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ABSTRACT OF THE DISSERTATION 

 

Efficient Generation of Hematopoietic Precursors and Progenitors from Human 
Pluripotent Stem Cell Lines 

 

by 

 

Aaron Samuel Parker 

 

Doctor of Philosophy in Biology 

University of California, San Diego, 2011 

 

Professor Inder M. Verma, Chair 

 

By mimicking embryonic development of the hematopoietic system, we have 

developed an optimized in vitro differentiation protocol for the generation of precursors 

of hematopoietic lineages and primitive hematopoietic cells from human embryonic 

stem (ES) cells and induced pluripotent stem (iPS) cells. Factors such as cytokines, 

extra cellular matrix components, and small molecules, as well as the temporal 
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association and concentration of these factors were tested on seven different human ES 

and iPS lines. We report the conversion of up to 84% huCD45+ cells (average 41% ± 

16, from 7 pluripotent lines) from the differentiation culture, including significant 

numbers of primitive CD45+CD34+ and CD45+CD34+CD38- hematopoietic 

progenitors. Moreover, the numbers of hematopoietic progenitor cells generated, as 

measured by colony forming unit assays were comparable to numbers obtained from 

fresh umbilical cord blood mononuclear cell isolates on a per CD45+ cell basis. Our 

approach demonstrates highly efficient generation of multipotent hematopoietic 

progenitors with the highest efficiencies reported to date (CD45+/CD34+) using a 

single standardized differentiation protocol on several human ES and iPS cell lines. Our 

data add to the cumulating evidence for the existence of an in vitro derived precursor to 

the hematopoietic stem cell (HSC) with limited engrafting ability in transplanted mice, 

but with multipotent hematopoietic potential. Because this protocol efficiently expands 

the pre-blood precursors and hematopoietic progenitors, it is ideal for testing novel 

factors for the generation and expansion of definitive hematopoietic stem cells with 

long-term repopulating ability.  
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Chapter 1: Introduction to Pluripotent Stem Cells 

1.1 Early mammalian development 

Humans begin life as a single cell – the fertilized egg, or zygote. Between 

conception and birth, the embryo undergoes the process of development, during which 

the zygote divides and differentiates into a complete organism. As Scott Gilbert notes in 

his book, Developmental Biology: 

The concept of an embryo is a staggering one, and forming an embryo is 
the hardest thing you will ever do. To become an embryo, you had to 
build yourself from a single cell. You had to respire before you had 
lungs, digest before you had a gut, build bones when you were pulpy, 
and form orderly arrays of neurons before you knew how to think. One 
of the critical differences between you and a machine is that a machine is 
never required to function until after it is built. Every animal has to 
function even as it builds itself. (Gilbert, 2010) 

 Post-fertilization, the zygote slowly divides several times in an asynchronous 

manner. At this stage, each of the eight cells is totipotent and capable of contributing to 

both the embryo and the extra-embryonic tissues (Winkel & Pedersen, 1988). As these 

cells divide past the eight-cell stage, they undergo a process called compaction, in 

which the cell membranes of each cell fuses to its neighbors through tight junctions. At 

the 16-cell stage, the embryo, now known as a morula, has differentiated into a series of 

inner cells, which becomes the embryo proper, surrounded by a larger group of external 

cells, which become the trophobloast. These distinctions become permanent by the 64-

cell stage (Gilbert, 2010). The trophoblast gives rise to the fetal portion of the placenta, 
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while the inner cell mass is composed of pluripotent cells capable of giving rise to all of 

the cells of the human body. Human embryonic stem cells can be derived from the pre-

implantation inner cell mass. The trophoblast and inner cell mass compose the 

blastocyst. As the inner cell mass expands, it positions itself along one side of the 

trophoblast, becoming the epiblast (Gilbert, 2010) , and this tissue will give rise to the 

entire fetus. Single murine epiblast cells labeled and injected into a blastocyst contribute 

to all somatic and germ tissues of the embryo, as well as some extraembryonic tissues 

(Lawson & Hage, 1994). Grafting experiments of epiblast cells transplanted along any 

axis demonstrated that the cells adopt a new positional identity, leading the authors to 

conclude that “both the position of the cells in the proximal-distal axis and their 

proximity to the primitive streak are major determinants for the patterning” embryonic 

tissues (Parameswaran & Tam, 1995). 

Fertilization of the ovum with sperm occurs in the oviduct. As the embryo 

divides, the zona pellucida prevents it from implanting in the oviduct wall. Once the 

blastocyst reaches the uterus, it escapes form the zona pellucida and adheres to the 

endometrium and buries itself within the uterine wall. After this occurs, the embryo 

undergoes the process of gastrulation, during which the epiblast is partitioned into three 

germ layers: ectoderm, which will form the nervous system and skin; mesodermal, 

which will form blood, bone and muscle; and endoderm, which will form the 

respiratory and digestive tracts. The molecular mechanisms that induce the onset of 

gastrulation remain poorly defined. 
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1.2 Introduction to Stem Cells 

A stem cell is a non-terminally differentiated cell that can divide into two 

daughter cells: one that remains undifferentiated and retains the capacity for self-

renewal, and a second cell that progresses through the processes of differentiation. 

Several types of adult stem cells have been identified, including hematopoietic (Goodell 

et al, 1996), mesenchymal (Becker et al, 1963) and neural stem cells (Gage, 2000). 

Hematopoietic stem cells (HSCs) have been used therapeutically since the 1970s to treat 

hematologic malignancies and deficiencies (Thomas et al, 1971).  

Embryonic stem cells (ESCs) are capable of infinite self-renewal and have the 

unique ability to remain pluripotent. They may therefore provide a universal source of 

cells to replace those lost or absent in disease. The first successful isolation of human 

embryonic stem cells (hESC) was reported by Thomson, et al. (Thomson et al, 1998), in 

which the authors cultured cells derived from a human blastocyst on mitotically 

inactivated mouse embryonic fibroblasts (MEF). These cells expressed the classical 

pluripotency markers, including OCT4 and alkaline phosphatase, and showed high 

levels of telomerase activity. There are notable differences between hESC and mouse 

embryonic stem cells (mESC), including the inability of leukemia inhibitory factor 

(LIF) to prevent spontaneous differentiation in hESC (Reubinoff et al, 2000) and unique 

surface expression markers (Laslett et al, 2003). 
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1.3 Maintenance of Pluripotency 

Several signaling pathways are required for the maintenance and proliferation of 

stem cells in an undifferentiated state, and several in vitro culturing systems have been 

designed to promote these pathways. Human stem cells must be grown on either MEF 

or feeder-free extracellular matrix components, such as matrigel (Ludwig et al, 2006a). 

Human cultures also require the use of exogenous basic fibroblast growth factor 

(FGF2). 

1.4 Induced Pluripotency of Somatic Cells 

The first demonstrations of the ability to induce pluripotency were in somatic 

cell nuclear transfer experiments, in which the nucleus of an adult somatic cell was 

transferred into an unfertilized oocyte. The ultimate proof-of-principle came in 1997 

with the cloning of Dolly the sheep (Wilmut et al, 1997). These experiments proved to 

be inefficient and the lack of readily available sources of human oocytes made them 

impractical for human therapies. Subsequent experiments of fusions between adult 

somatic cells with germ cells and embryonic stem cells showed that these cells also 

contained reprogramming abilities, although the factors required remained unknown. 

In 2006, Kazutoshi Takahashi and Shinya Yamanaka presented the first 

demonstration of somatic cell reprogramming in murine cells using defined factors. The 

molecular basis of pluripotency is a network of transcription factors and signaling 

programs. Through an elegant process of elimination, the authors found that cells could 
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be reprogrammed with the introduction of just four factors. These factors, which in 

mice included Oct4, Sox2, Klf4 and Myc, can both induce and maintain pluripotency 

(Takahashi & Yamanaka, 2006).  Because the transcription factors were introduced 

using retroviruses, they were naturally silenced as the cells returned to an ES-like state, 

making them truly independently pluripotent (Wernig et al, 2007). Subsequent work 

showed that this could also be achieved in human cells using a slightly different cocktail 

of factors, which included Oct4, Sox2, Nanog and Lin28 (Takahashi et al, 2007; Yu et 

al, 2007). These induced pluripotent stem cells (iPSCs), together with ESCs, form what 

we now classify as pluripotent stem cells (PSCs). 

1.5 Differences Between ES and iPS Cells 

iPSCs do harbor some notable differences from their ES cousins. Reactivation of 

lenti- or retroviruses can lead to tumorigenesis in germline chimeric mice derived from 

iPSCs (Nakagawa et al, 2008). This has spurred significant efforts in our lab and others 

in the development of viral transgene-free methods of producing iPSCs, including cre-

recombinase excision of the pro-virus (Somers et al, 2010), the use of non-integrating 

adenovirus (Stadtfeld et al, 2008), transfection of non-integrating plasmids encoding the 

transgenes (Okita et al, 2008), injection of purified mRNA (Warren et al, 2010), or 

replacing individual factors with small molecules (Zhu et al, 2010). Only recently were 

mice derived by tetraploid complementation, considered the ultimate standard for 

testing pluripotency of stem cell lines (Zhao et al, 2009).  iPSC lines also retain 

epigenetic memory due to residual methylation signatures from their cells of origin. 
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These markers allow for easier differentiation of the resultant iPSC lines back to the 

tissues of origin and reduce the efficiency of differentiation to unrelated tissues (Kim et 

al, 2010).  

1.6 Therapeutic Promise of Pluripotent Stem Cells 

Despite their promise, the directed differentiation of pluripotent stem cells into 

therapeutically viable tissues of interest has remained elusive. Technology currently and 

have available for the differentiation of pluripotent stem cells remains inefficient. The 

ability to generate tissue-specific progenitors capable of transplantation remains elusive. 



