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Abstract 

 

Understanding the haematopoietic differentiation potential of human pluripotent stem 
cells. Anna French, Brasenose College, Degree of Doctor of Philosophy, Trinity Term 
2013.  

 

Pluripotent stem cells (PSCs), both embryonic stem (ES) and induced pluripotent stem 

(iPS) cells, have the capacity to generate any cell type of the body and therefore have 

application in disease modelling, as a drug-screening tool and as a cell source for 

regenerative medicine. The development of the human haematopoietic system can be 

investigated within a PSC differentiation system, which has been demonstrated to 

faithfully recapitulate aspects of haematopoietic ontogeny. Furthermore, PSC-derived 

haematopoietic cells may be a viable alternative, in a clinical setting, to cells isolated from 

bone marrow, peripheral blood or umbilical cord blood. iPS cells, which can be generated 

from a multitude of adult somatic tissues, have a number of advantages over ES cells, 

that include ethical and immunogenic implications. The aim of this thesis was to 

investigate the capacity of human iPS cells to give rise to B lymphocytes, an output that 

has challenged the field. In the context of haematopoietic differentiation from PSCs, the 

generation of lymphocytes provides a valuable readout that is synonymous with the 

definitive waves of haematopoiesis and that could be used as a disease model for 

numerous leukaemias. Here, B lymphocytes were robustly generated from iPS cells. 

These iPS-derived B cells showed a high level of similarity at the global transcriptional 

level with B cells generated from UCB haematopoietic stem/progenitor cells. The cellular 

origins of iPS-derived B cells were investigated and it was demonstrated that a putative 

haemogenic endothelial population could generate B lymphocytes with an 80- fold 

enrichment in this potential, when compared to haematopoietic progenitor fractions. 

Finally, the capacity of iPS-derived B cells to generate cell surface immunoglobulins has 

been described for the first time. Interestingly, the production of these IgM+ cells was 

inhibited by the addition of recombinant IL-7. 
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 Chapter 1. 

Introduction 

 
1.1 Literature review 

1.1.1 Stem Cell Subsets 

1.1.1.1 Stem Cells 

The two hallmarks that have been used to define a stem cell are that of self-renewal and 

the potential to give rise to one or more cell types. This separates stem cells from 

‘progenitor cells’ which have more restricted self-renewal capacity and potential, and 

from terminally differentiated cells which feature neither of these properties. Self-

renewal is a form of cell division where one (asymmetric), or both (symmetric), cells are 

produced with conserved potency and potential between parent and daughter cell. This 

enables a stem cell pool to be maintained and therefore contributes positively to a 

homeostatic state.  

Embryonic stem (ES) cells are characterised by their ability to self-renew and are also 

pluripotent; pluripotency defined as the ability to form all and any cell type of the three 

germ layers, endoderm, ectoderm and mesoderm. Mouse ES cells and were first 

described in 1981 (Evans and Kaufman, 1981, Martin, 1981). Human ES cells were not 

isolated until 1998 (Thomson et al., 1998). ES cell lines were established from the inner 

cell mass of the developing blastocyst (Evans and Kaufman, 1981, Martin, 1981, Thomson 
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et al., 1998). In appropriate conditions, initially using mouse feeder cells and 

subsequently in feeder-free systems, ES cells can be grown continually in an 

undifferentiated state and thus represent a potentially unlimited cell source. Differences 

between mouse and human ES cells have been described. Human ES cells are thought to 

be more similar to mouse epiblast stem cells (EpiSCs) than mouse ES cells (Tesar et al., 

2007, Vallier et al., 2009).  Unlike their mouse counterparts, human ES cells do not 

require LIF to maintain pluripotency (Reubinoff et al., 2000, Thomson et al., 1998). Whilst 

the majority of cell surface markers used to identify ES cells are conserved between 

mouse and human ES cells, there are however some exceptions, such as the expression of 

SSEA-1 (Thomson et al., 1998). Human ES cells are also morphologically different from 

mouse ES cells, with flat rather than domed colonies described for the former, and have a 

propensity to undergo apoptosis if dissociated to generate single cells (Watanabe et al., 

2007, Ohgushi et al., 2010).  

Adult stem cells are described as multipotent. This means that, whilst they have the 

capacity to differentiate into numerous cell types, the differentiation potential of adult 

stem cells is limited, when compared to pluripotent cells. The haematopoietic stem cell 

(HSC) represents one of the earliest descriptions of an adult stem cell. HSCs are found in 

the bone marrow and are responsible for the production of cells of the blood lineage, 

from red blood cells to platelets to T and B lymphocytes throughout adult life (McCulloch 

and Till, 1960, Wu et al., 1967, Muller-Sieburg et al., 1986). Stem cells from a vast array of 

tissues have subsequently been described, including neuronal, cardiac, intestinal and 

mesenchymal stem cells. In comparison to embryonic stem cells, attempts to expand 
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adult stem cells in vitro, that is to promote self-renewal at the expense of differentiation, 

has proven to be challenging. 

1.1.1.2 Induced pluripotent stem cells 

Induced pluripotent stem (iPS) cells were first generated in 2006 from adult mouse 

fibroblasts, and subsequently from human fibroblasts in 2007, by the retroviral 

introduction of Oct3/4, Sox2, c-myc and Klf4 (Takahashi and Yamanaka, 2006, Takahashi 

et al., 2007, Yu et al., 2007). This work was pioneered by Shinya Yamanaka and 

colleagues. The introduction of these four transcription factors reprogrammed the 

somatic cells to an ES cell-like state, resulting in pluripotency and the ability to self-renew 

(Figure 1). Further technological advances led to the use of non-integrating viral vectors 

and plasmids, recombinant proteins, synthetic mRNAs and miRNAs to introduce the 

reprogramming factors (Kaji et al., 2009, Zhou et al., 2009, Kim et al., 2009, Warren et al., 

2010, Anokye-Danso et al., 2011). More recently, mouse iPS cells have been derived using 

small molecules alone (Hou et al., 2013). Moreover, iPS cells have been generated 

without the need for feeder cells (Yu et al., 2011). Advances have also been made with 

regard to the starting cell type used for reprogramming. Originally generated from 

dermal fibroblasts, iPS cells have now been successfully derived from a diverse range of 

tissues, including human umbilical cord blood (UCB), adipose tissue and even cells 

isolated from urine (Sun et al., 2009, Zhou et al., 2012, Haase et al., 2009).  

The concept of the pluripotency network, where the expression of core factors define 

and regulate the pluripotent state has developed, with significant contribution from 

Smith and colleagues (Niwa et al., 2000, Masui et al., 2007, Martello et al., 2012, Boyer et 

al., 2005). Whether pluripotency represents a ‘ground-state’ or a ‘metastable’ state 
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continues to drive discussion within this field (Marks et al., 2012, Hayashi et al., 2008, 

Graf and Stadtfeld, 2008). In the case of induced pluripotency, it is thought that this 

network is activated by the enforced expression of the core pluripotency factors. This 

understanding has been advanced and questioned by the demonstration that the core 

factors, Oct4 and Sox2, can be replaced by lineage specifiers which were postulated to 

act by balancing mesendoderm with ectoderm fate (Shu et al., 2013).   

Whether human ES cells and iPS cells are equivalent has been intensively discussed. In 

addition to sharing the defining characteristics of ES cells, iPS cells have a similar 

morphology and express human ES cell specific genes such as SSEA-4, TRA-1-81 and TRA-

1-60 (Takahashi et al., 2007, Yu et al., 2007, Andrews, 1984). A number of groups have 

reported epigenetic memory in iPS cells resulting from the cell of origin, as well as 

chromosomal aberrations and the retention of X-inactivation marks (Kim et al., 2010, 

Mayshar et al., 2010) (Tchieu et al., 2010). However, these findings have repeatedly been 

challenged, with differences between ES and iPS cells being attributed to the conditions 

in which the iPS cells are generated, or to the genetic background of the cell of origin 

(Tomoda et al., 2012)(reviewed by (Cahan and Daley, 2013). A picture is emerging which 

suggests that human ES and iPS are not distinct populations, but that variation between 

iPS cell lines is greater than observed between different ES cell lines (Bock et al., 2011). 

Therefore, due to their similarity, ES and iPS cells are frequently referred to as pluripotent 

stem cells (PSCs). The ultimate demonstration of pluripotency, which is not possible in 

human systems, is that described by the tetraploid complementation assay (Nagy et al., 

1990). Pluripotency can also be demonstrated in non-human cells by the generation of 

chimaeras and subsequent germline transmission. In a direct comparison of ES and iPS  
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Figure 1 Alternative cell fates of induced pluripotent stem cells.  
Induced pluripotent stem (iPS) cells can be generated in vitro by reprogramming 
adult somatic cells. iPS cells can give rise to all three germ layers: mesoderm, 
endoderm and ectoderm which in turn generate all of the tissues of the adult. 
Whilst iPS cells have the potential to self-renew, this potential is gradually lost as 
differentiation proceeds, cells are also thought to become increasingly specialised 
and lineage restricted. iPS cells also have the potential to indefinitely self-renew. 
An alternative cell fate is death, either by apoptosis or necrosis.  
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from mice with the same genetic background, Hochedlinger and colleagues 

demonstrated that the only difference in gene expression between the two cells types 

was found within the Dlk1-Dio3 gene cluster (Stadtfeld et al., 2010). When the 

subfraction of iPS cell clones that were not epigenetically silenced at this locus were 

selected, 100% chimaerism could be observed (Stadtfeld et al., 2010). Furthermore, it 

was noted that the presence of ascorbic acid during reprogramming abrogated aberrant 

silencing at the Dlk1-Dio3 locus (Stadtfeld et al., 2012).  

The use of iPS cells as an alternative to human ES cells circumvents the ethical issues 

associated with embryo destruction and potentially addresses the problem of 

immunogenicity if these cells are to be used in an autologous transplantation setting. 

However, whether iPS-derived cell therapies will provoke an immune response has been 

hotly debated. Early studies demonstrated immunogenicity of undifferentiated iPS cells 

(which form teratomas when injected into mice), but importantly, this was not 

demonstrated for iPS-derived differentiated cells, which are of more clinical relevance 

(Zhao et al., 2011) (Guha et al., 2013).  

 In the short term, iPS cells are an invaluable tool for drug discovery and a useful model 

for both developmental biology and disease (Meng et al., 2010; Raya et al., 2009; Itzhaki 

et al., 2011; Lee et al., 2009). Here, the derivation of iPS cells from patients with genetic 

diseases could yield a system in which questions about pathogenesis can be probed. iPS 

cell lines have now been generated from patients with diseases as diverse as type 1 

diabetes, Parkinson’s disease, and Long QT syndrome (Soldner et al., 2009, Maehr et al., 

2009, Moretti et al., 2010, Israel et al., 2012, Kondo et al., 2013). Whether iPS cell models 

faithfully recapitulate the disease in vitro remains to be determined. Promising reports of 
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disease-characteristic retention in a number of monogenic diseases, such as Rett 

Syndrome and Spinal Muscular Atrophy, have been reported (Marchetto et al., 2010, 

Ebert et al., 2009). Furthermore, it is possible to ‘correct’ genetic defects in the dish by 

homologous recombination, as described with Fanconi’s Anaemia (Raya et al., 2009, An 

et al., 2012). 

