considerations for further differentiation of ES cells might include 

microcarriers or scaffolds for terminally differentiated cells that require attachment. 

Additionally, examining the functionality of these ES cell-derived DCs is critical 

for their potential use in cellular based therapies. Additional in vitro assays could 

demonstrate the functionality of these terminally differentiated cells, such as a mixed 

lymphocyte reaction to stimulate T cell proliferation. However, the ultimate challenge 

that must be addressed for successful cell implantation is the evaluation of survival and 

functional efficacy of the grafted cells in vivo. The safety of using ES cell-derived 

therapies must first be evaluated, as these cells could lead to teratoma development 

(Kaufman 2009). Ultimately, in vivo engraftment assays would be the definitive proof of 

functionality for HSPCs as well as terminal differentiated ES cell-derived hematopoietic 

cells.  
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APPENDIX A 

Fluid Dynamics of Bioreactor Systems 

A.1 INTRODUCTION 

In order to achieve scale-up of cell culture systems, engineers need to be able to 

predict the performance of larger bioreactors based on the results of bench-top studies, 

such as the ones described in this work. Dimensional analysis can be used to characterize 

bioreactor systems, and these dimensionless equations can then be used to correlate the 

performance of a bioreactor with its size.  

This section discusses the characterization of the bioreactor systems examined in 

this work with some commonly used parameters that can be potentially used to establish 

the basis for scale-up. 

 

A.2 MATHEMATICAL EQUATIONS FOR FLOW OF BIOREACTOR SYSTEMS 

The Reynolds number gives the ratio of inertial to viscous forces. For the spinner 

flask, the Reynolds number for the bulk flow of a stirred tank is defined as: 

 

where n is the rotation speed, l is the length of the impeller, and v is the kinematic 

viscosity (Papoutsakis 1991). For the Synthecon Slow Turning Lateral Vessel, the flow 

between two concentric cylinders with inner radius  and outer radius  is defined by 

(Esser et al. 1996): 

 

The average Reynolds number for the bulk flow was then calculated from the 

inner and outer cylinder Reynolds numbers. An approximation for the viscosity of the 
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medium was taken from previous publication (Williams et al. 2002). The dimensions for 

the spinner flask and Synthecon systems studied in this work were measured. These 

values are shown in Table A.1. For the spinner flask system at the examined rotation 

speeds of 60-100 rpm, the Reynolds number was calculated to range from 2,000-4,000, 

which is in the turbulent range (Nagata 1975). For the Synthecon system, the rotation 

speeds of 10-40 rpm gave a range of average Reynolds numbers of 29-115 which 

indicates a laminar flow. 

Mass transfer has also been identified as an important parameter for cell culture 

scale-up; therefore, other dimensionless numbers that are commonly used to describe the 

flow characteristics of bioreactors are the Schmidt and Sherwood numbers (Martin et al. 

2005).  The Schmidt number tells the proportion of momentum diffusivity to mass 

diffusivity and is defined as the viscosity of the medium (v) divided by the diffusion 

coefficient (D): 

 

Since the viscosity of the medium as well as the diffusion through the medium of 

particular molecule of interest is the same for both systems, this value is constant 

between the two bioreactor systems. The Sherwood number is the ratio of convective to 

diffusive mass transport. In bioreactor systems, the Sherwood number is generally 

calculated using the Frössling correlation for spherical particles and is an approximation 

based on the Reynolds and Schmidt numbers (Martin et al. 2005): 

 

where k is the mass transfer coefficient and d is the characteristic dimension. The Peclet 

number can also be calculated by multiplying the Reynolds and Schmidt number and 

gives the ratio of advection to diffusion for a molecule of interest. Since the Schmidt 
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number is constant for the two systems, the use of the Sherwood and Peclet numbers does 

not provide a great deal additional information more than the Reynolds number for 

comparing these two culture systems. However, we can see that convective and advective 

forces dominate over diffusive forces in both bioreactor systems, as the Sherwood and 

Peclet numbers are all greater than one. 

Lastly, shear may affect cell culture scale-up in several ways, including mixing 

and cell attachment. High shear stress can also lead to decrease cell viability and cell 

growth. Calculation of maximum or average shear rate in stirred tank bioreactors is 

difficult, and many equations have been suggested for estimating the average shear rate 

and maximum shear rate from the rotation speed of the impeller (Zhong et al. 1994). The 

average shear rate was calculated according to Pérez et al (Perez et al. 2006), and the 

power number was estimated by correlations by Nagata for an un-baffled tank (Nagata 

1975).  The corresponding shear stress was then calculated using the shear rate and 

dynamic viscosity of the culture medium. Using the average shear rate gave relatively 

small values for shear stress, approximately 0.1 to 0.7 dyne/cm
2
 for the range of rotation 

speeds investigated in this work. Shear stress can also be caused by eddies in turbulent 

flow; therefore, the maximum shear stress (τmax) was evaluated based on the presence of 

turbulent eddies as (Cherry et al. 1990): 

 

And   

where ρm is the density of the culture medium, ε is the rate of viscous energy dissipation, 

and Np is the dimensionless power number. Again, the power number had to be estimated 

(Nagata 1975), and the shear stress was calculated based on these estimations. The 
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maximum shear forces were estimated to be between 3-8 dyne/cm
2
 at the range of speeds 

investigated. 