7 

 

Chapter 2: Introduction to Hematopoiesis 

2.1 Hematopoietic Stem Cells 

Hematopoietic stem cells are multipotent  stem cells capable of self-renewal and 

give rise to all of the lineages of the hematopoietic system, including all cells of the 

myeloid (monocytes and macrophages, neutrophils, basophils, eosinophils, 

erythrocytes, megakaryocytes/platelets, dendritic cells) and lymphoid (T-cells, B-cells 

and natural killer cells) lineages. HSCs reside in the bone marrow and give rise to 

precursor and progenitor cells that become progressively more lineage restricted as they 

mature. Blood cells are primarily generated in the medullary cavity of bones. Mature 

blood cells are predominantly short lived and must be replenished constantly by 

precursors and stem cells. Once thought to be homogenous in nature, we now know that 

HSCs can vary in their propensity to yield lymphoid or myeloid cells (Sudo et al, 2000).  

One of the main challenges in studying human HSC has been the lack of 

definitive identifying markers. Clinically, the stem cell is known to reside in the 

CD34+/Lin- pool. Clinical trials have demonstrated that transplants of highly enriched 

CD34+/Thy-1+ cells alone are sufficient to successfully reconstitute a patient (Negrin et 

al, 2000). HSCs have also been described as being Thy-1lo, Dr-, or CD38-, but the exact 

phenotype remains controversial (Baum et al, 1992; Craig et al, 1993). Additionally, a 

CD34- population capable of reconstituting lethally irradiated animals has been 



8 

 

 

 

described (Nakauchi, 1998), but the overall success in human patients largely correlates 

to the number of CD34+ cells transplanted. 

Recent research by Jokubaitis et al.has shown that ACE/CD143 may be a 

marker sufficient for the identification of human HSCs (Jokubaitis et al, 2008). 

Transplantation of CD34+/CD143+ cells from human umbilical cord blood (UCB) 

yielded multilineage engraftment in nonobese diabetic/severe combined immune 

deficiencient (NOD/SCID) mice at a rate 10 fold higher than CD34+/CD143- cells. The 

authors also reference unpublished data indicating the presence of CD143 on cells 

sorted from 24 to 26-day human embryos with hematopoietic potential. While these 

findings are certainly stimulating, they have yet to be confirmed independently by other 

groups and the clinical relevance of CD143 remains unknown. 

Another challenge facing the field is the lack of ex vivo assays capable to 

determining the biological activity of HSCs. The only currently accepted method for 

verifying human cells as true long-term repopulating hematopoietic stem cells (LTR-

HSCs) is the xenotransplantation into severely immune compromised mice, including 

the NOD/SCID and NOD scid gamma (NSG) mouse models. Other methods, such as 

the colony forming unit assay in methylcellulose media, can determine the proliferative 

and developmental capacity of hematopoietic progenitors, but cannot distinguish 

between HSCs and lineage committed progenitors. These assays are also typically 

restricted to observing myeloid lineages, as mature lymphoid cell development requires 

the presence of the spleen and thymus. 
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2.2 Therapeutic Use of HSC 

  HSCs have been used therapeutically since the 1960s during bone marrow 

transplants (BMT) to replace cells that are either non-functional or diseased. There are 

three types of BMT: autologous, in which a patient’s own HSCs are harvested prior to 

beginning chemotherapy of radiation treatment and then returned to the patient after 

treatment is over; allogeneic, in which stem cells from a human leukocyte antigen- 

(HLA) matched donor are given to a patient; and umbilical cord blood, in which stem 

cells harvested from the umbilical cord and placenta immediately after birth are 

cryogenically stored until needed for a transplant.  

 Bone marrow is typically aspirated from the posterior iliac crests. Although the 

number of cells required for stable, long term engraftment is not known precisely, a 

nucleated cell dose of 2x108 cells per kg is generally accepted as sufficient. This 

typically equates to between 700 and 1500 mL of bone marrow for an adult 

recipient(Negrin, 2010). HSCs can also be collected by mobilizing them with 

granulocyte colony-stimulating factor (G-CSF) prior to harvest. In randomized clinical 

trials comparing BMT and peripheral blood progenitor cells (PBPC), PBPCs were 

found to be better overall, including engraftment, quality of life, cost and supportive 

care. However, survival rates did not vary between the two(Vellenga et al, 2001; Vose 

et al, 2002). Unfortunately, only 50% of candidates in need can find a HLA-matched 

adult donor when an allogeneic transplant is required (Mogul, 2000). 
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 HSCs can also be found in umbilical cord blood (UCB), which is enriched in 

SCID repopulating cells compared to bone marrow or PBPCs (Hogan et al, 1997; Wang 

et al, 1997). While the numbers of parents electing to save their infant’s UCB is 

increasing, the low numbers of HSC present in these samples are typically insufficient 

to reconstitute an adult, and therefore cord blood therapies are largely limited to 

children (Brunstein et al, 2007). Clinicians have shown an ability treat individual adults 

by using cells collected from two umbilical cords in preliminary experiments, indicating 

that the ability to expand the stem cell pool even two-fold might have significant 

implications for the field (Barker et al, 2005). Interestingly, patients receiving 

transplants from two separate cords will typically display engraftment of both units 

early on; however, by day 100 one unit typically predominated and persisted. This 

proved to be independent of initial CD34+ numbers. One study suggested that effector 

T-cells from the dominant unit is responsible for the selective engraftment (Gutman et 

al, 2010).  

2.3 Expansion of HSC ex vivo 

Although HSCs are widely used therapeutically, the lack of known culture 

conditions capable of expanding them in vitro has limited their potential (Hofmeister et 

al, 2007). Previous efforts to expand HSC in vitro have been accompanied by 

differentiation and loss of multipotent and self-renewal capacities of the stem cells 

(Murray et al, 1999). Efforts by the groups of Zon and Lodish, among others, to find 

compounds and factors capable of ex vivo expansion have yielded promising, but as yet 
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clinically unfulfilled, results. A chemical screen in zebrafish posits the possibility that 

Prostaglandin E2 (PGE2) could be one possible factor and is on the fast-track for human 

clinical trials (North et al, 2007). A series of papers by the Lodish laboratory 

demonstrated that Angiopoietin-like 5 (Angptl5) and IGF-binding protein 2 (IGFBP2) 

stimulate 20-fold ex vivo expansion of human cord blood hematopoietic stem cells prior 

to transplantation in NOD/SCID mice (Zhang et al, 2006; Zhang et al, 2008). My own 

experiments, as well as those of others, have failed to reproduce these results, however. 

A more recent chemical screen found that an aryl hydrocarbon receptor agonist 

identified as a purine derivative named StemRegenin 1 (SR1) stimulated a 17,100 fold 

increase in absolute cell numbers, a 50-fold increases in CD34+ cell numbers and a 17-

fold expansion of cells capable of long term repopulation after transplantation in NSG 

mice. 

2.4 Emergence of HSC During Embryonic Development 

 Hematopoietic cells originate in three distinct waves during embryogenesis from 

multiple mesoderm-derived sites, including the yolk sac (YS) blood islands, the aorta-

gonad-mesonephros (AGM) region, placenta and the vitelline and umbilical arteries 

(Dzierzak & Speck, 2008). The first hematopoietic cells to appear are primitive 

erythroid and macrophage progenitors, which are first detectable at embryonic day 7.0-

9.0 (E7-9) in mice (Palis et al, 1999). This primitive stage is followed by a transient 

definitive stage at day E8.5, in which multipotent progenitors lacking both self-renewal 

and lymphoid capacity are generated in the YS and Para-aortic splanchnopleura (P-Sp) 
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and then migrate to the fetal liver. Finally, the long term definitive wave of 

hematopoiesis occurs at day E12.5. At this stage, the true hematopoietic stem cells are 

generated in the AGM before migrating to the bone marrow, where they reside for the 

life of the organism.  

 In the primitive wave of hematopoiesis, blood islands are generated in the YS by 

extra-embryonic mesodermal progenitors that are thought to give rise to both 

hematopoietic and endothelial lineages. The hematopoietic cells generated in this first 

wave are primarily fetal erythrocytes, which contain the embryonic globins necessary 

for carrying oxygen to the rapidly developing tissues now present in the embryo. The 

emergence of these cells in mice is timed to occur coincident with the initiation of the 

heartbeat and vascular function just as the embryo becomes too large for oxygenation 

by simple diffusion. By separately culturing CD34+ cells purified from both the YS and 

intraembryonic tissues of human embryonic tissues, Huyhn et al. demonstrated that 

80% of the non-erythroid progenitors were found in the embryo while erythroid 

progenitors were commonly found in both the embryo and YS between 25 and 50 days 

of development (Huyhn et al, 1995). By removing the fetal liver, the group also 

demonstrated that the remaining tissues gave rise to significant numbers of non-

erythroid (colony-forming units) CFUs, signifying that intraembryonic hematopoietic 

potential was not primarily concentrated in the liver. 

The AGM, which is derived from the P-Sp, can be cultured ex vivo and cells 

generated in these cultures can give rise to low levels of multi-lineage repopulation in 
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irradiated immune-deficient mice (Cumano et al, 2001). This was one of the first studies 

to demonstrate the AGM as a site of HSC generation and expanded on earlier work 

which demonstrated that the AGM was not merely a site of maturation or differentiation 

of migrating cells (Godin et al, 1999). Somitic mesoderm contributes to the dorsal 

portion of the aorta, which leads to the induction of hematopoietic tissue.  