In a developmental context, human pluripotent stem cells, both ES and iPS, can be used 

as a model system. Research conducted with PSCs may complement that which has 

historically been conducted in non-primate species such as Drosophila, Xenopus and the 

mouse. Whilst a large number of genes and processes are conserved between mouse and 

human, a significant number are not. An estimated 1% of human genes do not have a 

known mouse homologue (Waterston et al., 2002). With the additional restrictions and 

ethical issues related to obtaining human embryos, which could otherwise be used to 

verify work in the mouse or provide a system to probe non-conserved genes and 

biochemical pathways, human PSCs stand alone in being able to fulfil such a requirement 

(Zhu and Huangfu, 2013).  

Perturbations in the development of the blood system have far reaching implications and 

are associated with a vast array of diseases, from anaemia to severe combined immune-

deficiency (SCID). iPS cells can thus be used to better understand these pathologies. 

Moreover, PSCs as a source of HSCs for transplantation could revolutionise treatment in 

the clinic. Currently, clinical HSC transplantation is approached using cells harvested from 

the bone marrow (BM), or, alternatively, from umbilical cord blood (UCB). The use of UCB 

has numerous advantages and disadvantages in comparison to transplantation with BM-

derived HSCs. However, insufficient availability, mismatch between donor and recipient, 
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as well as unsuitable engraftment profiles still pose a significant clinical hurdle. PSC-

derived HSCs and terminally differentiated blood cells could be used to address current 

shortfalls in clinical efficacy. A large segment of the pluripotent stem cell field is therefore 

focused on understanding blood cell development, a process termed haematopoiesis, 

which is also the focus of this thesis.  

1.1.1.3 Haematopoietic stem cells  

In the adult, HSCs reside in the bone marrow, in niches that contain mesenchymal 

cells/pericytes, bone, endothelium, adipocytes and/or a variety of differentiating blood 

cell types (Ding et al., 2012, Corselli et al., 2013, Lo Celso and Scadden, 2011). Three 

niches have been described, the endosteal niche (located proximally to bone), the 

vascular sinusoidal niche and the bone marrow proper (reviewed in (Bianco, 2011)). 

These are defined as being distinct entities or a continuum of niches within the bone 

marrow. The debate surrounding the relevance and role of the endosteal niche as 

opposed to the vascular niche, in relation to HSC maintenance, quiescence and 

proliferation continues (Kiel and Morrison, 2008). One prevailing view is that quiescent 

HSCs reside in the endosteal niche, with dividing and/or differentiating HSCs being 

located at the vascular niche (Trumpp et al., 2010, Haylock et al., 2007). Indeed, 

localisation of human HSCs in the endosteal niche of the trabecular bone area has 

recently been reported (Guezguez et al., 2013). The authors also described phenotypic 

and functional differences between HSCs located in the long bone and trabecular bone 

areas (Guezguez et al., 2013).  

The HSC pool is composed of long-term HSCs, which are quiescent but that have 

extensive self-renewal capacity, and that are hierarchical precursors to short-term HSCs 
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(Weissman et al., 2001). Short-term HSCs are capable of reconstitution, but have a 

limited self-renewal capacity in comparison to long-term HSCs (Morrison and Weissman, 

1994). Mouse HSCs are found in the Lin-Sca1+c-kithigh fraction (Spangrude et al., 1988, Li 

and Johnson, 1995). The SLAM markers, including CD150, have been used to characterise 

HSCs in the mouse, as has CD34 expression, which may be absent from long-term 

repopulating HSCs (Osawa et al., 1996, Kiel et al., 2005, Jones et al., 1990). Human HSCs 

are found in both the CD34- and CD34+ population (Bhatia et al., 1998, Anjos-Afonso et 

al., 2013, Nakamura et al., 1999). In a recent report, human CD34-CD38-CD93hi quiescent 

HSCs, suggested to be a precursor to CD34+ HSCs, were able to repopulate 

immunodeficient mice (Anjos-Afonso et al., 2013). A 

Lin−CD34+CD38−CD45RA−Thy1(CD90)+RholoCD49f+ cell surface profile was used to 

demonstrate transplantable HSC activity at the single cell level from human UCB (Notta et 

al., 2011). Whether it will be possible to define a unique cell surface phenotype to 

identify the adult HSC remains to be determined, but to date this has not been achieved.  

Functional assays are required to identify and define HSCs. HSCs should be able to 

reconstitute the blood and immune system over an organism’s lifespan. However, more 

practical functional definitions are required to enable scientific investigation. The ability 

to reconstitute immunodeficient mice has been frequently used as a functional surrogate 

test for human HSCs (Dick, 1996, Kamel-Reid and Dick, 1988). The term HSC should only 

be applied to cells which fulfil the most stringent criteria, that is, high level, long-term 

serially transplantable reconstitution (Allsopp et al., 2001, Iscove and Nawa, 1997). In 

reconstitution assays, greater than 1% of lymphoid and myeloid cells and more than 1% 

of the white blood cells in circulation for a period of greater than 16 weeks is a criteria 
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frequently adopted, although the stringency of this may be disputed (Miller and Eaves, 

1997). Other multilineage haematopoietic cells that do not display this capability may be 

referred to broadly as haematopoietic progenitor cells (HPCs).  Limiting dilution and 

competitive repopulating assays are often used to assess frequency of HSCs within a 

population; at a single cell level an HSC should be able to provide long term, 

transplantable reconstitution (Reya et al., 2003, Szilvassy et al., 1990) In vitro, the colony 

forming unit (CFU) assay has frequently been used to assess differentiation potential 

(Broxmeyer, 1984). This assay however only assesses myeloid potential and is therefore a 

limited readout that is inappropriate with which to assign HSC identity. Co-culture with 

stromal cells is a longer term method by which haematopoietic potential has been 

assayed in vitro, however simultaneous B and T cell readouts have been difficult to 

achieve (Whitlock et al., 1984).   

 

1.1.2 Haematopoietic ontogeny 

1.1.2.1 Stages of haematopoiesis 

1.1.1.1.1 Overview 

Embryonic haematopoiesis is a multistage process that ultimately results in the 

production of HSCs which persist throughout adult life. The temporal and spatial 

characteristics of multiple waves of haematopoiesis are still being addressed. It is 

generally accepted that there are three stages of haematopoiesis, first the production of 

embryonic red blood cells and macrophages, second the generation of a fetal 

multilineage progenitor with restricted capabilities and third the formation of the pre-
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HSC/ HSC (Cumano and Godin, 2007, Medvinsky et al., 2011).  The first stage is often 

referred to as ‘primitive haematopoiesis’ and the latter two stages, where lymphoid 

progeny is observed in addition to myelo-erythroid potential, as ‘definitive 

haematopoiesis’. Additional complexity arises due to the establishment of the circulation 

at the onset of the heart beat at E8.25  (embryonic day 8.25) in mouse and around day 22 

of gestation in humans, whereupon anatomically separate cellular compartments are 

mixed together into a heterogeneous milieu (Cumano et al., 1996, Tavian et al., 1999, de 

Vries P.A 1962).  

The genetic programmes that underlie primitive and definitive haematopoiesis, whilst 

displaying clear commonalities, also appear to differ, as investigated in the mouse. Runx-

1, a transcription factor which is known to be absolutely required for HSC generation, is 

dispensable for the emergence of primitive erythrocytes (Okuda et al., 1996, Cai et al., 

2000, North et al., 2002). When assaying for fetal versus adult lymphocyte potential in 

the mouse, the introduction of Lin28b was sufficient to promote the switch to a fetal 

phenotype (Yuan et al., 2012). Furthermore, Sox17 was demonstrated, by conditional 

deletion, to be essential for the maintenance of fetal and neonatal ‘HSCs’ but not for 

adult HSCs (Kim et al., 2007). These observations suggest key differences, and some 

possible independence, between the development of embryonic/fetal blood cells in 

relation to the adult HSC.  

1.1.1.1.2 Anatomical location 

The site of haematopoiesis changes throughout embryogenesis (Figure 2). The first blood 

cells in both mouse and human are observed in the extra-embryonic yolk sac (YS) on E7-

7.5 in the mouse and as early as day 18.5 or even day 16 of human embryonic 
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development (although the scarcity of human embryos available from this time in 

gestation is limiting) (reviewed in (Palis and Yoder, 2001)). YS cells arise in sites termed 

‘blood  islands’  which feature an outer layer of endothelium and interior erythroblasts  

(Tavian et al., 1999, Bloom W., 1940, Kelemen, 1979). The other major primary site of 

haematopoiesis is an intra-embryonic region, the aorta-gonad-mesonephros (AGM), 

which develops from the para- aortic splanchnopleura (P-Sp) (Medvinsky and Dzierzak, 

1996, Taylor et al., 2010, Ivanovs et al., 2011).  

Whether definitive blood cells and/or HSCs arise in the YS or AGM has long been 

discussed. Early experiments employed quail-chick chimaeras and convincingly 

demonstrated the intra- embryonic location of definitive HSCs (Dieterlen-Lievre, 1975, Le 

Douarin and Jotereau, 1975). Within the developing mouse embryo, HSC activity has 

been observed arising in the dorsal aorta at E10-10.5 (Medvinsky and Dzierzak, 1996). 

Expansion of the HSC pool occurs thereafter following migration to the fetal liver, which 

functions as a secondary site of haematopoiesis. HSCs in the human appear between days 

30-35, again in the AGM (Ivanovs et al., 2011, Oberlin et al., 2002). There is of course a 

possibility that emerging HSCs actually have their true origins in the YS and have 

subsequently migrated in the circulation and matured to a detectable stage within the 

AGM. To this end, in an experiment where YS cells were labelled prior to the onset of 

circulation, progeny could be detected in the adult bone marrow (Samokhvalov et al., 

2007). Another possible interpretation of these data, however, is that YS-derived 

haematopoietic cells generated independently from the HSC also home to the bone 

marrow. Evidence against a YS origin of HSCs comes from studies in Xenopus where 

primitive and definitive haematopoietic cells originate from distinct blastomeres (Ciau-
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Uitz et al., 2000). However, no such compelling evidence has been described in 

mammalian systems.  