In the Synthecon system, the rotating-wall vessel has the same rotation rate for 

both the inner and outer cylinders therefore the fluid moves essentially as a solid body 

(Begley et al. 2000). In true solid body rotation, the fluid has a uniform zero-stress 

environment. Although the flow environment alone generates essentially no shear, some 

shear is experienced by the cell aggregate as it moves through the fluid. The maximum 

shear stress (τmax) is a function of the terminal velocity (Vs) of the cell aggregate 

(Hammond et al. 2001): 

 

And    

where g is gravity, r is the radius of the particle or cell aggregate, ρm is the density of the 

culture medium, ρp is the density of the particle or cell aggregate, and µ is the dynamic 

viscosity. Since the density of cells is so close to that of medium (Cherry et al. 1990), the 

shear stress is close to zero when cells are initially seeded; however, the shear stress will 

increase as embryoid bodies form and increase in size over time. For example, if the EBs 

are about 4% denser than fluid medium (Begley et al. 2000)  with an average diameter of 

150 um, the maximum shear stress would be approximately 0.1 dyne/cm
2
. 

As mentioned previously, the value for the Schmidt number is constant between 

the two bioreactor systems when examining the diffusion of a particular molecule of 

interest. The calculations for other parameters described did not overlap between the two 

bioreactor systems at any of the conditions investigated. 
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A.3 COMPARISON OF ES CELL DIFFERENTIATION WITH BIOREACTOR FLOW 

During EB formation and ES cell differentiation, ES cells were cultured in 

dynamic culture systems examined in previous chapters. The amount and size of EBs 

were determined, and cells were stained for c-kit and sca-1 surface markers as described 

in Chapter 3. The relationship for each parameter calculated at varying rotation speeds 

was compared to the average EB size, EB concentration, and percentage of c-kit
+
sca-

1
+
cells generated.  Besides the results already discussed in Chapter 3, no distinguishable 

patterns emerged when comparing these results, mainly because the values calculated for 

the parameters investigated (with the exception of the Schmidt number which was 

equivalent in the two systems) did not overlap between the two bioreactors investigated 

(data not shown). 

Based on the data gathered here, the differences between flow characteristics of 

these two systems evaluated here do not appear to produce trends on the formation of 

EBs or generation of c-kit
+
sca-1

+
cells. However, bioreactors do demonstrate changes 

with rotation speed. 

 

A.4 DISCUSSION 

Describing the fluid environment based on bulk flow is an important step in 

characterizing bioreactor systems; however, the bulk flow environment must also 

consider the effects when adding cell aggregates to the fluid system. Due to the 

complexity of estimating these effects and the main goal of this work to compare the two 

bioreactor systems with respect to hematopoietic differentiation, this discussion focused 

mainly on parameters for describing bulk flow with some discussion on cell movement 

within the fluid. A summary of the characteristics of the bioreactor systems discussed is 

shown in Table A.2. 
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Using rotation speed is not a particularly good parameter for accurately 

correlating cell behavior in bioreactors that are not geometrically similar, since variation 

in agitation speed can greatly dissimilar flow environments in bioreactors of different 

geometries. For example, even when comparing stirred tank bioreactors of similar size 

that have different impeller geometries can demonstrate different flow environments. 

Dimensionless numbers can be used to describe flow regimes; for example, Reynolds 

number can be used to describe laminar or turbulent flow. However, in order for these 

equations to be used for scale-up, both geometric and kinematic similitude need to be 

met. Therefore, continued dimensionless analysis and determination of the critical 

process parameters is needed for each bioreactor system, and these parameters may prove 

to be different between bioreactors of different geometries.  

Another complication of bioreactor systems is that shear stress does not 

necessarily relate to biological effect of shear. For example, endothelial cells have been 

reported to be more sensitive to low shear stress in turbulent flow compared to higher 

shear stress in laminar flow (Bliem et al. 1988). Therefore, further investigation of 

hydrodynamic effects on the differentiation of ES cells in these culture systems is needed. 

Although a correlation between flow characteristics examined here of these two 

systems does not demonstrate clear trends on the formation of EBs or generation of c-

kit
+
sca-1

+
cells, the effects of fluid flow on the viability and differentiation of cells has 

been examined in other systems. For example, Daley and colleagues demonstrated that 

shear stress of 5 dyne/cm
2
 increases the expression of Runx1 (Adamo et al. 2009) which 

does agree with our results showing an up-regulation of Runx1 in the higher shear spinner 

flask compared to a down-regulation in the low shear Synthecon system. 

Clearly, approaches for establishing numerical tools to describe bioreactors needs 

to be further studied. Additional considerations of fluid flow may also include 



 

 129 

interactions of EBs with other EBs, walls of the reactor, and impeller of the reactor. 

These numerical tools are important for the effectiveness of reactor scale-up in cell 

culture systems. 
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Table A.1 List of bioreactor dimensions and fluid properties. 