The identity of the cell type that gives rise to HSCs largely remains unknown. In 

1920, F.R. Sabin proposed the existence of a hemangioblast by observing the 

emergence of “endothelial sprouts” in chick embryos with a light microscope. Despite 

the mounting evidence supporting the existence of a common hematopoietic/endothelial 

origin described below, there has been no direct demonstration in mammals of a single 

cellular precursor dividing asymmetrically to form blood and vascular derivatives 

(Orkin & Zon, 2008). Modern evidence supporting this notion comes from mouse 

mutants, including the flk1 knockout, in which both the hematopoietic and endothelial 

lineages are impaired, consistent with a common origin (Shalaby et al, 1997). Detailed 

analysis of PSCs differentiating in culture also demonstrated the existence of a 

precursor cell with both hematopoietic and vascular potential (Choi et al, 1998), and a 

similar cell was subsequently identified in developing mouse embryos (Huber et al, 

2004). 

Contradicting evidence supports the idea that endothelial cells with hemogenic 

potential (hemogenic endothelium) give rise directly to the HSC rather than a 

hemangioblast precursor. For example, while the hemangioblast hypothesis requires 
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that blood islands in the developing YS arise clonally, ES cell fate tracing experiments 

have shown that individual blood islands in mice arise from multiple ES cells (Ueno & 

Weissman, 2006). A recent study from David Traver’s lab has also provided evidence 

that HSCs in zebrafish arise directly out of the aortic endothelium during embryonic 

development. By using animals conditionally expressing fluorescent molecules under 

the control of endothelial and hematopoietic promoters, the group was able to visualize 

endothelial cells asymmetrically dividing into endothelial and hematopoietic cells using 

time lapse confocal microscopy (Bertrand et al, 2010). Major differences exist between 

mammalian and actinopterygian biology, exemplified by the fact that the larval kidney 

is a major hematopoietic organ in zebrafish but plays no role in mammalian 

hematopoeisis. Notably, the study did not demonstrate transplantability of these cells 

and, while it confirms what we suspects occurs in mammals, there exists no direct 

evidence to support this.  

Finally, it could be also possible that cells of the YS colonize the AGM after the 

onset of circulation. As early as 1970, studies of cultured embryos in which the YS had 

been removed failed to show hematopoietic colonization of the fetal liver (Moore & 

Metcalf, 1970). Another study in which YS cells from one mouse were transplanted into 

murine fetuses demonstrated the presence of donor-derived definitive lymphoid cells 

(Weissman et al, 1978). In a study described in detail later, Matsuoka et al. 

demonstrated the ability to convert YS-derived cells into definitive murine HSC by co-

culturing those cells in vitro on an AGM stromal layer (Matsuoka et al, 2001). Finally, 

by marking hematopoietic cells expressing Runx1with Cre recombinase induced LacZ 
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expression at E7.5 days post coitum (dpc), when only primitive YS blood cells are 

present, Samokhvalov et al. detected marked cells in both the fetal liver and in adult 

animals (Samokhvalov et al, 2007). These experiments may indicate that the YS 

generates precursor cells capable of migrating and becoming HSC after the emergence 

of the AGM. 

Despite the controversy surrounding the identity of the cells that give rise to 

HSCs, there is little doubt about the location of emergence. In human embryos, 

thousands of  CD45+/CD34+/CD31-/CD38-/Lin- blood cells emerge from the ventral 

side of the endothelial cells lining the dorsal aorta as clusters between days 27 and 40 of 

human embryonic development (Tavian et al, 1996). The endothelial cells in this locus 

differ from those in other parts of the aorta by forming a less continuous layer and 

possessing a population of round cells. Additionally, the number of the round cells 

present correlates to the hamatopoeitic activity present in the embryo (Oberlin et al, 

2002) and these cells can establish long-term hematopoiesis in NOD/SCID mice, 

indicating that they have true HSC potential.  

Interestingly, the P-Sp may also have HSC potential, as cells from 19-day 

splanchnopleura were able to repopulate mice despite the fact that they were derived 

three days before the onset of circulation and one week before they are detectable as 

clusters lining the aorta. In contrast, cells derived from the YS have limited progenitor 

capacity and lack full lympho-myeloid potential (Tavian et al, 2001). Additionally, 
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HSCs are no longer detectable on the aorta and the region no longer contains 

hematopoietic activity after day 40 (Oberlin et al, 2002). 

2.5 Pathways involved with HSC emergence 

Because of the inability to sufficiently purify HSCs from early progenitors with 

similar phenotypes, the transcription factors required for developing and maintaining 

HSCs are open to debate. In mice, the origins of HSCs in the AGM can be traced to the 

expression of the transcription factor Runx1. While Notch1 deficient zebrafish lack 

HSCs, overexpression of Runx1 is sufficient to rescue the phenotype, suggesting that 

the latter lies downstream of the former (Burns et al, 2005). The Notch pathway also 

plays a role in HSC activity and self-renewal. Purified HSCs treated with Wnt3a protein 

ex vivo can expand modestly and engraft at slightly higher levels (Reya et al, 2003).  

Other transcription factors thought to be involved include MLL, TEL/ETV6, 

SCL/Tal1, and LMO2 (Orkin & Zon, 2008). These factors are also present in 

differentiating progenitors, and therefore their exact functions remain unknown. We do 

know that SCL/Tal1 and LMO2 are each independently required for the development of 

both primitive and definitive hematopoiesis (Kim & Bresnick, 2007). Forced expression 

of SCL/tal1 strongly induces blood formation in developing embryos. While SCL/tal1 is 

necessary for erythroid and megakaryocyte differentiation, it is dispensable for HSC 

engraftment, self-renewal and differentiation into myeloid and lymphoid lineages. MLL 

and Runx1 are essential for HSC emergence from the AGM (Orkin, 2000). MLL also 
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seems to act upstream of HOXB4, which is known to play a role in HSC expansion, and 

ectopic overexpression of which in murine ES cells can lead to HSC generation in vitro. 

Prostaglandin E2 (PGE2), a lipid compound derived enzymatically from fatty 

acids, was shown in a chemical screen to enhance HSC numbers in zebrafish and its 

absence decreased those numbers.  PGE2 also enhanced HSC recovery following 

irradiation injury. When studied in mice, PGE2 increased the frequency of LTR-HSC in 

competitive transplantation assays (North et al, 2007).  

2.6 Niches and microenvironments of HSCs 

 In the adult human, HSCs reside in the bone marrow, which is thought to 

provide signals regulating their self-renewal and differentiation. Transplanted green 

fluorescent protein+ (GFP+) HSCs appear to reside next to osteoblasts, which release 

thrombopoietin (TPO) and ligands for Notch receptors. TPO is thought to maintain 

HSCs in a quiescent state (Yoshihara et al, 2007). Mutant mice conditionally deficient 

after birth for the bone morphogenetic protein 4 receptor, BMPRIA, show increased 

numbers of osteoblasts and absolute numbers HSCs despite smaller bone marrow 

cavities and lower numbers of bone marrow cells (Zhang et al, 2003). Other studies 

suggest HSCs reside next to vascular cells (Kiel & Morrison, 2006). It is also possible 

that the osteoblasts and vascular cells in these two niches are intertwined rather than 

physically separate and that different sites within the bone marrow may regulate HSCs 

differently (Orkin & Zon, 2008).  
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2.7 Differentiation of PSC to Hematopoietic Cells 

Adult stem cells, such as HSCs, are rare and difficult to expand ex vivo. Thus the 

prospect of PSCs capable of indefinite expansion, and therefore potentially capable of 

providing an unlimited cell source, remains attractive. Initial studies showed 

spontaneous differentiation of ES cells to hemoglobinized cells in EBs (Doetschman et 

al, 1985). Numerous other studies have derived multipotent hematopoietic progenitors 

or their mature progeny from ES/iPS cells in in vitro cultures, such as erythrocytes, 

macrophages, granulocytes, B-cells, T-cells and NK cells (Chang et al, 2006; Choi et al, 

2009a; Choi et al, 2009b; Eilken et al, 2009; Galic et al, 2006; Galic et al, 2009; 

Hatzistavrou et al, 2009; Kaufman et al, 2001; Ledran et al, 2008; Lu et al, 2008a; 

Narayan et al, 2006; Raya, 2009; Takayama et al, 2008; Tian et al, 2006; Vodyanik et 

al, 2005; Zambidis et al, 2005). Each of these studies successfully demonstrates the 

ability to differentiate ES/iPS cells to specific hematopoietic lineages, and collectively 

they suggest the ability of ES/iPS cells to generate primitive hematopoietic cells with 

both lymphoid and myeloid potential. The majority of these studies report generation of 

only low numbers of mature hematopoietic cells, which likely results from inefficient 

expansion of pre-blood precursors and hematopoietic progenitor cells. None of these 

studies have shown robust generation of transplantable HSCs.  

A major challenge facing the prospect of therapies using PSC-derived cells 

remains the difficulty of differentiating them to specific lineages, ensuring those cells 

will function normally after transplantation, and removing the possible risks associated 
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with incompletely differentiated or contaminating cells. Another challenge facing the 

field is the use of animal products, such as fetal bovine serum (FBS), which must be 

replaced with defined xeno-free conditions to gain regulatory approval for clinical 

therapies. The use of completely defined conditions are also necessary to overcome 

experimental variability, as many studies appear to be dependent on specific lots of 

reagents, and therefore not universally reproducible (Murry & Keller, 2008). 

Differentiation in these studies relies upon FBS, which is an uncharacterized and highly 

variable source of growth factors, and a combination of recombinant growth factors. 

These include bone morphogenetic protein 4 (BMP4), vascular endothelial growth 

factor (VEGF) and hematopoietic cytokines (Cerdan et al, 2004). 