In addition to the YS and AGM, the placenta appears to function as both a source and 

niche for haematopoietic cells, with the first cells being detected in the E8-9 mouse 

embryo (Alvarez-Silva et al., 2003). Then, concurrently with the AGM, HSCs are observed 

at E10.5-11.5 (Ottersbach and Dzierzak, 2005, Gekas et al., 2005). Furthermore, in the 

absence of the circulation, intra-aortic clusters can still be observed, suggesting de novo 

production although HSC potential was not demonstrated (Alvarez-Silva et al., 2003, 

Gekas et al., 2005). Additionally, intra-aortic clusters can also be observed in the umbilical 

and vitelline vessels, which represent additional possible sites of HSC production (de 

Bruijn et al., 2000, Mizuochi et al., 2012).  Recent evidence has supported a role for these 

extra-embryonic vessels as an autonomous site for HSC generation (Gordon-Keylock et 

al., 2013). Following expansion of the HSC pool in the fetal liver, the thymus (at E11), 

spleen (E12), and bone marrow (E16) and are then seeded (Dzierzak and Speck, 2008). 

The bone marrow, spleen and thymus then retain haematopoietic activity throughout 

adult life, with the bone marrow as the primary site of adult haematopoiesis in mouse 

and human.   
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Figure 2 Timing and anatomical location of emerging haematopoietic cells during ontogeny. 
During haematopoietic development multiple anatomical regions of the developing 
mouse embryo are involved. Initially, at E7-7.5 blood cells can be detected in the 
extra-embryonic yolk sac, termed the primitive wave of haematopoiesis. Circulation 
is then established between E8-8.5 with the onset of the heartbeat. Between E10.5 
and E11.5 the intra-embryonic AGM functions as a site of haematopoietic origin, 
generating the first HSCs. Blood cells can also be detected in the placenta and 
extra-embryonic vessels. The emerging HSC pool then migrates to the fetal liver 
where expansion occurs before cells seed the bone marrow, spleen and thymus. 
Timings of haematopoietic development in the human embryo are less well defined. 
Blood cells may be detected as early as day 16 of embryonic development, with the 
generation of HSCs in the AGM thought to occur around day 30. (A) Image taken 
from Stem cell research (Boisset and Robin, 2012). (B) Image taken and adapted 
from Development (Medvinsky et al., 2011). 
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1.1.1.1.3 The development of lymphoid potential 

A pan- myeloid progenitor cell, that precedes the HSC, has been detected in the mouse YS 

at E8.25 and E9 AGM (Ferkowicz et al., 2003, Rampon and Huber, 2003, Palis et al., 1999). 

Lymphoid potential however, was initially associated with HSC activity. Indeed, when 

lymphopoietic potential was probed prior to the establishment of circulation in the 

mouse embryo, neither B cell potential nor Rag-1+ cells (a lymphocyte-specific protein) 

could be detected (Nishikawa et al., 1998b, Yokota et al., 2006). However, lymphoid cells 

can be detected earlier than E10.5. Multilineage potential and secondary reconstitution 

capacity was observed in E9.0 YS and fetal liver (Yoder et al., 1997a, Yoder et al., 1997b, 

Yoder and Hiatt, 1997). This capacity was only revealed when cells were introduced into a 

neonatal recipient (Yoder et al., 1997b, Yoder et al., 1997a, Yoder and Hiatt, 1997). One 

possible interpretation of this finding is that the YS-derived multilineage cells possess HSC 

activity but that, for this potential to be realised, the appropriate microenvironment is 

required. Alternatively, it is possible that, whilst this population can reconstitute the 

neonate, the cells are intrinsically different from the bulk of HSCs found in the adult bone 

marrow. In these experiments, YS cells were isolated following the establishment of 

circulation, although during this time window the flow of cells within the blood conduits 

appeared to be limited (McGrath et al., 2003). More recently, a ncx1 (-/-) mouse model, 

which is unable to establish a heartbeat, was used to demonstrate that B lymphoid 

potential can be found in the YS at E9 and, therefore, must be generated independently 

of the HSC (Yoshimoto et al., 2011). 
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1.1.2.2 Insights into the similarities and differences between differentiated 

haematopoietic cell types of HSC and non-HSC origins. 

1.1.1.1.4 Overview 

How the blood cell types generated that are HSC-derived and those that are not HSC 

progeny differ is an interesting question. The majority of observations, and those 

described in this section, have been made in the mouse. It is well known that primitive 

erythrocytes do not initially undergo enucleation and that they predominantly express 

embryonic globins (Ingram, 1972). However, enucleation does occur in this population 

around E12.5-16.5, (Kingsley et al., 2004, Fraser et al., 2007). Additionally, globin 

switching appears to be, at least partially, dependent upon the environment (Kingsley et 

al., 2004, Fraser et al., 2007). There is evidence to suggest that primitive macrophages 

differ from their HSC- derived namesake by the lack of peroxidase activity, reduction in 

lysozyme enzymes and absence of a monocyte precursor (Shepard and Zon, 2000). A 

genetic requirement for expression of the transcription factors Myb and PU.1 has also 

been used to separate macrophage development from YS progenitors and HSCs. YS 

macrophages arise independently of Myb, which is necessary for HSC generation (Schulz 

et al., 2012, Mucenski et al., 1991). Conversely, PU.1 was required for the generation of 

macrophages subsets but not HSCs (Dakic et al., 2005, DeKoter et al., 1998). In the 

human, there is evidence that fetal and adult stages of development yield distinct T cell 

populations, with a prevalence for immune tolerance amongst the fetal T cell pool (Mold 

et al., 2010, Havran and Allison, 1988). Key differences between B cell populations 

associated with fetal and adult haematopoiesis are discussed below.  
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1.1.1.1.5 B-1 v B-2 B cells 

In the mouse, phenotypic, functional and developmental differences support the concept 

of distinct B lymphocyte populations termed B-1 and B-2 B cells. The predominant B cell 

population in the adult constitutes a key part of the adaptive immune response and are 

termed B-2 B cells, while the remainder of the B cell pool is made up of B-1 and Marginal 

Zone (MZ) B cells (Kantor, 1991a, MacLennan, 1982). In comparison to B-2 B cells, B-1 B 

cells arise earlier during ontogeny, are a component of the innate immune system and 

are found predominantly in restricted anatomical locations. Furthermore, B-1 B cells 

secrete antibodies without the requirement for T cell help (reviewed in (Hardy, 2006)). 

This B cell subset is also thought to extensively self-renew and is responsible for the 

majority of circulating IgM (Hayakawa et al., 1983, Hayakawa et al., 1985, Kantor, 1991b). 

B-1 B cells were first identified by the expression of CD5 (Hayakawa et al., 1984). 

However, it was soon realised that the B-1 B cell population was more diverse and could 

be further segmented into CD5+ B-1a and CD5- B-1b cells (Kantor et al., 1992).  The 

cellular origin of murine B-1 B cells is still very much in question. Adult mouse bone 

marrow was demonstrated to contain a CD45Rneg/lowCD19+ population, atypical for B cell 

development where the expression of CD45R usually precedes CD19 (Montecino-

Rodriguez et al., 2006). CD45Rneg/lowCD19+ cells differentiated to produce B-1, but not B-2, 

B cells suggesting the presence of distinct progenitors (Montecino-Rodriguez et al., 2006). 

Studies in mice unable to establish a heartbeat demonstrated an HSC-autonomous 

production of B-1 B cells from haemogenic endothelium in the yolk sac (Yoshimoto et al., 

2011). Further evidence has come from experiments with sort purified Lin-CD34-c-kit+Sca-

1+CD150+ HSCs from adult mouse bone marrow which revealed the inability of this 

population to produce B-1a B cells (Ghosn et al., 2012, Ghosn et al., 2011). Additionally, 
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B-1a B cells could be observed at E8.5, prior to HSC generation, in the splanchnopleura 

(Godin et al., 1993). These and other findings indicate a B-1 B cell origin that preceeds 

HSCs (Kantor et al., 1992). Further support for distinct B cell populations in development 

came from a comparison of pro-B cells isolated from mouse E16 fetal liver and adult bone 

marrow (Hardy and Hayakawa, 1991). Fetal cells had a greater propensity to express CD5 

and were less able to generate IgG in vivo (Hardy and Hayakawa, 1991). 

Numerous human pathologies have been postulated to have a link to B-1 B cells, 

including acute lymphocytic leukaemia (ALL) and a number of autoimmune diseases such 

as systemic lupus (Freedman et al., 1987, Caligaris-Cappio, 1996). However, human B-1 B 

cells have only recently been reported (Griffin et al., 2011). Rothstein and colleagues 

described a population of B cells with a CD20+CD43+CD27+ cell surface profile in umbilical 

cord blood (UCB) and peripheral blood (PB), identified based upon distinct functional 

characteristics applied from studies in the mouse (Griffin et al., 2011). Functional criteria 

included, the capacity to secrete IgM in the absence of BCR stimuli, tonic intracellular 

signalling and the ability to stimulate T cells (Griffin et al., 2011). This description of 

human B-1 B cells has been met with controversy (Reynaud and Weill, 2012, Perez-

Andres et al., 2011).  Covens et.al., characterised the CD20+CD43+CD27+ population as 

pre-plasmablast cells (Covens et al., 2013). Much remains to be determined about the 

presence of analogous cells to mouse B-1 B cells in humans.  
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1.1.2.3 Critical signalling molecules and transcription factors in 

developmental haematopoiesis 

Some of the key transcription factors involved in haematopoiesis include SCL, GATA 

family members, LMO2, c-MYB and Runx-1. SCL gene knock-out results in the complete 

absence of blood cells with embryonic lethality at E9.5 (Robb et al., 1995). Furthermore, 

mouse ES cells null for SCL are unable to form blast-colonies, but do form primitive 

erythrocytes and macrophages, suggesting a genetic basis for the segregation of primitive 

from definitive haematopoiesis (Robertson et al., 2000). Similarly, the study of c-myb in 

mouse and zebrafish embryos suggest that the requirement for this transcription factor 

can be used to distinguish primitive from definitive haematopoiesis, the latter process 

being abrogated in the absence of c-myb (Sumner et al., 2000, Soza-Ried et al., 2010).  

GATA-2 knockout is embryonically lethal at E10.5 (Tsai et al., 1994a). Both in vivo and in 

vitro ES cell models of GATA-2 deficiency demonstrated a large reduction, but not an 

absence, of primitive erythrocytes and cells of both the myeloid and lymphoid lineages 

(Tsai et al., 1994a, Tsai and Orkin, 1997). Recently, analysis of transcription factor 

expression at the single cell level in the adult mouse, revealed a role for GATA-2 in the 

modulation of GF1 and GF1β antagonism, as well as in the inhibition of lymphopoiesis 

(Moignard et al., 2013) The pivotal role of Runx-1 will be discussed in the context of the 

endothelial-to-haematopoietic transition below (1.1.1.1.6).  