Parameter Symbol Value Reference(s) 

Spinner flask impeller diameter di 4 cm  

Spinner flask tank diameter  dt 6.35 cm  

Synthecon Inner Radius   1.11 cm  

Synthecon Outer Radius   1.9 cm  

kinematic viscosity  v 0.0069 St (Williams et al. 2002) 

medium density  ρm 1 g/cm
3
 (Williams et al. 2002) 
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Table A.2 Characterizations of Bioreactor Systems 

 Spinner Flask Synthecon 

Mixing Rate (rpm) 60-100 10-40 

Flow Regime (Reynolds 

Number) 

Turbulent Laminar 

Mass Transport 

(Sherwood, Peclet 

Numbers) 

Convection/Advection 

dominates 

 

Convection/Advection 

dominates 

 

Shear Level Higher Maximum Shear Lower Maximum Shear 
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APPENDIX B 

Differentiation of iPS cells in Bioreactor Systems 

B.1 INTRODUCTION 

ES cells can potentially provide a renewable, readily-available cell source for cell 

based therapies and eliminate current disadvantages with difficulties and efficiency of 

isolation as well as problems with long-term expansion of hematopoietic cells in vitro. 

However, another limitation of cellular based therapies is the limited availability of 

human leukocyte antigen (HLA) matched donors for allogeneic transplants (Daley 2003).  

Methods have been studied to overcome immune rejection in cellular based therapies and 

could potentially eliminate the need for immunosuppressant drugs after transplantation. 

First, somatic cell nuclear transfer (SCNT) can be used to create ES cell lines (NTES) 

(Rideout et al. 2002). To achieve this, the nucleus is inserted into enucleated oocyte and 

NTES cells are then isolated from blastocyst. More recently, somatic cells have been 

used to generate to induced pluripotent stem (iPS) cells (Takahashi et al. 2006; Huangfu 

et al. 2008). To create iPS cells, factors known to be important for the pluripotency of 

stem cell including Oct 3/4, Sox2, c-Myc, and Klf4 are used to reprogram adult cells.  

Although iPS cells hold great promise as a source of pluripotent cells that could 

avoid problems associated with immune rejection as well as reduce the ethical problems 

associated with ES cells, the differentiation potentials of iPS cells must also be evaluated 

and compared to that of ES cells. 

 

B.2 MATERIALS AND METHODS 

Mouse iPS cells were maintained in an undifferentiated state and differentiated 

with methods previously described in Chapter 3 for R1 mouse ES cells. During EB 
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formation and iPS cell differentiation, iPS cells were cultured in dynamic culture systems 

examined in previous chapters. The cell seeding density and rotation speed that produced 

the highest percentage of c-kit
+
sca-1

+
 cells (HSPCs) from ES cells for each culture 

system (500,000 cells/ml for Static and Synthecon cultures and 750,000 cells/ml for 

spinner flask with rotation speed of 20 rpm for Synthecon and 100 rpm for spinner flask) 

were used to differentiate iPS cells. The cells were stained for c-kit and sca-1 surface 

markers as described in Chapter 3.  

 

B.3 RESULTS 

As shown in Figure B.1, iPS cells can generate of c-kit
+
sca-1

+
 cells in the spinner 

flask and Synthecon bioreactor systems investigated. Slightly higher percentages of c-

kit
+
sca-1

+
 cells were generated in spinner flask and Synthecon culture systems than in 

static culture. 

 

B.4 DISCUSSION 

This work has mainly focused on the achieving clinical scale production of cells 

required for hematopoietic cell therapies, which is only one current barrier to clinical 

translation. Another important concern is immune response to transplanted cells from an 

allogeneic source.  To avoid immunosuppressive drugs, iPS cells could be derived from 

an autologous source and remove potential problems of immune rejection. 

Ideally, optimization of culture parameters previously investigated with ES cells 

can be used for the study of iPS cells. Therefore, instead of investigating the effects of 

cell seeding density and rotation speed on differentiation of iPS cells, the conditions that 

produced the highest percentage of c-kit
+
sca-1

+
 cells (HSPCs) from ES cells for each 
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culture system (500,000 cells/ml for Static and Synthecon cultures and 750,000 cells/ml 

for spinner flask with rotation speed of 20 rpm for Synthecon and 100 rpm for spinner 

flask) were used to differentiate iPS cells.  The differentiation potential of iPS cells into 

c-kit
+
sca-1

+
 cells appears to similar to that of ES cells (when comparing the cell seeding 

density and rotation speed that produced the highest percentage of c-kit
+
sca-1

+
 cells from 

ES cells for each culture system in Chapter 3). 

Although these initial results display the potential of iPS cells to generate c-

kit
+
sca-1

+
 cells in bioreactor systems, further studies must be done to look at the 

functionality of iPS cells differentiated in dynamic culture, similar to differentiated ES 

cells.  Additional studies would be similar to the proposed research for ES cells already 

discussed in other sections of this work. 
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Figure B.1 Percentage of cells positive for HSPC markers c-kit and sca-1. 
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