 Several methods for differentiating PSCs to hematopoietic lineages exist, but 

none of these are capable of generating HSCs: 

PSCs undergoing differentiation often follow processes similar to those of 

embryonic development. A commonly used starting point in these differentiation 

methods is the generation of embryoid bodies (EBs), which form as cystic structures 

spontaneously when PSCs are removed from culture conditions designed to preserve 

pluripotency. EBs lack the anatomical structure of an embryo developing in utero, and 

cells within the EB do not receive the same signals from cell-cell interactions and 

physical stimuli, such as flow pressure and shear forces, that they would otherwise get 

in utero (Lengerke & Daley).  
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Another commonly used method is the culture of differentiating PSCs on 

supportive stromal layers. OP9 stromal cells are known to provide a microenvironment 

for hematopoietic maintenance and differentiation (Ji et al, 2008) and are most 

commonly used. The cell line was derived from the calvaria of newborn op/op mice 

lacking the gene encoding macrophage colony stimulating factor (M-CSF). The absence 

of M-CSF inhibits the survival and overgrowth of monocytes and macrophages, which 

would otherwise overwhelm other lineages (Lengerke et al, 2009). When cultured on 

OP9 feeders, it is possible to generate HSC-like cells using murine PSCs 

overexpressing HoxB4, but not human as yet (Kyba et al, 2002; Wang et al, 2005b). 

Other groups have generated murine-derived AGM and fetal liver lines and claimed 

human hematopoietic repopulation of immune compromised mice (Ledran et al, 2008), 

although the detection of transplanted cells in these studies remains controversial and 

have not been independently repeated (Lengerke & Daley). 

2.8 Differentiation of PSCs to Lymphoid Lineages 

 Mouse and human PSCs can be differentiated to lymphoid lineages under 

appropriate conditions. Mouse ESCs cocultured on OP9 feeder layers can generate B 

cells capable of immunoglobulin secretion and V(D)J recombination (Cho et al, 1999). 

Mouse ESCs cocultured with OP9 cells transduced to express the Notch ligand Delta-

like 1 will differentiate towards the T cell lineage rather than the B cell lineage. These 

two studies suggest that niches equivalent to the P-Sp region of are present in these in 

vitro cultures (Murry & Keller, 2008). 
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2.9 HoxB4 Confers an HSC-like Phenotype on Differentiating Murine 

PSCs 

The proof of principle study demonstrating the ability to transplant genetically 

corrected hematopoietic stem cells derived from iPS cells was performed by Hanna et 

al. where they corrected sickle cell anemia in a murine model of the disease (Hanna et 

al, 2007). HoxB4 overexpression was required in this study during iPS differentiation to 

generate the genetically corrected reconstituting hematopoietic cells. Unfortunately, 

successful engraftment of hematopoietic cells derived from human ES and iPS cells has 

been hampered by two major hurdles: 1) the apparent differences in molecular pathways 

of generating transplantable hematopoietic cells between mice and humans, in particular 

with regards to the function of exogenous expression of HoxB4; and 2) very low 

efficiency of current differentiation protocols for in vitro generation of human 

hematopoietic cells and their precursors from human ES/iPS cell lines. In a study of 

human ES cell differentiation to blood by overexpression of HoxB4, only a modest 

expansion of the human hematopoietic progenitor cell fraction and limited 

reconstitution in transplanted immune deficient mice was achieved (Wang et al, 2005a). 

2.10 Transplantation into Immune Compromised Mice 

HSCs are typically assayed by their ability to provide long-term reconstitution 

of multi-lineage hematopoiesis following intravenous or intrafemoral transplantation in 

immune compromised mice. HSCs must also possess the capacity to home to the bone 

marrow. Because the only assay available for detecting and quantifying human HSCs 
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present in samples remains these xenografts, it is important to note that the human cells 

rely on murine cytokines and niches produced by the host animal. Studies suggest that 

these have only limited cross-reactivity to human cells. Mouse erythropoietin (EPO), 

for example, does not seem to have any effect on human cells (Manz, 2007).  

2.11 Future Promise 

PSCs hold enormous promise for generating histocompatible cells capable of 

transplantation therapies. In regards to HSCs, much remains to be done to generate a 

cell capable of normal function in adult human hosts, including the ability to self-

renewal and differentiate to both myeloid and lymphoid lineages. 

 

  



23 

 

Chapter 3: Efficient differentiation of ES/iPS cell lines to 

hematopoietic progenitors. 

3.1 Hematopoietic cell generation   

Blood differentiation in vitro can be divided into key stages where specific 

signals are provided for mesodermal, hemangioblast/hemogenic-endothelium, and 

hematopoietic stem/progenitor cell specification, maturation, and expansion (Fig 3.1A). 

Moreover, we expect that the cellular output of each upstream precursor cell in this 

differentiation program is likely to affect the total output of hematopoietic progenitor 

cells. Initial tests to generate hematopoietic cells from the ES/iPS cell lines 

demonstrated that significantly higher yields of blood (CD45+ cells) can be obtained by 

generating specialized embryoid bodies (EBs) grown in mesodermal/hematopoietic 

stimulating conditions (meso/hemo-EBs), followed by plating them as whole intact 

meso/hemo-EBs into hematopoietic-specific conditions. We compared plating intact 

meso/hemo-EBs derived from the human ES cell line, H1 (WA01), into hematopoietic 

conditions with dissociated meso/hemo-EBs (individualized cells) and saw significantly 

higher blood yields in the former (Figure 3.2A). We also compared meso/hemo-EB 

formation to direct plating of ES cells or ES colonies, into mesodermal/hematopoietic 

stimulating conditions, and found the EB formation yielded higher blood cell counts 

(data not shown). Additionally, we observed that pluripotent cell lines producing large, 
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cystic EBs produced higher blood yields in comparison to lines that only produced 

small, dense EBs (Figure 3.2B and C).  

The optimal duration of the protocol was hypothesized to be three-weeks in 

order to maximize the chances of generating hematopoietic stem and progenitor cells 

based on the known accelerated rate of hematopoiesis (1.3-1.4 fold increased rate) in in 

vitro differentiation cultures of murine EBs compared to in utero murine hematopoietic 

development; reviewed in (Mikkola et al, 2003). This factor was applied to the human 

gestational period where the AGM forms at 4-5 weeks post fertilization (Cortes et al, 

1999), approximately equating to a 3-week in vitro differentiation protocol. In this 

protocol, mesoderm specification is directed during the first week, 

hemangioblast/hemogenic endothelial cell expansion during the second week, and 

hematopoietic progenitor cell generation, maturation and expansion during the final 

week as outlined in Figure 1A and B. Time course fluorescence-activated cell sorting 

(FACS) analysis of the expression of pan-hematopoietic cell marker, CD45, the 

ontologically early hematopoietic cell marker in ES cell derived cultures, CD43, and the 

progenitor cell marker, CD34, during the differentiation process (at days 14, 17 and 21) 

shows the peak number of hematopoietic progenitor CD45+CD34+ cells occurs at the 

3-week time point with undiminished counts of earlier CD43+/CD34+ blood 

progenitors (Figure 3.3). We also assayed for CFU progenitors plated at 18 and 21 days 

of differentiation culture. CFU counts on average during this period remained constant, 

suggesting that continuous generation of these progenitors occurred (Figure 3.4). Based 
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on these data, day 21 was selected as the optimal point to harvest and analyze for 

hematopoietic stem/progenitor output.  

 

3.2 BMP4 and TGF-β1 increase hematopoietic cell yield.  

Since BMP4 was previously demonstrated to increase mesoderm lineage 

specification in both the developing embryo and in vitro differentiation cultures 

(Lengerke et al, 2009; Lu et al, 2008b) we decided to test the BMP4 signaling pathway 

in combination with a competing signaling pathway, transforming growth factor beta 1 

(TGF-β1), which shares a common downstream signaling transcription factor, SMAD4.  

The percentage of cells expressing Brachyury, a marker for mesoderm, showed 

a slight increase by FACS (n=2) (Figure 3.5) and increased expression by quantitative 

polymerase chain reaction (QPCR) (n=2) (data not shown) in day 7 cultures of 

meso/hemo EBs grown with continuous high concentrations of the cytokines BMP4 and 

TGF-β1. In contrast, when we varied the timing of the cytokines over the 7 days, with 

BMP4 added first for 2 days followed by TGF-β1 for the remainder of the week and 

vice versa, lower levels of brachyury positive cells were detected. We then followed the 

effect of the BMP4 and  TGF-β1 cytokines during the EB stage of the differentiation on 

the total hematopoietic progenitor cell output measured at the 3-week time point. Using 

the same combinations of BMP4 and TGF-β1 cytokines in the first week we saw that 

BMP4 and TGF-β1 combined, and the BMP4 alone yielded marginally higher levels of 

hematopoietic cell production at 3-weeks, whereas TGF-β1 alone yielded the lowest, 
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(Fig 3.6 and 3.7). These results indicate that the addition of both TGF-β1 and BMP4 

yields the highest levels of blood, and continued TGF-β1 signaling is likely an inhibitor 

of blood cell production in our system. 

 

3.3 Yields of hemogenic endothelial cells and hematopoietic cells: Role 

of VEGF  

Following mesoderm lineage specification, we focused on the presence of 

endothelial lineages as possible indicators of hematopoietic potential via the 

hemangioblast or hemogenic endothelium. Since the precise cell surface phenotype of 

the hemogenic endothelium has not yet been determined for human cells, we looked at 

the endothelial lineage markers CD34+/CD31+ in CD45- (non-hematopoietic) cells. 