Whilst cell intrinsic mechanisms clearly have an integral, if difficult to assay, role in 

determining cell fate, cell extrinsic stimuli in the form of cell signalling molecules are key 

for the specification of the developing embryo. The blood system, and cell types such 

endothelium, cardiac muscle, skeletal muscle, bone and mesenchyme, are all of 
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mesodermal origin. Factors required for the specification of the anterior primitive streak 

to mesoderm in mouse embryo or ES cell cultures, include Activin A (AA) , a member of 

the TGF-β superfamily, in addition to Bone Morphogenetic Protein 4 (BMP-4), Wnt3a and 

Basic Fibroblastic Growth Factor (bFGF) (Gadue et al., 2005, Gadue et al., 2006, Tada et 

al., 2005, Nostro et al., 2008).  

1.1.2.4 Cellular origins of the haematopoietic system 

1.1.1.1.6 Haemogenic endothelium 

The observation that haematopoietic and endothelial cells are closely associated in blood 

islands of the developing chick embryo gave rise to the proposal that these cell types 

share a common origin and potentially a common precursor  (Murray, 1932, Peault et al., 

1988, Sabin, 1920). Further support for this close association came from the commonality 

of genes expressed between cells of these lineages and the lack of both cell types in mice 

deficient in VEGFR2 (Fina et al., 1990, Kabrun et al., 1997, Murray, 1932, Sabin, 1920, 

Shalaby et al., 1995, Young et al., 1995). Two alternative theories emerged in relation to 

the cellular origins of the haematopoietic system, that of the haemangioblast and of 

haemogenic endothelium (Figure 3). Haemogenic endothelium (HE) describes a cell with 

endothelial characteristics that is capable of giving rise to haematopoietic progeny. 

Labelling experiments used ac-LDL (acetylated low-density lipoprotein), that specifically 

marks endothelium and macrophages, to probe the existence of haemogenic 

endothelium in the chick. Ac-LDL was introduced into the chick embryo prior to the 

emergence of haematopoietic cells, and was subsequently found to label both the 

endothelium and emerging CD45+ cells in intra-aortic clusters (Jaffredo et al., 1998). More 

recently, the use of live cell imaging has provided convincing evidence of HE, both in vitro 
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and in vivo by allowing direct and continuous visualisation of single cells (Boisset et al., 

2010, Eilken et al., 2009, Bertrand et al., 2010, Kissa and Herbomel, 2010). Eilken et al. 

skilfully exploited continuous live cell imaging of differentiating murine ES cells on OP9 

stroma. In the ES cell/OP9 co-culture, haematopoietic cells could be observed budding off 

cells that were characteristically endothelial (Eilken et al., 2009). In vivo studies in both 

the mouse and zebrafish visualised the budding of haematopoietic cells from the 

endothelial cell wall of the dorsal aorta via a process subsequently termed ‘endothelial 

haematopoietic transition’ (EHT) (Bertrand et al., 2010, Boisset et al., 2010, Kissa and 

Herbomel, 2010). Unlike asymmetric cell division, EHT describes a conversion of cell 

states where endothelial- like cells assume the characteristics of a haematopoietic cell. 

 

The origin of haemogenic endothelium, which is found in the ventral aspect of the dorsal 

aorta, has been probed. Elegant studies in the chick embryo demonstrated autonomous 

production of an endothelial pool possessing haematopoietic potential from 

splanchopleural progenitors and an endothelial population lacking this potential which 

was of somite origin (Pardanaud et al., 1996). Indeed, splanchopleural- derived 

endothelial cells which co-exist in the wall of the dorsal aorta with somite-derived 

endothelial cells are eventually completely replaced by the somite-derived equivalents 

(Pouget et al., 2006). Whether HE has a distinct origin from the remainder of the dorsal 

aorta endothelium in the mouse and higher organisms remains to be determined.  
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Figure 3 Models of blood development from the haemangioblast and haemogenic endothelium.  
(A) ES and iPS cells have frequently been used to model haematopoietic 
development. The generation of haemogenic endothelium (HE) from ES cells and 
subsequent differentiation to yield blood cells has been demonstrated with 
continuous time-lapse microscopy. Evidence supporting a haemangioblastic origin 
of ES- HE has also been described. In the developing mouse embryo, HE cells lining 
the dorsal aorta were demonstrated to bud off into the lumen and express 
haematopoietic markers. The presence of the haemangioblast in the developing 
yolk sac (YS) has been postulated. Additionally, haematopoietic potential of YS-
derived endothelium/HE has also been described. The haemangioblast was 
originally described as a bipotent haematopoietic-endothelial progenitor. Whether 
this precursor can also form smooth muscle cells remains to be determined. (B) The 
endothelium of the dorsal aorta is of dual origin. The cells that line the ventral wall 
have haemogenic potential and can undergo EHT (endothelial to haematopoietic 
transition) to form budding haematopoietic cells, frequently visualised as intra-
aortic clusters. (A) Image taken from BMC Biology (Gordon-Keylock and Medvinsky, 
2011). (B) Image taken from The international journal of biochemistry and cell 
biology (Marks-Bluth and Pimanda, 2012). 
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Whilst direct evidence for the generation of haematopoietic cells from endothelium of 

the dorsal aorta has been provided from both mouse and zebrafish models, the identity 

and potential of these haematopoietic cells has not been assessed (Bertrand et al., 2010, 

Boisset et al., 2010, Kissa and Herbomel, 2010). Whether HSCs are generated via a HE 

intermediate is an additional question for the field to address. Interestingly, in the mouse 

embryo, HSCs and erythro-myeloid progenitors were demonstrated to be derived from 

distinct endothelial populations (Chen et al., 2011). In the model described by Chen et al., 

the expression of CBFβ (a required Runx-1 core DNA binding factor) was placed under the 

control of Tek-1 and Ly6a. Tek-1 and Ly6a positive endothelial cells displayed different 

haematopoietic potential, thus suggesting the presence of at least two ‘types’ of HE 

(Chen et al., 2011). Distinct populations of HE were identified in a human ES cell system. 

Erythroid/megakaryocyte potential was observed first in an endothelial-like population 

before pan-myeloid potential could be detected. Lymphoid output could not be identified 

(Rafii et al., 2013). 

At the transcript level, and therefore typically at the expense of continued cell growth, HE 

cells can be identified from amongst non-haemogenic endothelium by the increased 

expression of haematopoietic-associated genes, such as Runx-1 (North et al., 1999). 

However, the ability to separate HE from non-haemogenic endothelium based on cell 

surface marker expression would accelerate progress within the field. A unique cell 

surface marker to select endothelial cells and exclude other populations, such as 

haematopoietic and stromal cells, has not been identified. CD144 is an adhesion molecule 

that is expressed at cell junctions in endothelium and in a population of emerging 

haematopoietic cells (Figure 4) (Kim et al., 2005, Taoudi et al., 2008). In vivo, emerging 
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haematopoietic cells have been observed to express CD45 and CD41 (Taoudi et al., 2008, 

Ferkowicz et al., 2003, Robin et al., 2011). In pluripotent stem cell/OP9 co-culture models 

of haematopoietic differentiation, CD43 has been described as the first haematopoietic 

marker expressed (Vodyanik et al., 2006). Once a cell has begun to express CD41, CD43 or 

CD45 (or other haematopoietic lineage markers) it has committed to the haematopoietic 

lineage. It therefore can be hypothesised that the expression of CD144 in the absence of 

haematopoietic marker expression can be used to identify an endothelial cell. This 

designation however would include all endothelial cells and is therefore not a criterion 

for the specific identification of HE. To this end, Slukvin and colleagues characterised HE 

cells within PSC cultures as CD144+CD73-CD43-CD235a-; a cell surface phenotype that 

distinguishes HE from endothelium which expressed CD73 (Choi et al., 2012). This 

CD144+CD73-CD43-CD235a- population expressed CD146, ESAM, CD31 and CD201, was 

capable of Ac-LDL uptake, displayed an endothelial morphology and formed tubules in 

the matrigel assay (Choi et al., 2012). The transient presence of CD144+CD45+ cells during 

development is of interest as this phenotype may identify haematopoietic cells that have 

recently emerged via EHT. Indeed, HSCs arising in the AGM are positive for these markers 

(Taoudi et al., 2008). HSCs which subsequently home to the fetal liver can also be 

identified within the CD144+ pool at E13.5 in the mouse and around week 7/8 in the 

human before CD144 expression is downregulated (Kim et al., 2005, Oberlin et al., 

2010b). 

An understanding of the factors involved in the EHT transition could result in the ability to 

control the fate of HE. HoxA3 was identified to be such a factor, which suppressed the 

expression of Runx-1 and therefore inhibited EHT (Iacovino et al., 2011).  The pivotal role 

of Runx-1 in enabling EHT is evident in zebrafish embryos. Runx-1 deficient embryos  
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Figure 4 Model of cell marker expression in the emerging mouse HSC population. 
Definitive HSCs arise from a VE-cadherin/CD144+CD45+ population in the AGM, with 
cells also present in the YS and placenta. HSCs then transit to the fetal liver where 
CD150 is upregulated and expansion of the population occurs. HSCs in the bone 
marrow downregulate VE-cad/CD144. Stages leading up to the generation of VE-
cadherin/CD144+CD45+ are less well described, as represented by dotted arrows. 
Evidence of a VE-cadherin/CD144+CD41+ haematopoietic precursor to the VE-
cad/CD144+CD45+ has been described in the AGM (VE-cad= VE-cadherin/CD144). 
Image taken from Development (Medvinsky et al., 2011).  
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displayed rare transition events that appeared to result in cell death (Kissa and Herbomel, 

2010). A similar requirement for Runx-1 is evident in the developing mouse embryo (Chen 

et al., 2009). Sox-17 also appears to play a role in developing HE (Nakajima-Takagi et al., 

2013, Clarke et al., 2013). In human PSC cultures, Sox17 expression was observed at a 

high level in CD34+CD43- but not CD34+CD43+ cells (Nakajima-Takagi et al., 2013). In 

mouse ES cells, Sox17 expression distinguished endothelium with haemogenic potential 

from non-haemogenic endothelium. Moreover, Sox17 expression was observed in the 

dorsal aortic endothelium and intra-aortic clusters of E11.5 mouse embryos, where 

Sox17+ haematopoietic cells were demonstrated to have multilineage reconstitution 

potential (Clarke et al., 2013). Furthermore, Sox17 null embryos lack CD144+CD45+ cells 

and  are embryonically lethal at E13.5 (Clarke et al., 2013).  