Since it has been reported that vascular endothelial growth factor receptor 1 (VEGFR1) 

is present on endothelial cells, including hemogenic endothelial cells (Bertrand et al) we 

hypothesized that adding VEGF to the differentiation cultures would increase 

hemogenic-endothelial cell proliferation and hematopoietic cell output. We tested high 

concentrations of VEGF (20-40 ng/mL) in 3-week culture conditions but consistently 

observed lower hematopoietic cell counts. Surprisingly, the use of a sub-saturating 

concentration (0.5 ng/mL), resulted in significantly improved hematopoietic cell output 

as measured by the amount of CD45+ cells present at three weeks, (compare Figures 

3.8A and C). Interestingly, there was a high correlation between blood cell output and 

the presence of endothelial cells as measured by CD45-/CD34+/CD31+ cells, when 
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comparing Figures 3.8A and B with Figures 3.8C and D. These data demonstrate that 

the increased endothelial cell counts correlate with increased hematopoietic cell counts, 

suggesting that in vitro hematopoiesis of human cells does originate from a 

hemangioblast/hemogenic-endothelial cell as was recently shown in the murine setting 

(Eilken et al, 2009). Moreover, immunofluorescent microscopy revealed that 

CD34+CD31+ endothelial cells were in close proximity to semi-adherent round 

hematopoietic cells, and formed a network and substrate for the hematopoietic cells to 

adhere to as they emerged during the final 10 days of the protocol (data not shown). 

These results also suggest a hemangioblast or hemogenic endothelial cell origin of the 

hematopoietic cells in vitro. 

 

3.4 Efficient differentiation of ES/iPS cell lines to hematopoietic 

progenitors.   

Using conditions which generated the highest levels of blood (CD45+ cells) (see 

Materials and Methods), we differentiated multiple ES and iPS cell lines to the blood 

lineage. Figure 3.9A shows representative FACS analyses for a single well of an in vitro 

culture of a genetically corrected keratinocyte-iPS (KiPS) cell line from a Fanconi 

Anemia patient (Raya, 2009). These cells, which are undergoing differentiation to 

hematopoietic cells, are separated into non-adherent and adherent cellular fractions. 

About 80% of the non-adherent cells were positive for the pan hematopoietic marker 

CD45 and 14% of these cells expressed the hematopoietic progenitor and lineage-
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restricted hematopoietic progenitor marker phenotype, CD45+/CD34+ (Figure 4A). 

About 44% of the adherent cells were CD45+, of which 44% were CD45+/CD34+ (Fig 

3.9B). Of the CD45+ cells in each fraction, the adherent fractions have a higher 

percentage of CD45+/CD34+ hematopoietic progenitors compared to the non-adherent 

fraction (30±5% vs. 21±1%, respectively, n=3). Importantly, the total CD45+/CD34+ 

hematopoietic progenitor cell counts were significantly higher in the adherent fraction 

compared to the non-adherent (floating) cells, (30,900 ±13,000 vs. 8,000 ±3,100, 

respectively, n=3). These results demonstrate that the majority of hematopoietic 

progenitors, and potentially precursors of hematopoietic stem cells, lie in the adherent 

fraction of cells derived from the EBs. We also show that the adherent fraction are 

positive for putative SCID repopulating cells, CD45+/CD34+/CD38- (Figure 3.9C). 

Table 3.1 summarizes representative FACS and cell-count data from 9 experiments 

showing all 7 pluripotent lines tested in this study.  

To further address whether alternative progenitor markers are also present on 

these differentiated cells we analyzed for CD43 expression on both the CD45+ and 

CD45- populations of cells in both fractions as combined adherent and non-adherent 

cells. CD43 is an early hematopoietic marker that was previously demonstrated to be 

present in human ES cell-derived hematopoietic cultures (Vodyanik et al, 2006). As its 

expression is upregulated slightly earlier than CD45 during development, it represents a 

cell type that is likely more closely derived from a newly emerged hematopoietic cell 

from either a hemangioblast or the hemogenic endothelium. Figure 3.9D shows a 

representative FACS analysis for the progenitor cells showing 6% of the CD43+CD45+ 



29 

 

 

 

cells are also positive for CD133, which is a marker present on HSCs and hematopoietic 

progenitors. Interestingly, the percentage of CD133+ cells was higher (23%) in early 

hematopoietic (CD43+/CD45-) cells (Fig 3.9E). Moreover, the maturation of the 

hematopoietic cells from CD43+/CD45- to CD43+/CD45+ during the differentiation 

protocol, as demonstrated in Figure 3.3 top panels, suggests that the cells are 

differentiating to CD45+ hematopoietic cells (top right quadrants) from the early 

CD43+ hematopoietic cells (lower right quadrants). Additionally, both peaks in the 

early blood progenitor CD43+/CD34+ cell occurs at an earlier time point (at day 17) 

(middle panels, upper right quadrants) and the more definitive hematopoietic progenitor 

cells CD45+/CD34+ peak at day 21. Taken together, these results suggest that the 

immediate precursor cells of the hematopoietic stem and progenitor cells derived in our 

cultures peak earlier than day 21 and subsequently differentiate to the more mature 

CD45+/CD34+ progenitor population. The latter fraction of cells is known to contain 

repopulating HSC in adult bone marrow and cord blood (Bhatia et al, 1997). 

Using phase-contrast microscopy analyses, we could routinely observe large 

areas of cells associated with the plated meso/hemo-EB, which displayed semi-adherent 

round cells with morphology consistent with hematopoietic progenitor cells (Figure 

3.9F). These cells are similar in appearance to cobblestone area forming cells (CAFC) 

from an adult hematopoietic source such as bone marrow. This was in addition to the 

significant number of spherical cells suspended in medium, with morphology similar to 

differentiated hematopoietic cells.  
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3.5 Efficient differentiation of multiple ES and iPS cell lines to 

hematopoietic progenitors.  

Using the optimized 3-week protocol, we have tested 7 different human ES and 

iPS cell lines to determine the reproducibility of our protocol for the generation of 

hematopoietic progenitors. The iPS lines that have been tested are 2 fibroblast-derived 

cell lines 2937 and BJ1, a Fanconi disease derived KiPS line (Raya, 2009), and a human 

umbilical cord blood cell-derived iPS line. We have also tested the HUES3 and H1 

human ES cell lines. All of these lines are capable of producing high yields of 

hematopoietic cells (CD45+) and hematopoietic progenitors (CD45+/CD34+: Figure 

3.10A and B). We also achieved high cell yields of hematopoietic progenitor cells with 

up to 100,000 CD45+/CD34+ progenitors per well in a 6-well plate (average of 64,000 

±34,700, n=5). Notably, the proportion of (CD45+/CD34+) progenitors derived from 

these cultures (29% ±4, n=5, with a range of 22-44%) is significantly higher than the 

proportions of similar surface expression progenitors derived from umbilical cord blood 

(typically 1-3%). We therefore conclude that the protocols described here are highly 

efficient in the generation of hematopoietic progenitor cells from multiple human 

pluripotent stem cell lines. 

In addition to cell surface marker expression, we also functionally assayed for 

progenitors, using the colony-forming unit (CFU) assay. The differentiated iPS and ES 

cells from the 21 day culture were plated in methylcellulose and analyzed by 
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microscopy and FACS following two weeks of incubation. Figure 3.11A compares the 

number of CFUs generated per 10,000 CD45+ cells from multiple ES/iPS cell lines and 

human cord blood mononuclear cells. Further characterization of the cells revealed 

CFU-granulocytes, -macrophages, and burst forming unit erythroid (BFU-E) colonies, 

including more primitive CFU-GEMM (granulocytes, erythrocytes, monocytes and 

megakaryocytes) colonies, indicating the ability to generate primitive clonogenic 

progenitors from ES/iPS cell lines (Fig 3.11B). The hematopoietic colonies of 

granulocytic and erythroid progenitors were analyzed by flow cytometry for the 

presence of myeloid lineage and erythroid lineage markers. In addition to having 

significant numbers of CD45+, CD11b+ and CD33+ cells in CFU-GM type colonies, 

the erythroid colonies showed a high proportion of CD45-/glycophorinA+ cells, 

indicating definitive adult erythropoiesis (Chang et al, 2006) (Figure 3.12).  

Similar results were also seen for the highly proliferative erythroid progenitors, 

as measured by FACS for CD45-/GlycophorinA+ cells in the CFU-C assay with 

comparably high yields of mature erythrocytes (Figure 3.13). To our knowledge, this is 

the first time high numbers of progenitors that approach the levels seen in cord blood 

has been achieved, suggesting that therapeutic levels of cells may be achievable using 

this protocol.  
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3.6 Discussion 

In this study we demonstrate highly efficient generation of hematopoietic 

progenitor cells from ES/iPS cells, at levels approaching those found in post-natal 

sources of hematopoietic cells, such as from umbilical cord blood. We achieve this by 

directing differentiation of pluripotent stem cells through three distinct developmental 

stages: the mesoderm, hemangioblast/hemogenic-endothelium, and to the hematopoietic 

stem/progenitor cell. The high output of cells from each of these stages was obtained by 

applying key cytokines, extracellular matrix components and small molecules to our 

growth conditions in a step-wise manner, as well as using optimized 

culturing/manipulation strategies. To date, the majority of publications differentiating 

ES or iPS cells to hematopoietic progenitor cells have demonstrated very low 

efficiencies as measured by FACS and by colony forming unit assays. These studies, 

many of which use a single co-culture differentiation step from pluripotent cells to 

blood, only produced levels of hematopoiesis at 1-3%, as measured by CD45 expression 

at similar time points to those of our study (Choi et al, 2009b; Ledran et al, 2008; Raya, 

2009; Tian et al, 2006; Zambidis et al, 2005). While others have shown the generation 

of moderate numbers of CD34+ cells, this number can be somewhat misleading as a 

large proportion of these cells are non-hematopoietic CD45- lineages, including CD34+ 

endothelial or mesenchymal cells. Moreover, some of the previous studies also show 

results exclusively from the non-adherent cell fraction, which demonstrate higher 

CD45+ percentages than the adherent fraction, rather than total well content. In this 

study, we show that more primitive and higher numbers of hematopoietic cells are 
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actually present in the adherent fraction. Immunofluorescence staining of the 3 

dimensional structures of the flattened embryoid body cultures reveals the presence of 

endothelial cell network approximately 30 microns below the upper layer of 

hematopoietic cells. These data suggests that the de novo generation of precursors of the 

hematopoietic stem and progenitor cells will also occur in the adherent fraction adjacent 

to endothelial cells, and novel strategies to generate definitive HSCs will require 

targeting of these cells. 