1.1.1.1.7 The haemangioblast  

The haemangioblast is a bipotent progenitor cell with the capacity to generate both 

endothelium and haematopoietic progeny. It therefore, differs from HE, which is 

phenotypically endothelial but has haematopoietic potential. The bipotent 

haemangioblast-like population has been referred to as the ‘blast colony- forming cell’ 

(Choi et al., 1998, Huber et al., 2004, Zambidis et al., 2008, Kennedy et al., 2007). Seminal 

work has described the transient production of CD34+Flk-1+CD144+ cells within day 3-3.5 

mouse ES cell differentiation cultures, which gave rise to both endothelium and 

haematopoietic cells (Choi et al., 1998). A possible link between the haemangioblast and 

HE cells has been demonstrated in a mouse ES differentiation system, the 

haemangioblast gave rise to HE prior to the generation of haematopoietic cells (Lancrin et 
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al., 2009). Whether an haemangioblast cell can give rise to ‘true’/non-HE endothelium 

remains to be determined.  

 

1.1.2 Lymphopoiesis from HSCs 

1.1.2.5 Overview 

Lymphocytes can be divided into three main subsets:- T, B and innate lymphoid cells. The 

classical description of the haematopoietic lineage tree, shows an early split where a  cell 

initially becomes myeloid-restricted, as a common myeloid progenitor (CMP), or 

lymphoid-restricted, as a common lymphoid progenitor (CLP) (Figure 5) (Kondo et al., 

1997, Akashi et al., 2000). In this classical model, the CLP therefore is capable of 

generating T, B and NK cells in the appropriate conditions, but lacks the potential to 

produce red blood cells, platelets and other myeloid cell subsets. Whilst this description 

might provide a general overview with regard to the most common lineage choices in the 

adult blood system, a number of observations have challenged this hierarchical structure. 

Moreover, evidence for the classical model of haematopoietic differentiation has 

primarily and extensively been gained from studies in the mouse.  

Cellular identity is typically designated based on the cell surface expression of a cohort of 

‘markers’. However, a number of disparities between human and mouse cells are clearly 

evident which adds further complexity to the concept of lineage restriction across the 

differentiating haematopoietic compartment. An additional consideration regarding the 

accuracy of haematopoietic lineage trees relates to the in vitro experimental settings 
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which may not recapitulate biologically relevant environments, and therefore may 

represent wholly artificial differentiation potentials (Richie Ehrlich et al., 2011). 

 

 

 

 

 

 

 

 



Chapter 1 

- 29 - 
 

 

Figure 5 Alternative models of the differentiation hierarchy from the haematopoietic stem cell. 
(A) The original and classical/common model describes the segregation of lymphoid 
and myeloid potential following the first restriction. The CLP (common lymphoid 
progenitor) can then only generate lymphoid cells such as T and B cells, while the 
CMP (common myeloid potential) is limited to the production of myeloid progeny 
such as the megakaryocyte-erythroid progenitor (MkEP). More recent alternative 
models have emerged such as that describing the LMPP, the lymphoid-primed 
multipotent progenitor. Here, loss of myeloid potential occurs after the loss of 
lymphoid potential. Additionally, there are multiple different routes to generate 
the same cell type. B) An alternative method to characterise the haematopoietic 
hierarchy was adopted where differences in transcript expression, described as 
‘distances’ between purified populations were compared. This revealed smaller, 
gradual changes in lymphoid commitment in comparison to myeloid commitment. 
(A) Image taken from Cell (Adolfsson et al.,  2005) (B) Image taken from Nature 
Immunology (Laurenti et al., 2013a). 
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There is evidence from studies of human cells that the earliest restriction does not 

separate lymphoid from myeloid lineages but rather that lymphoid potential is lost in 

myeloid committed cells (Doulatov et al., 2010). Contrastingly, in this model, myeloid 

potential is retained in progenitors which give rise to lymphoid cells (Doulatov et al., 

2010). Additionally, thymic-seeding progenitors with lymphoid and granulocyte-

monocyte potential but lacking granulocyte-erythroid potential have been described in 

the neonatal mouse (Luc et al., 2012), The concept of ‘lymphoid priming’ has also been 

suggested, where the promiscuous expression of lymphoid-related genes can be detected 

in the absence of lineage commitment (Adolfsson et al., 2005, Kohn et al., 2012, Luc et 

al., 2008). The concept that a subset of HSCs might be lymphoid-biased has also been 

proposed (Benz et al., 2012, Challen et al., 2010). This may support the observation of 

decreasing lymphoid potential with age if a distinct population of HSCs is primarily 

responsible for this potential.  An interesting approach was adopted by Dick and 

colleagues who compared the transcriptional profile of purified haematopoietic subsets. 

Pair-wise comparisons of differentially expressed genes overlaid onto the traditional 

haematopoietic hierarchy revealed that the differences between the CMP and HSC were 

greater than the differences between the MLP (multi-lymphoid progenitor) and HSC 

(Laurenti et al., 2013b). Therefore, the commitment to the lymphoid lineage is more 

gradual than commitment to generate myeloid progeny (Laurenti et al., 2013b). The 

overall emerging picture is that lineage restriction is highly plastic and that the path to 

mature blood cells could potentially be more variable than first thought. 

Notably, this hierarchy has been constructed to represent haematopoietic differentiation 

from the adult HSC which resides in the bone marrow. In the developing haematopoietic 
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system, that precedes the large-scale production of blood cells from HSCs, it is possible 

that mature blood cells develop within a shorter timescale, possibly from a multipotent 

progenitor but with many fewer intermediate steps. Indeed, fetal macrophages are 

thought to be generated in the absence of a monocyte intermediate (Shepard and Zon, 

2000). Moreover, a bipotent macrophage-B cell progenitor was first described in murine 

fetal liver (and subsequently in adult bone marrow) suggesting a much closer association 

between cells thought to be of distinct lineages (Cumano et al., 1992, Montecino-

Rodriguez et al., 2001). 

1.1.2.6 B cell development from HSCs 

1.1.2.1.1 Staging of B cell differentiation 

B cells are lymphocytes that are exclusively capable of secreting antibodies. They play a 

key role in the immune response by binding to antigens and activating multiple effector 

mechanisms (Roitt et al., 1969). B cells differentiate from HSCs in the post-natal bone 

marrow, where a number of defined stages have been characterised in the mouse based 

upon the expression of cell surface markers and the extent of rearrangement at the IgH 

locus. Following on from the CLP stage, cells committed to the B cell lineage transit 

through pre-pro-B, pro-B, pre-B, immature B and mature B cell stages (Figure 6) 

(reviewed in (Hardy and Hayakawa, 2001)) and (Hardy et al., 1991). In both mouse and 

human, B cells can be specifically identified with the exclusion of all other cells based on 

CD19 positivity which is first expressed at the pro-B cell stage. B220, a CD45 isoform, the 

expression of which typically precedes CD19, is also used to classify murine B cells, 

although it is not strictly B-cell specific (Renno et al., 1996). Differentiation from the HSC 

to the immature B cell stage occurs in the bone marrow, whereupon B cells transit to the 
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spleen and periphery to undergo further maturation (reviewed (Hardy and Hayakawa, 

2001)).  

1.1.2.1.2 VDJ recombination in B cell development 

1.1.2.1.2.1 VDJ recombination in HSC-derived B cells 
VDJ recombination is a process of DNA rearrangement, specific to lymphocytes, that 

generates the diversity of the B cell receptor (BCR) and T cell receptor (TCR). This process 

therefore is required for the specificity of interaction with a vast variety of antigens, an 

integral component of the immune response (reviewed in (Gellert, 2002, Jung and Alt, 

2004).  The BCR, a cell surface bound immunoglobulin, is composed of heavy and light 

chains, which contain constant and variable regions (reviewed in (Jung and Alt, 2004, 

Gellert, 2002)). The constant region is found at one end of the molecule and, in the 

secreted form of an antibody, can be recognised by effector cells of the immune system. 

The variable portion of the immunoglobulin contains a region of hypervariability that is 

produced when gene segments from the V (variable), D (diversity) and J (joining) clusters 

are brought together by DNA rearrangement (Figure 7) (Early et al., 1980). Additional 

diversity from N-additions, a limited number of randomly selected nucleotides, at the 

recombination sites is also observed (Tonegawa, 1983). In humans, the IgH gene locus, 

encoding the heavy chain, is found on chromosome 14, with the light chain encoded by 

regions on chromosome 22 and 2, IgL (lamba) and IgK (kappa) respectively (Croce et al., 

1979, McBride et al., 1982). Recombination at the heavy chain locus begins when one of 

27 D segments is brought alongside one of 9 J segments, during differentiation to form 

the pro-B cell (Lefranc, 2001). V-DJ segments are then aligned, using one of the 123-129 V 

genes, leading to the production of the pre-B cell expressing the pre-BCR (Lefranc, 2001).  
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Figure 6 Stages of B cell development. 
B cell development from the CLP occurs via a number of well-defined steps based 
on the expression of cell surface markers and genes as well as the configuration of 
heavy and light chain loci. Pre-pro B cells undergo D-J recombination at the heavy 
chain locus (IgH), forming pro-B cells. V-DJ recombination at the IgH locus then 
occurs in the formation of pre-B cells with express the pre-BCR. The light chains 
(IgL) then undergo V-J recombination which enables to expression of the BCR (B cell 
receptor), initially as the IgM isotype and the immature B cell is formed. 
Subsequent maturation and isotype switching then occurs when immature B cells 
leave the bone marrow and migrate to the spleen and periphery.   
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For a productive, protein-coding VDJ segment, DNA recombination must occur in-frame, 

so that codon integrity is maintained. Furthermore, N-additions must not introduce stop 

codons within the exon. It has been estimated that there is a 33% probability of 

productive recombination (Jung et al., 2006). If this productive recombination does not 

occur, the second locus has the opportunity for successful rearrangement (Jung et al., 

2006). Developing B cells, that unproductively complete VDJ recombination at both loci, 

undergo apoptosis (Jung et al., 2006). Interestingly, the percentage of in-frame 

rearrangements appears to differ during ontogeny. When DNA from mouse fetal liver 

IgM+ cells was sequenced, around 80% of heavy chain rearrangements were 

unproductive at E17, but by the time of birth, this had dropped to just 33% (Delassus et 

al., 1998). It has also been demonstrated that cells generated in vitro that have 

undergone non-productive recombination can be maintained, possibly due to the 

absence of positive selection (Nourrit et al., 1998). Therefore the exclusion of such 

populations may be dependent upon the environment and not an intrinsic property of 

the cell (Nourrit et al., 1998). Following VDJ recombination at the heavy chain locus, the 

light chain is then assembled.  This results in progression to the immature B cell stage and 

expression of IgM on the cell surface (reviewed in (Gellert, 2002)).  

1.1.2.1.2.2 VDJ recombination in B-1 B cells 
In addition to anatomical locations, functional readouts and origin, fetal and adult B cells 

appear to differ with regard to the product of VDJ recombination at the IgH locus. It has 

been suggested that the preferential usage of V and D segments differs in fetal and adult 

B cell populations, with more frequent recombination of proximal genes in both D-J and 

V-(D)J rearrangements during early development (Perlmutter et al., 1985, Jeong and 
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Teale, 1988, Malynn et al., 1990). Other groups have argued for an increased frequency 

of specific D and J segment utilisation but that location in the locus is not the driving 

factor for this bias (Pascual et al., 1993). Additionally, studies using a model of human 

UCB populations differentiated on S17 stroma, revealed two alternative precursors to 

pro-B cells, one of which arose earlier in culture and generated far fewer N additions at V-

D and D-J junctions than are found in post-natal B cell populations (Sanz et al., 2010). This 

was attributed to the absence of Terminal Deoxynucleotidyl Transferase (TdT) expression, 

a finding corroborated by work in the mouse (Sanz et al., 2010, Meek, 1990). 

Interestingly, artificial addition of N nucleotides in neonatal mice skewed the 

phosphorylcholine - binding potential of antibodies expressed by this B cell population, a 

property typically observed within the B-1 B cell population (Benedict and Kearney, 

1999).  
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Figure 7 Schematic of VDJ recombination in B lymphocytes. 
(A) Numerous V, D and J gene segments exist in the germline configuration of the 
genome. During B cell development VDJ recombination occurs at heavy (IgH) and 
light chain loci which results in the production of antigen-specific immunoglobulins. 
(B) During VDJ recombination, at the IgH locus, a D gene segment is spliced and 
rearranged next to a J segment, with the elimination of the intervening DNA. V-DJ 
recombination then occurs, positioning one of the V gene segments next to the DJ 
fragments. The recombined VDJ segment encodes the CDR3 (complementarity 
determining region 3), which plays a major role in antibody-antigen specificity. (A) 
and (B) taken and adapted from Annual Review of Immunology (Jung et al., 2006).  
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1.1.2.1.3 B cell differentiation in vitro 

An in vitro system to model B cell lymphopoieisis has a range of utilities. This would 

enable investigation into the critical requirements for the production of antibody- 

expressing B cells as well as further our understanding of perturbations found in B cell-

related diseases. The first description of mouse B cell maintenance, maturation and 

possible generation used heterogeneous adherent bone marrow stromal based Dexter-

type cultures, termed Whitlock-Witte cultures (Whitlock and Witte, 1982). Mouse 

stromal cell lines, including S17, OP9 and MS-5 cells, were then established that 

permitted B cell differentiation from murine haematopoietic progenitors. These cell lines 

were derived from mouse bone marrow using different genetic strains and culture 

conditions (Collins and Dorshkind, 1987, Nakano et al., 1994, Itoh et al., 1989, Berardi et 

al., 1997). Observations have been made that support the need for batch testing of 

serum that does not promote stromal cell adipogenesis, as adiponectin, a hormone 

produced by fat cells, was shown to prevent B cell development in a stromal-dependent 

manner (Yokota et al., 2003). 

Human B cell differentiation from haematopoietic progenitors has consistently proven to 

be more difficult to achieve. Indeed, efforts to establish cultures using human fetal bone 

marrow as described by Whitlock and Witte proved to be unsuccessful (LeBien, 1989). 

However, mouse stromal lines, most frequently S17 cells, have been shown to support B 

cell lymphopoiesis from human UCB CD34+ cells (Sanz et al., 2010, Rawlings et al., 1995a). 

This human progenitor/S17 differentiation system was inefficient at promoting further 

development to the IgM+ immature B cell stage. Therefore, in a two-stage protocol, 

CD19+ cells were isolated and transferred to mouse fibroblasts transfected with human 
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CD40L which, in the presence of IL-4 and IL-10, generated a B cell pool with 40% IgM 

positivity (Fluckiger et al., 1998). The AFT024 mouse stromal cell line, derived from the 

fetal liver, was also able to support the differentiation of human pro-B cells to IgM+ and 

latterly IgD+ cells over a period of 4 weeks (Barker and Verfaillie, 2000). Human stromal 

lines have also been used for the expansion of human B cells in vitro, albeit typically for a 

limited period of time without development to the immature B cell stage (Prieyl and 

LeBien, 1996, Wolf et al., 1991, Moreau et al., 1993). 

1.1.2.1.4 Critical transcription factors in B cell development 

Transcription factors that have been described to play a role in B cell development 

include, but are not limited to, Pax5, PU.1, EBF (Early B cell Factor), E2A and Ikaros 

(Mikkola et al., 2002, Lin and Grosschedl, 1995, Kirstetter et al., 2002, Bain et al., 1994). 

Pax5 is required to both initiate B cell lineage commitment and prevent lineage 

promiscuity (Nutt et al., 1999, Mikkola et al., 2002). Macrophage and T cell development 

has been reported upon conditional inactivation of the Pax5 gene in murine B cells (Nutt 

et al., 1999, Mikkola et al., 2002). Furthermore, Pax5 controls the expression of CD19, a B 

cell-specific cell surface molecule involved in regulating signal transduction through the 

BCR (Kozmik et al., 1992). E2A and EBF, in contrast, are only required in the initial stages 

of B cell differentiation, during the generation of pro-B cells (Bain et al., 1994, Lin and 

Grosschedl, 1995). PU.1, a factor that is involved in haematopoietic ontogeny at multiple 

stages, and as a result is embryonically lethal, may not be required for B cell development 

(Ye et al., 2005, Scott et al., 1994). However, B cell numbers are reduced following PU.1 

knock-out in fetal liver cells (Ye et al., 2005). In the absence of PU.1, a possible skewing of 
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the B cell repertoire with an increase in B-1 and decrease in B-2 B cells has been 

described (Ye et al., 2005).  

1.1.2.1.5 IL-7 in B cell development 

The IL-7 receptor is made up of two subunits, IL-7Rα (CD127) and the common γ chain/IL-

2Rγ which form a heterodimer and, to which IL-7 binds (Kondo et al., 1994, Noguchi et al., 

1993). Thymic stromal-derived lymphopoietin (TSLP) also signals via IL-7Rα but in 

conjunction with the TSLP receptor (Park et al., 2000). The common γ chain forms a 

heterodimer with a multitude of other subunits, thus acting as a receptor for a large 

family of different cytokines. Perturbations in IL-7 signalling impose severe phenotypes 

on lymphocyte development.  A vast reduction in the thymic and splenic T cell 

population, to between 0.01-10% of controls, that occurs in the progenitor pool (prior to 

expression of CD4 or CD8), is observed in IL-7Rα-/- mice. These mice lack any 

abnormalities in red blood cell or monocyte/granulocyte cell numbers (Peschon et al., 

1994). Within the B cell pool, IL-7Rα knockout resulted in a general block of B cell 

development at the pro-B cell stage, however a limited number of mature B and T cells 

were observed in the peripheral blood (Peschon et al., 1994). A similar phenotype has 

been observed with IL-7-/- mice, which characterise with a vast reduction in T and mature 

B cells (von Freeden-Jeffry et al., 1995). The difference in the severity of lymphopaenia 

between IL-7-/- and IL-7Rα-/- mice, with the later exhibiting a larger reduction in T and B 

cell numbers, suggests a potential role for TSLP in lymphocyte generation (von Freeden-

Jeffry et al., 1995, Peschon et al., 1994, Vosshenrich et al., 2003).  

The role of IL-7 in human B cell lymphopoiesis is less clear. Patients with mutations in the 

IL-7Rα gene have been diagnosed with T(-)B(+) severe combined immunodeficiency 
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(SCID), suggesting that IL-7 signalling is not required for the production of functional B 

cells in humans (Puel et al., 1998). This has been supported by in vitro data which 

described the lack of a significant effect of IL-7 on human fetal bone marrow CD34+CD19- 

or pro-B cell populations, in the presence of supportive human bone marrow stromal 

cells (BMSCs) (Prieyl and LeBien, 1996). However, in co-cultures of UCB or bone marrow 

haematopoietic progenitor cells (HPCs) with MS-5 cells, a greater than 15- fold reduction 

in CD19+ cells was observed upon addition of IL-7 neutralising antibody (Parrish et al., 

2009). These data also provide evidence for the reactivity of murine IL-7 with human B 

cells. When human stromal cells (which produce low to undetectable levels of IL-7) were 

substituted with MS-5 cells, a 60-fold increase in B cell numbers occurred. In the absence 

of IL-7, UCB but not BM HPCs generated a small number of Flt3- dependent B cells 

(Parrish et al., 2009). Developmentally, there may be a changing requirement for IL-7 in B 

cell development. Fetal-liver derived pro-B cells were able to respond to TSLP unlike adult 

bone marrow equivalents (Vosshenrich et al., 2003). TSLP could possibly act as a 

biological substitute to IL-7 during early ontogeny. Interestingly, both fetal and adult B 

cell lymphopoiesis was completely prevented in Flt-3-/-IL-7Rα-/- mice (Sitnicka et al., 2003). 

The mechanism by which IL-7 functions in the development of a normal B cell pool has 

proven to be complex. The cytokine appears to have different roles dependent upon the 

stage of B cell differentiation. At the pro-B cell stage, IL-7 induced proliferation in human 

populations cultured with MS-5 cells (Johnson et al., 2005). The effect of IL-7 stimulation 

on pre-B cells is controversial. Cell lines derived from mouse fetal liver were prevented 

from developing into sIg+ cells in the presence of IL-7 (Rolink et al., 1991). B cells derived 

from a progenitor in adult mouse bone marrow and cultured on S17 stroma, increased 
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the percentage of IgM+ cells by over 10-fold in the absence of IL-7 supplementation 

(Rolink et al., 1991, Montecino-Rodriguez et al., 2001). However, primary cells from the 

fetal liver showed a reduction in the total number of IgM+ cells in the presence of IL-7, 

although the lack of cell purity may have been a complicating factor (Milne et al., 2004). A 

role for IL-7 in preventing rearrangement at the Ig light-chain locus has been described in 

human and mouse cells (Nodland et al., 2011, Johnson et al., 2008). Furthermore, 

inhibition of IL-7 signalling has been linked with increased levels of apoptosis in mouse B 

cell populations (Lu et al., 1999) (Rolink et al., 1991). 

 

1.1.3 Haematopoietic differentiation of pluripotent stem cells  

1.1.2.7 Haematopoiesis from pluripotent stem cells 

When embryoid body (EB) formation is promoted from ES or iPS colonies, multiple cell 

types from all three germ layers, mesoderm, endoderm and ectoderm, are formed. 