Kauffman et al. were the first to report successful generation of hematopoietic 

cells from human embryonic stem cells (Kaufman et al, 2001). More recently a study 

showing iPS cell derived from Fanconi Anemia patient and differentiation to blood 

showed levels of blood generation of approximately 1-2% despite using BMP4 (Raya, 

2009). Using our multi-stage differentiation protocol we routinely achieve over 40% 

using this same iPS line and have demonstrated short-term repopulation of 

hematopoietic cells in two mice from this line. We hypothesize that the low levels of 

hematopoietic progenitors seen in previous studies indicates an inefficiency in 

generating precursors of hematopoietic cells, such as mesoderm, 

hemangioblast/hemogenic endothelium, as well as putative precursors of definitive 

HSCs. By having significantly optimized the generation of these cell types, we have 

developed a protocol with which one can generate larger numbers of hematopoietic 

cells, including hematopoietic progenitors. Interestingly, there is one study where 

human HSCs were generated from human ES cells that may possess low level 

engrafting ability (Ledran et al, 2008). This study used an AGM derived feeder cell line 
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in a three-week differentiation protocol. This study showed low numbers of 

hematopoietic cells were generated (a maximum of 3-5% CD45+ cells at days 18-21 of 

their differentiation protocol). While they showed engraftment in primary and 

secondary transplanted mice by polymerase chain reaction (PCR), these results need 

further validation by identification of the actual cell type.  

While we were able to generate high levels of hematopoietic progenitors, the 

NOD/SCID/il2rg-/- transplant assay for HSC revealed no repopulating lympho/myelo 

HSCs. Although we saw engraftment significantly above non-transplant controls in two 

mice of 35 mice transplanted over 8 separate experiments, the level of engraftment 

(huCD45+ cells) diminished from a peak of 2.1% to 0% by 10 weeks post-transplant 

(Figure 3.14). This confirms the need for improving our understanding of the 

transcription factors that regulate HSC emergence and maturation. Interestingly, while 

HoxB4 expression in differentiation cultures of mouse ES cells can expand 

transplantable hematopoietic cells capable of lymphoid and myeloid differentiation, the 

human homolog has no such effect in human ES cells (Wang et al, 2005a), suggesting 

that there are differences in the regulation of hematopoietic progenitors between the 

species. This may indicate that the regulation of HSC expansion in humans is more 

tightly regulated than in mice, possibly because of the longer life-span of humans. 

Nevertheless, the efficiency of blood formation in the HoxB4 overexpression study of 

human ES cells showed approximately 10-fold lower levels of hematopoietic cell 

generation than the results of this study. The role of HoxB4 in human hematopoietic 

stem/progenitor cells needs further analysis.  
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We performed experiments to attempt to determine the optimal cytokine and 

growth factor concentrations to yield high cellular expansion of precursors of 

hematopoietic progenitors. For example, BMP4 and TGF-β1 have been suggested to 

play a competitive role in mesodermal and hematopoietic cell emergence and expansion 

in embryogenesis, as well as in in vitro differentiation cultures. We were surprised by 

an additive role of the factors for blood generation when combined in the medium given 

that the factors compete for the shared downstream transcription factor SMAD4. These 

results suggest that SMAD4 signaling is not antagonistic for mesodermal expansion, as 

has been suggested in other model systems (Bai et al).  

It is possible that the high levels of VEGF yielded very few hematopoietic cells 

due to an effect at the initial ES/iPS to mesodermal differentiation stage, whereby cells 

moving towards the hemato/endothelial cell lineage may be hampered by a negative 

feedback loop at saturating levels. The administration of low levels of VEGF did not 

hinder hematopoietic cell output and there was a highly positive correlation between 

endothelial cell and hematopoietic cell generation. Interestingly, it has been 

demonstrated that the emergence of hematopoietic cells from the hemogenic 

endothelium requires activation of Runx1 transcription factor signaling (Chen et al, 

2009) and downregulation of Notch signaling (Mikkola, 2009). We did not see any 

differences in hematopoietic cell generation with the application of notch receptor 

inhibitor DAPT suggesting that, while the down regulation occurs, it is not the principle 

cause of hematogenesis from the endothelium (data not shown). 
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In addition, several novel factors have recently been identified as being able to 

expand adult hematopoietic progenitors and/or stem cells from human umbilical cord 

blood or murine bone marrow in vitro and in vivo. These include prostaglandinE2 

(Goessling et al, 2009; North et al, 2007), or a combination of Angiopoietin-like-5 and 

insulin growth factor binding protein 2 (IGFBP2) (Zhang et al, 2008), though the roles 

of these factors have not been defined for human hematopoiesis during embryonic 

development or in vitro differentiation of ES cells. These factors are ideal to test for the 

generation and expansion of HSCs in our in vitro model as a means for maturation of 

the immediate precursors of the hematopoietic stem cell (including the putative pre-

definitive HSC) to definitive HSCs. Interestingly, neither factor, nor a combination of 

all three factors, could generate repopulating HSCs in our culture system as assayed in 

NSG mice. The inability to generate stable repopulating hematopoietic stem cells, while 

simultaneously generating high amounts of hematopoietic progenitors, suggests that we 

are either 1) bypassing the HSC entirely and proceeding directly to a hematopoietic 

progenitor, or 2) rapidly passing through the HSC transiently to a hematopoietic 

progenitor. Either way, both of these proposed differentiation schemes would require 

the existence of a precursor cell that is immediately upstream of the transient HSC.  

Our data add to a growing body of evidence supporting the idea of a definitive 

HSC precursor. In 2001, Matsuoka et al. demonstrated the generation of definitive 

hematopoietic stem cells from both early YS and intraembryonic P-Sp cocultured on 

stromal cells derived from mouse AGM at 10.5 dpc (Matsuoka et al, 2001). The group 

built on previous results in which it was shown that the P-Sp contains colony-forming 
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unit spleen (CFU-S) and the AGM contains LTR-HSC prior to liver colonization 

(Medvinsky & Dzierzak, 1996; Medvinsky et al, 1993) and that LTR-HSCs emerge 

independently within the 10 dpc AGM region in an in vitro organ culture system 

(Muller et al, 1994). The coculture of 8.5 dpc P-Sp with AGM stromal cells generated 

primitive, but not definitive, CFCs. However, cells from both P-Sp and YS generated 

substantial numbers of CFU-Ss after four days of coculture. Cells cocultured for six 

days were capable of long-term repopulation of recipient mice and were capable of both 

primitive and definitive erythrocytes. To eliminate the possibility that the cells had 

migrated after initiation of the heartbeat in the donor embryos, the group also 

accomplish the same generation of LTR-HSCs using eight dpc embryos, when the YS 

and embryo are not yet connected by blood vessels. This demonstrated that the YS and 

P-Sp each independently contain precursor cells which have the capacity, if placed in 

contact with the correct signals of the AGM in vitro, to become bona fide LTR-HSCs.  

Additional evidence comes from Yoder, et al., who demonstrated that CD34+ 

cells derived from both the Ys and P-Sp of 9 dpc embryos are capable of giving rise to 

LTR-HSCs (Yoder et al, 1997). The study showed that CD34+ cells from the YS had 

increased levels of c-Kit, GATA-1, and c-Myb mRNA, which are surface expression 

markers and transcription factors in murine HSC development. Transplanted cells gave 

rise to peripheral blood erythroid, myeloid, and lymphoid lineages in all recipient hosts. 

It is important to note that LTR-HSC were only detectable when these cells were 

transplanted into the fetal liver of conditioned newborn, but not adult, recipient animals. 

Secondary transplants of bone marrow isolated from positive mice six months after 



38 

 

 

 

infusion into newborns were capable of repopulating adult recipient mice, indicating 

those cells became true LTR-HSC in the newborn mice. The authors argue that the cells 

1) may not express the appropriate homing molecules for adult bone marrow but can 

home to embryonic/newborn bone marrow; 2) there might be different growth factors in 

embryonic bone marrow microenvironments that are no longer present in adult mice. 

Instead, it may be possible that these transplanted cells have the potential to become 

HSCs, but require maturation in a different niche just as the putative definitive HSC 

precursor does. 

There is also some in vivo evidence that YS cells do in fact migrate to the AGM 

during embryogenesis and form LTR-HSCs. By using a tamoxifen-induced lacZ 

expression under the control of the Runx1 locus, Samokhvalov et al. showed that 

hematopoietic precursors tagged at day E7.5, when only primitive YS blood islands are 

present, later migrated to the aorta, colonized the fetal liver, and became adult HSCs 

(Samokhvalov et al, 2007). Of note, while the first wave of hematopoiesis is known to 

occur in the YS, mature erythroid and myeloid cells derived from labeled YS 

hematopoietic cells were detectable later in development, indicating that the first wave 

of hematopoiesis may also contribute directly to subsequent waves, as well. The authors 

argue that previous detection of this phenomenon was inhibited by the fact that the two 

populations of primitive and definitive YS progenitors are almost immediately 

segregated. When they analyzed adult mice, they found that labeled YS derived cells 

accounted for up to 10% of definitive erythrocytes and 7% of bone marrow cells 

enriched for HSCs.  
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These studies suggest that there is either a cell immediately upstream of the 

HSC, or that precursor cells generated outside of the AGM, can become an HSC when 

given the correct signals, but otherwise defaults to myeloerythroid differentiation. We 

hypothesize that this type of cell is possibly being generated in our cultures and may be 

defined as a definitive hematopoietic stem cell precursor. Fitting with this model, the 

definitive HSC precursor is unresponsive to the HSC self-renewal functions of 

Prostaglandin and Angiopoietin like-5 because it lacks the appropriate 

survival/proliferation response and engraftment potential of a true HSC. These results 

suggest that different factors are required for generating de novo HSCs and expanding 

an already existing pool of mature HSCs. It is important to distinguish these cells, from 

those that arise in the AGM itself. While the work of the Traver and Péault groups 

demonstrate that HSCs can and do arise from the AGM itself (Bertrand et al, 2010; 

Tavian et al, 2010), this does not exclude the possibility that hematopoietic precursor 

cells may gain LTR-HSC potential after migrating to the AGM. Once there, they may 

undergo a maturation step by coming in contact with the appropriate stimuli. 

In summary, we demonstrate a robust and reproducible method for efficient 

generation of multipotent hematopoietic progenitor cells from ES and iPS cells. We 

have achieved these levels by breaking down the differentiation into a multi-step 

process that attempts to mimic in utero development. Because this method enables 

generation of higher amounts of hematopoietic progenitors than most currently in use, it 

will facilitate the testing of hematopoietic progenitor based cell therapeutics, and allow 
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for assessment of novel factors for the generation and expansion of the repopulating 

hematopoietic stem cells.  

Chapter 3, in part, is currently being prepared for submission for publication of 

the material.  Woods NB*, Parker AS*, Moraghebi R, Lutz MK, Firth AL, Brennand 

KJ, Berggren WT, Gage FH, Verma IM. Efficient Generation of Hematopoietic 

Precursors and Progenitors from Human Pluripotent Stem Cell Lines (*equally 

contributed to this work). The dissertation author was the co-primary investigator and 

author of this material. 
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Figure 3.1: Schematic of the optimized differentiation protocol used to generate 
hematopoietic precursors and progenitors from ES and iPS cell lines. (a) 
Developmental stages of differentiation of ES/iPS cells in culture showing the 
precursors of the hematopoietic lineage targeted for cellular expansion to putative 
pre-definitive HSC and hematopoietic progenitor cells. (b) Optimized 
differentiation protocol show ing conditions including media cytokine cocktails (see 
material for details) and timing of applied factors over three weeks for the efficient 
differentiation of ES/iPS cells through three distinct stages of development. A 
representative meso/hemo-EB is shown with large cystic growths after 7 days in 
culture indicates efficient mesoderm differentiation and eventually blood lineage 
generation. The whole meso/hemo-EB is then plated onto OP9 Feeder layer in the 
same medium cocktail for one week before a hematopoietic cocktail is applied for 
the final week. Assays used to determine efficiency of generation of hematopoietic 
progenitors and pre-definitive HSCs at the three week time point are shown. (NSG 
Nod/SCID/ill2rg-/- mouse transplant model).  
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Figure 3.2: Optimized cell culture conditions for efficient hematopoietic (CD45+) cell 
output. Both whole and dissociated meso/endo-EBs were plated onto the OP9 feeder 
layer and assays for hematopoietic cell output (CD45+) by FACS at day 21, with the 
whole EB plated yielding significantly higher yields (a). Panels (b) and (c) compare 
hematopoietic cell potential or two morphologically distinct types of EBs generated 
using our standard iPS differentiation protocol; small dense vs. large cystic EBs with 
the cystic EBs generating significantly higher yields of blood. All ES and iPS lines that 
we tested generated the large cystic type EBs with the exception of the human ES cell 
line H9. 
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Figure 3.3: Time course analysis of early and late hematopoietic progenitor cells shows 
peak CD45CD34 at 3-weeks in culture. CD45 and CD43 staining of iPS derived cells 
from the differentiation culture at 3 time points (day14, 17 and 21) reveal that the earlier 
emergent hematopoietic cells CD43+CD45- remain at constant levels over the time 
points (lower right quadrant, top panel), while the later emergent CD43+CD45+ cells 
(upper right quadrant, top panel) increase during this same time frame. This suggests 
that the culture conditions of our protocol allow for the continued production of the 
early emergent hematopoietic cells while simultaneously allowing for maturation 
hematopoietic cell to the CD45 phenotype. Furthermore analysis of the CD34 
progenitor marker in either the CD43 fraction or CD45 fraction (middle and bottom 
panels) show this is true also for the more CD34 progenitor fractions and demonstrates 
that CD45 CD34 double positive cells peak at the day 21 time point. (Data generated by 
Roksana Moraghebi and Niels-Bjarne Woods) 

  



44 

 

 

 

 

 

Figure 3.4: iPS cells differentiated for 21 days generate more hematopoietic cells 
(CD45+) and clonogenic progenitors than cultures of 18 days. Following differentiation 
of iPS cell lines FANC 404 KiPS and 2937, total wells were harvested and analyzed for 
CD45 expression by FACS (top panel) or CFU progenitor assay (bottom panel). 
Highest CD45 counts and CFU progenitor counts were obtained from the 21 day 
cultures in the  experiments shown. 
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Figure 3.5: Histogram plots showing the proportion of differentiated BJ1-iPS cells 
positive for the mesoderm marker Brachyury after one week in culture using an 
optimized medium (MesoTotal described in materials and methods) as measured by 
flow cytometry. Cells were plated into MesoTotal medium containing 10 ng ml-1 BMP4 
and 5 ng ml-1 TGF-β1 (BMP4+TGF-β1), MesoTotal medium containing TGF-β1 for 
two days (no BMP4 added) followed by BMP4 (no TGF-β1 added) for four days 
(TGFβ1->BMP4), MesoTotal medium containing BMP4 for two days (no TGF-β1 
added) followed by TGF-β1 (no BMP4 added) for four days (BMP4->TGF-β1), 
MesoTotal medium containing BMP4 (no TGF-β1 added) for 6 days (BMP4 
continuous) or containing TGF-β1 (no BMP4 added) for 6 days (TGF-β1 continuous). 
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Figure 3.6: The percentage CD45+ hematopoietic cells of the BJ1-iPS differentiated 
hematopoietic cells at three weeks using the media conditions described in figure 3.1. 
  

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

BMP4 + TGFb (standard) TGFb Continuous BMP4 Continuous

%
CD

45
+ 

ce
lls

 a
ft

er
 2

1 
da

ys
 



47 

 

 

 

 
 

Figure 3.7: Average total yield of BJ1-iPS derived CD45+CD34+ progenitor cells per 
meso/hemo-EB using the same media conditions described above. These data 
demonstrate the potent effect of BMP4 in the generation of hematopoietic cells and 
progenitors, and show the mild but additive effect of TGF-β1 to BMP4 signaling 
towards mesoderm/hematopoietic lineage. 
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Figure 3.8: Efficient generation of hematopoietic cells correlates with higher yields of 
endothelial cells. Flow cytometric analysis of human ES cell line Hues3 cells 
undergoing differentiation with MesoTotal medium supplemented with 20 ng ml-1 
VEGF (high dose VEGF) (a and b), or with 0.5 ng ml-1 VEGF (low dose VEGF) (c and 
d), showing an inhibitory effect of the high dose of VEGF on the generation of both 
CD45+ hematopoietic (left panels) and CD45-CD34+CD31+ endothelial lineages (right 
panels). Low dose VEGF results in higher proportions of both hematopoietic cells and 
endothelial cells. Average data of both hematopoietic (e) and endothelial cell (f) output 
from the Hues3 cell line (n=3). The correlation between higher endothelial cell yield 
and hematopoietic cell yield, suggests a common hemangioblast / hemogenic 
endothelial cell origin of the hematopoietic and endothelial cell lineages in vitro.  
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Figure 3.9: Efficient generation of hematopoietic progenitor cells from ES/iPS cells. 
Representative flow cytometric analysis data of adherent (a) and non-adherent (b) in 
vitro culture fractions, from a genetically corrected Fanconi anemia patient-derived iPS 
cell line (FA404 KiPS). Staining for the pan-hematopoietic marker CD45+ and the 
hematopoietic progenitor markers CD45+/CD34+ was done in the iPS line culture at 3-
weeks using the optimized differentiation protocol. The adherent fraction, while lower 
in the proportion of hematopoietic progenitors, contains significantly greater numbers 
of these progenitors. (c) In addition, a more primitive fraction of hematopoietic 
progenitor cells (CD45+/CD34+/CD38-) are also present in the adherent fraction. These 
data in combination with higher total cell yield of the adherent fraction compared to the 
non-adherent fraction (as described in the Results section) demonstrates that the 
majority of hematopoietic primitive progenitor cells are located in the adherent fraction. 
Panels (d and e) shows early hematopoietic marker CD43 and the pan-hematopoietic 
marker CD45 stained cells derived from FA404 KiPS cell line gated for the progenitor 
cell marker, CD133. CD43+CD45- (d) cells, which appear during development before 
CD43+CD45+, show a higher percentage of cells expressing CD133, compared to 
CD43+CD45+ cells (e). These data confirm the presence of primitive and early 
hematopoietic progenitors using the 3 week differentiation protocol. Panel (f) shows 
bright field microscopy of meso/hemo-EBs following plating onto an OP9 feeder layer 
after 14 days (three-weeks of differentiation using the optimized protocol). Large areas 
of cells show round, semi-adherent, hematopoietic progenitor-like morphology. 
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Figure 3.10: Multiple human ES and iPS cell lines efficiently differentiate to 
hematopoietic cells and progenitors using our optimal protocol. Bar graphs show 
average percentages of CD45+ hematopoietic cells (a) and CD45+CD34+ 
hematopoietic progenitors (b) from the pluripotent cell lines indicated. White bars 
indicate human ES cell lines and black bars indicate human iPS lines. The iPS lines 
used in this study were derived from various starting material cell sources: the 2937, 
BJ1 lines were derived from fibroblasts, KiPS from hair follicle keratinocyte, and CB2 
from cord blood cells. These data demonstrate that both human ES and iPS cells from 
various starting material sources can be efficiently differentiated into hematopoietic 
lineages. 
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Figure 3.11: Multiple huES and iPS cell lines yield multi-potent myeloid progenitors at 
frequencies comparable to those of umbilical cord blood mononuclear cells. Panel (a) 
shows the number of colony forming units (CFU) from both cord blood mononuclear 
cell isolates (UBMNC) and iPS-derived hematopoietic cells, per 10,000 CD45+ input 
cells. Panel (b) shows the numbers of generated CFU categorized by colony type from 
UBMNC and the 2937 iPS cell line with CFU-G/M/GM, more primitive CFU-GEMM, 
and erythroid B/CFU-E colonies. 
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Figure 3.12: Bright field microscopy and flow cytometric analysis showing common 
myeloid cell markers (CD11b, CD15, CD33) from a representative CFU-GM colony 
(left), and the mature erythroid cell markers (CD45-.GlycophorinA+) from a 
representative BFU-E colony derived from the FA404 KiPS cell line (right). 
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Figure 3.13: Summary histogram plots of numbers of CD45-GlycophorinA+ mature 
erythrocytes for the iPS cell lines 2937 and FA404 KiPS in comparison with 
UCBMNC isolates. White bars indicate hematopoietic cells derived from human ES 
cell lines, black bars from human iPS cell lines, and the gray bar from human 
umbilical cord blood mononuclear cell isolates. Together, these data show the ability 
for multiple ES/iPS cell lines to generate high numbers of progenitors of both the 
myeloid and erythroid cell lineages at frequencies comparable to UCBMNC isolates. 
To our knowledge, this is the first time these levels have been achieved. 
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Figure 3.14: Short-term engraftment of iPS cells in an immunocompromized mouse 
as determined by human CD45+ cells detected in a transplanted and non-
transplanted host by flow cytometry in peripheral blood. In total over 25 mice were 
transplanted with non enriched fractions from differentiation cultures (approximately 
1-5 million total cells per mouse). All mice were irradiated with a sub-lethal dose of 
325 Rad. 
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Table 3.1: Summary of data or representative experiments from all pluripotent cell lines tested. 