Alternative systems to promote PSC cell differentiation include co-culture with stromal or 

feeder cells and monolayer cultures. Both EB and monolayer systems are potentially 

advantageous as, with the additional exclusion of serum, cultures can be entirely defined 

and the concentrations of specific cytokines closely controlled, permitting a more precise 

understanding of mechanisms of action.  However, these modalities of promoting 

differentiation also have limitations. This is seen clearly in the haematopoietic lineage 

where, thus far, lymphocyte differentiation has only been described using a co-culture 

system.  
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OP9 stromal cells, derived from the calvaric bone marrow of op/op mice (deficient in M-

CSF), have been most widely used to support the generation of haematopoietic 

progenitors and their differentiated progeny from pluripotent stem cells (Cho et al., 1999, 

Nakano et al., 1994, Vodyanik et al., 2005).  Thus far, the mechanism by which OP9 

stroma supports haematopoietic differentiation is unclear. This understanding would 

assist in the movement towards efficient, multilineage, feeder-independent 

haematopoietic differentiation systems. The diversity of the haematopoietic hierarchy 

has been reproduced in pluripotent stem cell/OP9 co-cultures in the presence of 

appropriate cytokines. This includes B cells, T cells (when OP9 stroma ectopically 

expressed the Notch ligand Delta-1), red blood cells and a whole host of other mature 

myeloid cell types including neutrophils, macrophages and dendritic cells (Choi et al., 

2011a, Vodyanik et al., 2005, Dias et al., 2011, Timmermans et al., 2009, Cho et al., 1999). 

Whilst haematopoietic progenitors generated in OP9 co-culture appear to have a greater 

differentiation potential than phenotypically similar cells derived from EBs, the number of 

colony-forming cells (CFCs) produced may be reduced (Subramanian et al., 2009).  

S17 cells are capable of promoting haematopoiesis from pluripotent stem cells with 

similar kinetics to OP9 co-cultures, although a lower percentage of CD34+ cells, around 

10-fold fewer, has been observed (Kaufman et al., 2001). Primary cells derived from 

mouse AGM and fetal liver have also been used in co-culture with hES cells, producing 

progenitors with the potential to generate the whole range of CFU subtypes and to 

engraft immunodeficient mice  (Ledran et al., 2008). 

One of the main aims within this field is to generate of adult-like HSCs from pluripotent 

stem cells, however, to date, this has not yet been achieved. Early promising studies with 

mouse ES cells, demonstrated primary and secondary reconstitution capacity, albeit at 
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low levels (Palacios et al., 1995). This was progressed by ectopically introducing HoxB4 

into mouse ES cells, with the resulting haematopoietic population reconstituting primary 

and secondary recipients (Kyba et al., 2002). Whilst contribution of pluripotent stem cell-

derived progeny in peripheral blood at 10 and 20 weeks was greater than 1%, the 

contribution to the lymphoid lineage was significantly below that of myeloid progeny 

(Kyba, 2002). Additionally, whilst long-term multilineage reconstitution is possible at the 

single-cell level using enriched bone marrow or UCB cells, more than 1 million ES-derived 

cells were required (Kyba et al., 2002).  Furthermore, the requirement for the exogenous 

introduction of the HoxB4 transcription factor is not desirable in a clinical setting.  

There has been slower progress in the move towards HSC generation from human 

pluripotent stem cells. This is perhaps hindered by the choice of recipient mouse strains 

used to assay such capabilities. NK cells, for example, present in NOD/SCID mice, were 

demonstrated to attack the ES cell-derived graft (Tian et al., 2006). In one of the more 

promising reports, hES cells were co-cultured with mouse primary AGM-explant cells and 

then transplanted into NOD/LtSz-Scid IL2Rγnull mice. Primary and secondary engraftment 

was observed, although repopulation levels were generally low and multilineage 

potential not convincingly demonstrated (Ledran et al., 2008). 

Numerous suggestions have been put forward to explain the lack of HSC activity in 

haematopoietic populations derived from human pluripotent stem cells. These include a 

lack of ability to home and migrate within recipient mice, in addition to a mismatch 

between the developmental stage of the pluripotent-derived cells in relation to the 

recipient. Furthermore, species incompatibility might hinder such investigations. For 

example, human pluripotent stem cell-derived haematopoietic progeny has been 
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demonstrated to form aggregates upon exposure to mouse serum (Wang et al., 2005b). 

Overall, it is unlikely that the xenogeneic transplantation setting is the main roadblock in 

this endeavour.  A far greater issue is likely to relate to the identity of the PSC-derived 

haematopoietic progenitor cells and the lack of HSC characteristics.  

For pluripotent cells to serve as a therapeutic source, differentiation protocols need to be 

devised that are efficient, robust, free of xenogeneic cells and scalable.  A number of 

groups have demonstrated that mesodermal fate can be specified, in the absence of 

serum or feeder-layers, with a cocktail of cytokines including Activin A (AA), BMP-4, bFGF 

and Nodal amongst other factors (Irion et al., 2010, Nostro et al., 2008, Pearson et al., 

2008, Purpura et al., 2008, Fehling et al., 2003, Carpenter et al., 2012). Interestingly, after 

a period of mesoderm induction (in the presence of AA, BMP-4 and bFGF), VEGF was 

found to be necessary and sufficient for the emergence of CD43+ haematopoietic cells 

(Wang et al., 2012).  Cocktails of known haematopoietic factors have also been used to 

promote the proliferation and/or differentiation of HPCs. These include, Stem Cell Factor 

(SCF), FMS-related Tyrosine Kinase 3 Ligand (Flt3L), IL-3, IL-6, Thrombopoietin (TPO) and 

Granulocyte colony- stimulating factor (G-CSF) (Chadwick et al., 2003, Niwa et al., 2011). 

In addition to the presence of soluble factors, other permutations in culture conditions 

that impact upon the generation of HPCs include the choice of extracellular matrix, the 

differentiation of pluripotent stem cells as colonies or as single cells and oxygen 

concentration (Salvagiotto et al., 2011, Niwa et al., 2011, Pick et al., 2007, Wang et al., 

2012). 
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1.1.2.8 Lymphopoiesis from pluripotent stem cells 

There is accumulating evidence that lymphoid potential may be lost more readily than 

myeloid potential during lineage restriction from the multipotent HSC (Luc et al., 2012). 

An alternative possibility is that cell fate is skewed at the HSC stage, where lymphoid or 

myeloid bias is experienced (Challen et al., 2010, Sieburg et al., 2006, Benz et al., 2012). A 

further variable that may impact upon myeloid versus lymphoid lineage readouts is that 

the in vitro and in vivo environmental conditions used to probe haematopoietic cell 

potentials may have been less well defined for lymphocyte differentiation. A concept of 

lymphoid-potential fragility in the context of an undefined environment, such as that 

which is found in pluripotent stem cell differentiation cultures, may help to explain the 

basis for the overwhelming position in the field. That is that pluripotent-derived 

haematopoietic progenitors can readily yield myeloid and erythroid cells but that 

lymphopoietic potential is frequently not described (Martin et al., 2008, Wada et al., 

2011).  

In vitro B cell differentiation potential of pluripotent cells has been demonstrated only a 

handful of times and just once in human systems.  mES cell differentiation on OP9 stroma 

yielded B220+ cells and CD19+ cells (Cho et al., 1999, Nakano et al., 1994). The single 

report of human PSC-derived B cells employed a two-step culture where hES cells were 

first differentiated on OP9 stroma (Vodyanik et al., 2005). CD34+ haematopoieitic 

progenitors were then isolated and cultured on MS-5 stroma with the addition of IL-3, IL-

7, SCF and Flt3L, yielding CD19+CD45+ cells, albeit at a low frequency (Vodyanik et al., 

2005).   
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1.2 Key objectives and aims of this research 

The overall aim of this research was to investigate the B cell potential of human induced 

pluripotent stem cells. More specifically to:  

1) Compare iPS-derived B cells with adult B cell populations 

- Define conditions to promote B cell lymphopoiesis from iPS cells 

- Compare global transcriptional profiles of iPS-B cells with neonatal and adult B 

cell populations 

- Investigate the multilineage potential of iPS-derived haematopoietic 

progenitors 

2) Determine the cellular origin of iPS-derived B cells 

- Describe the temporal and cell surface profile of haematopoietic and 

endothelial populations arising during iPS differentiation 

- Identify populations with B cell potential within iPS differentiation cultures  

- Assay the potential of iPS-derived haemogenic endothelium to generate B 

cells 

3) Investigate the potential of iPS- derived B cells to undergo maturation and express 

cell surface antibodies. 

- Identify in vitro conditions to promote iPS-B cell maturation and IgM 

expression  

- Determine gene segment utilisation of iPS-B cells following VDJ recombination 

and compare to adult B cell populations 

- Investigate the capacity of iPS-B cells to expand and mature in vivo. 
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 Chapter 2. 

Materials and Methods 
2.1 Reagents  

Table 1 Reagents and corresponding company details. 
Reagent Company 
0019 clonal control Invivoscribe Technologies Inc, San Diego, CA, USA 
10 cm dish BD Biosciences, Franklin Lakes, CA,USA  

10cm bacteriology dish Thermo Fisher Scientific, Waltham, MA, USA 
2-mercaptoethanol Sigma Aldrich Ltd., Gillingham, UK  

Accutase in PBS with 0.5mM EDTA PAA Laboratories GmbH, Pasching, Austria  

Agarose Sigma Aldrich Ltd., Gillingham, UK  

Ampicillin Sigma Aldrich Ltd., Gillingham, UK 
Amplitaq gold Life Technologies Corporation, Carlsbad, CA, USA 
Anti-PE Microbead kit Miltenyi Biotech GmbH, Bergisch Gladbach, 

Germany  

Ascorbic acid Sigma Aldrich Ltd., Gillingham, UK  

Blood sample tube sodium citrate BD Biosciences, Franklin Lakes, CA,USA  

Bovine Gelatin, solution Sigma Aldrich Ltd., Gillingham, UK  

Bovine serum albumin (BSA) Sigma Aldrich Ltd., Gillingham, UK  

CD133 Microbead kit Miltenyi Biotech GmbH, Bergisch Gladbach, 

Germany  

CD34 Microbead kit Miltenyi Biotech GmbH, Bergisch Gladbach, 

Germany  

CD43 Microbead kit Miltenyi Biotech GmbH, Bergisch Gladbach, 

Germany  

CD45 Microbead hit Miltenyi Biotech GmbH, Bergisch Gladbach, 
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Germany  

Collagen I bovine gel Life Technologies Corporation, Carlsbad, CA, USA 
Collagenase type IV Life Technologies Corporation, Carlsbad, CA, USA 
CompBeads Plus BD Biosciences, Franklin Lakes, CA,USA  

cRPMI PAA Laboratories GmbH, Pasching, Austria  

DAB substrate kit Vector Laboratories Inc., Burlingame, CA, USA  

DAPI Life Technologies Corporation, Carlsbad, CA, USA 
ddH2O (double distilled water) Life Technologies Corporation, Carlsbad, CA, USA 
Defined Fetal Bovine Serum Thermo Fisher Scientific, Waltham, MA, USA 
Dexamethasone Sigma Aldrich Ltd., Gillingham, UK 
Dispase Stem Cell Technologies, Grenoble, France  