 

Cell Line %CD45 
Total 

Total 
CD45+ 
Cells 

%CD45  
Non-Adherent 

%CD45 
Adherent 

%CD34+ 
of CD45+ 

CD45+/CD34+ 
Yield 

KiPS 42.13% 
 

68.47% 31.04% 34.85% 
 

KiPS 39.54% 139107 79.06% 8.41% 22.9% 34252 

BJ1 35.01% 129213 61.74% 23.96% 
  

2937 16.15% 204421 
  

31.1% 57435 

H1 21.89% 187733 89.42% 16.35% 26.9% 50318 

Hues3 40.35% 86613 
  

30.6% 
 

CB2p2 41.04% 261830 
  

43.7% 114082 

BJ1 31.60% 191203 
  

29.85% 57269 
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Chapter 4: Appendix: Materials and Methods 

4.1 ES Cell Culture 

The pluripotent human ES and iPS cell lines used in this study were grown as 

previously described (Ludwig et al, 2006a; Ludwig et al, 2006b; Yu et al, 2007). We 

used the Hues3, H1, H9, FA404-KiPS, RB9-CBiPS2, 2937-iPS, BJ1-iPS cell lines. All 

cell lines were determined to be karyotypically normal by cytogenetic analysis and 

shown to by pluripotent by in vivo teratoma histological assays and PCR. 

 

4.2 EB Generation 

Embryoid Bodies were generated from ES/iPS cells grown on MEF or matrigel 

coated 10cm dishes for five or six days so the colonies were large but still independent. 

Colonies were separated from the plate with 4ml of dispase (0.5mg/ml, Invitrogen?) for 

30-45 minutes. Colonies were collected in EB medium (IMDM supplemented with 15% 

FBS [Hyclone], 1% non-essential amino acids [Invitrogen], and 1% GlutaMax 

[Invitrogen]), allowed to settle at the bottom of a 15ml conical tube, rinsed twice with 

EB medium, and placed in a non-adherent T-25 flask (Corning) in EB medium 

overnight. 
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4.3 Mesoderm Generation 

Newly generated EB colonies (at 24hours) were then cultured in suspension 

flasks containing Mesoderm specifying medium (MesoTotal) (DMEM/F12 

supplemented with 15% fetal bovine serum (Hyclone), 10 ng ml-1 bone morphogenetic 

protein 4 (BMP4) (Humanzyme), 5 ng ml-1 transforming growth factor beta 1 (TGF-

β1)(Humanzyme), 1 ng ml-1 vascular endothelial growth factor (VEGF)(Humanzyme), 

20 ng ml-1 thrombopoietin (TPO)(R&D Systems), 20 ng ml-1 erythropoietin 

(EPO)(Humanzyme), 20 ng ml-1 stem cell factor (SCF)(Humanzyme), 20 ng ml-1 FMS-

like tyrosine kinase 3 ligand (FLT3L)(Humanzyme), 200 µg ml-1 holotransferrin 

(Sigma), 2µM prostaglandin E2 (PGE2)(Cayman Chemical), and 50 µg ml-1 ascorbic 

acid (Sigma) for 6 additional days as embryoid bodies with partial medium changes 

made every other day. 

 

4.4 Plating on OP9 and Hematopoietic Expansion 

Day 7 whole and dissociated EBs were then plated on 5000 rad irradiated OP9 

feeder cells (ATCC) grown on growth factor reduced matrigel (BD Biosciences) coated 

six well plates. The mesoderm-specifying medium (MesoTotal) was changed every 

other day for 7 days.  

Medium on the 2nd week of OP9 co-culture was changed to serum-free 

expansion medium (SFEM)(StemCell Technologies) supplemented with 20 ng ml-1 
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thrombopoietin (TPO)(R&D Systems), 20 ng ml-1 erythropoietin (EPO)(Humanzyme), 

20 ng ml-1 stem cell factor (SCF)(Humanzyme), 20 ng ml-1 FMS-like tyrosine kinase 3 

ligand (FLT3L)(Humanzyme), and 2µM prostaglandin E2 (PGE2)(Cayman Chemical). 

 

4.5 Analysis by Flow Cytometry 

Cells from the differentiation cultures were collected at time points indicated 

and washed in PBS supplemented with 2% fetal bovine serum. Adherent cells were 

individualized using TrypLE (Invitrogen), passed through a 27.5 gauge needle and 

filtering through a 40-70µm cell strainer (BD Falcon). Cells were treated with 7-

Aminoactinomycin D (7-AAD) prior to analysis and positive cells were gated out of 

results. Cells were stained using Fluorescein isothiocyanate-conjugated (FITC) CD34, 

CD235a, Phycoerythrin-conjugated (PE) CD45, Allophycocyanin-conjugated (APC) 

CD11b, CD15, CD33, CD38 and CD133 (AC133), and Alexa-647 conjugated CD31 

(all from BD). Cells were analyzed on an LSR (BD) using CellQuest v3.3 (BD). 

 

4.6 Hematopoietic colony formation in methyl cellulose. 

Single-cell suspensions of differentiated EBs on OP9 were plated in triplicate at 

approximately 200,000 cells per well in 2ml of MethoCult H4435 (StemCell 

Technologies) in six well plates. Cells were incubated for 14 days in a humidified 

incubator at 37 °C with 5% CO2 and evaluated for colonies by bright field microscopy 
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(Zeiss Axiovert 200 with a Zeiss Axiocam). Cells were resuspended in PBS 

supplemented with 2% fetal bovine serum and analyzed by flow cytometry for the 

presence of erythroid and myeloid lineages as described above. 

 

4.7 Quantitative analysis of cell numbers and statistical analyses 

Cells were counted by hemacytometer under a bright field microscope to obtain 

absolute cell numbers. We calculated the total numbers of cells of each sub-population 

by multiplying the number of cells by the proportion of cells of that lineage as 

determined by flow cytometry. Statisitical analyses of datapoints and error bars of this 

study show mean and standard deviation.   

 

4.8 Mouse Transplantations 

Single-cell suspensions of differentiated EB’s on OP9 were generated as 

described above and injected into sub-lethally irradiated (325 Rad, Cobalt-60 source) 

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (NSG) (JAX) via tail vein injections. Blood was 

harvested at times indicated via tail or retro-orbital eye bleed. Erythrocytes were lysed 

using Ammonium Chloride Solution (0.8% NH4Cl with 0.1 mM EDTA) (Stem Cell 

Technologies), spun, and stained flow cytometric analysis as described above. 
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Chapter 4, in part, is currently being prepared for submission for publication of 

the material.  Woods NB*, Parker AS*, Moraghebi R, Lutz MK, Firth AL, Brennand 

KJ, Berggren WT, Gage FH, Verma IM. Efficient Generation of Hematopoietic 

Precursors and Progenitors from Human Pluripotent Stem Cell Lines (*equally 

contributed to this work). The dissertation author was the co-primary investigator and 

author of this material. 
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