DMEM PAA Laboratories GmbH, Pasching, Austria  

DMEM/F12 Life Technologies Corporation, Carlsbad, CA, USA 
DMSO Sigma Aldrich Ltd., Gillingham, UK  

EDTA Sigma Aldrich Ltd., Gillingham, UK  

EGM-2 Lonza Biologics, Tewkesbury, UK  

Eprex EPO Janssen Cilag, High Wycombe, UK 
ES-qualified matrigel BD Biosciences, Franklin Lakes, CA,USA  

FcR blocking reagent Miltenyi Biotech GmbH, Bergisch Gladbach, 

Germany  

Gel Red Nucleic Acid Stain Biotium Inc, Hayward, CA, USA 
Hank’s Balanced Salt Solution (HBSS) PAA Laboratories GmbH, Pasching, Austria  

Human IL-7 neutralising antibody R&D systems, Minneapolis, MN, USA  

Hyperladder II Bioline, London, UK 
IgH Gene Rearrangement Assay Invivoscribe Technologies Inc, San Diego, CA, USA 
LB Agar Sigma Aldrich Ltd., Gillingham, UK  

LB Broth Sigma Aldrich Ltd., Gillingham, UK  

Lipopolysaccaride  Sigma Aldrich Ltd., Gillingham, UK 
LSM 1077 Lymphocyte Separation Medium PAA Laboratories GmbH, Pasching, Austria 
Methocult H4034 optimum Stem Cell Technologies, Grenoble, France  

Mouse IL-7 Neutralising antibody R&D systems, Minneapolis, MN, USA  

mTesR Stem Cell Technologies, Grenoble, France  
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MTG Sigma Aldrich Ltd., Gillingham, UK  

Nuclease free water Life Technologies Corporation, Carlsbad, CA, USA 
One Shot TOP10 Chemically Competent 
E.Coli cells 

Life Technologies Corporation, Carlsbad, CA, USA 

PBS PAA Laboratories GmbH, Pasching, Austria  

pCR2.1-TOPO vector Life Technologies Corporation, Carlsbad, CA, USA 
Penicillin/Streptomycin (100x) PAA Laboratories GmbH, Pasching, Austria  

Phosphorylcholine- BSA Biosearch Technologies Inc, Novato, CA, USA 
Porcine Gelatin, powder Sigma Aldrich Ltd., Gillingham, UK  

QIAamp DNA Blood Mini Kit Qiagen, Venlo, Netherlands 
QIAprep miniprep spin kit Qiagen, Venlo, Netherlands 
QIAquick Gel Extraction Kit Qiagen, Venlo, Netherlands 
Recombinant human Activin A Life Technologies Corporation, Carlsbad, CA, USA 
Recombinant human APRIL Peprotech, Rocky Hill, NJ, USA  

Recombinant human bFGF Life Technologies Corporation, Carlsbad, CA, USA 
Recombinant human BMP-4 R&D systems, Minneapolis, MN, USA  

Recombinant human CD40L Peprotech, Rocky Hill, NJ, USA  

Recombinant human Flt-3 Ligand R&D systems, Minneapolis, MN, USA  

Recombinant human IGF-1 R&D systems, Minneapolis, MN, USA  

Recombinant human IL-3 R&D systems, Minneapolis, MN, USA  

Recombinant human IL-4 Peprotech, Rocky Hill, NJ, USA  

Recombinant human IL-5 R&D systems, Minneapolis, MN, USA  

Recombinant human IL-6 R&D systems, Minneapolis, MN, USA  

Recombinant human IL-7 Life Technologies Corporation, Carlsbad, CA, USA 
Recombinant human SCF R&D systems, Minneapolis, MN, USA  

Recombinant human TPO R&D systems, Minneapolis, MN, USA  

Recombinant human VEGF R&D systems, Minneapolis, MN, USA 
RNAeasy minikit Qiagen, Venlo, Netherlands 
SOC medium Life Technologies Corporation, Carlsbad, CA, USA 
Sodium bicarbonate Life Technologies Corporation, Carlsbad, CA, USA 
Stempro-34 Life Technologies Corporation, Carlsbad, CA, USA 
Stemspan serum-free expansion medium Stem Cell Technologies, Grenoble, France  

TBE Buffer (10x) Life Technologies Corporation, Carlsbad, CA, USA 
Trisodium Citrate VWR International Ltd., Poole, UK 
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Trypan blue stain Sigma Aldrich Ltd., Gillingham, UK  

Trypsin-EDTA (1x) in PBS without Ca and 
Mg 

PAA Laboratories GmbH, Pasching, Austria  

Vectastain ABC kit Vector Laboratories Inc., Burlingame, CA, USA  

X-gal Life Technologies Corporation, Carlsbad, CA, USA 
Y-27632 Sigma Aldrich Ltd., Gillingham, UK  

/Stemgent, San Diego, CA, USA 
α-MEM, powder Life Technologies Corporation, Carlsbad, CA, USA 
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2.1.1 Media 

2.1.1.1 Media components 

 

Table 2 Media components 
Media/Buffer Media components Fetal Calf Serum 
Wash Buffer HBSS w/o phenol red w/o Ca Mg, 3g/L 

Sodium Citrate, 0.5% (w/v) BSA. 
NA 

MACS Buffer PBS w/o Ca Mg, 1% (w/v) BSA, 2mM EDTA 
(Sigma-Aldrich Ltd.) 

NA 

Differentiation Media 5g α-MEM powder (Life Technologies 
Corporation), 500ml Distilled Water (Life 
Technologies Corporation), 14.7ml 
sodium bicarbonate (Life Technologies 
Corporation) 100µM Monothioglycerol 
(Sigma) and 100U Penicillin/Streptomycin 
(P/S)(PAA) 

10% defined (Hyclone) 

OP9 Growth Media 5g α-MEM powder (Life Technologies 
Corporation), 500ml Distilled Water (Life 
Technologies Corporation), 14.7ml 
sodium bicarbonate (Life Technologies 
Corporation) 100µM Monothioglycerol 
(Sigma-Aldrich Ltd.) and 100U 
Penicillin/Streptomycin (P/S)(PAA) 

20% defined (Hyclone) 

MS-5 Growth Media 5g α-MEM powder (Life Technologies 
Corporation), 500ml Distilled Water (Life 
Technologies Corporation), 14.7ml 
sodium bicarbonate (Life Technologies 
Corporation) and 100U 
Penicillin/Streptomycin (PAA) 

10% defined (Hyclone) 

Stempro34+ Stem Pro-34 SFM 
with 2mM L-glutamine, 1% (v/v) PenStrep 
(PAA), 400μM 
monothioglycerol (Sigma-Aldrich Ltd.) and 
50 μg/mL ascorbic acid 
(Sigma-Aldrich Ltd.). 
 

None 
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2.1.1.2 Media preparation 

Differentiation media, OP9 growth media and MS-5 growth media were prepared by the 

addition of media components as indicated in Table 2. Media were then filtered through 

a 0.22 μm filter and stored at 4°C. 

BSA was dissolved in PBS (MACS Buffer) or HBSS (Wash Buffer), Sodium Citrate was 

dissolved in HBSS. Solutions were filter sterilised through 0.22 μm filter. A 200mM stock 

EDTA solution was made up by the addition of EDTA to ddH20. The solution was then 

adjusted to pH 8 and was filter sterilised. Buffer solutions were stored at 4°C. 

 

 

2.2 Cells  

2.2.1 Freezing and thawing of cells. 

All cell culture manipulations were performed with aseptic conditions in a laminar flow 

hood and then cells were maintained in a humidified incubator in 5% C02 at 37°C unless 

otherwise indicated.  

Cells, with the exception of iPS cells, were routinely frozen in 90% (v/v) defined fetal calf 

serum (Hyclone) and 10% (v/v) DMSO (Sigma-Aldrich Ltd.) and stored in gas-phase liquid 

nitrogen. iPS cells were routinely frozen in 90% mTesR (v/v) (Stem Cell Technologies) and 

10% (v/v) DMSO (Sigma-Aldrich Ltd.). Unless indicated, cells were resurrected by rapid 

incubation at 37°C followed by the dropwise addition of the appropriate cell culture 
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media, centrifuged at 1,200rpm for 5 mins at room temperature (RT) and then seeded as 

described. Cell culture media was used within 4 weeks of preparation.  

2.2.2 Cell Counts 

Cell numbers were determined by one of the three following methods. If cell numbers for 

isolated UCB mononuclear cells (MNCs) were required, MNCs were resuspended in 10ml 

of MACS Buffer and a 200μl sample was taken for analysis using the Sysmex haematology 

analyser (Sysmex Corporation, Hyogo, Japan). White blood cell counts were produced in 

addition to quantification of other parameters such as red blood cell and platelet cell 

contaminants.  

For routine cell counts, 20μl of the sample was taken and mixed 1:1 with Trypan Blue 

(Sigma-Aldrich Ltd.). The sample was then loaded into a haemocytometer with affixed 

cover slip and viable (non-blue) cells were counted at x20 magnification in the central 5 

quadrants.  

For heterogenous cell populations, cell counts provided as events in flow cytometry 

analysis were used as an estimate of cell number. Here, counts were adjusted dependent 

upon the proportion of total cells run per sample.  

 

2.2.3 Cell lines 

2.2.3.1 Induced pluripotent stem cells 

Human C15, C18 and C19 iPS cells were obtained from Dr Lee Carpenter (NHSBT, Oxford, 

UK). These cell lines were derived according to protocols described by Yamanka and 
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colleagues (Takahashi et al., 2007, Carpenter et al., 2011). Normal Human Dermal 

Fibroblasts (HDFs) (Lonza Biologics) were transduced with viral supernatants generated 

using pMX vectors hOct4, hSox2 and hKlf4 (Addgene) with the PLATGP packaging cells 

(Cell Biolabs). Transduced hDFs were then cultured with mitomycin C-treated mouse 

embryonic fibroblasts (MEFs) in modified embryonic stem cell media, comprising: 

Dulbecco’s modified Eagle’s medium (DMEM)/F12, 20% (v/v) Knock Out Serum 

Replacement (Life Technologies Corporation), 10 ng/ml basic fibroblast growth factor 

(R&D systems), 2mM sodium pyruvate, 1x nonessential amino acids (Life Technologies 

Corporation), and 1μM mercaptoethanol (Sigma-Aldrich Ltd.). 

Following adaptation to feeder-free conditions (as described by Ludwig et. al.,(Ludwig et 

al., 2006)), iPS colonies were cultured on matrigel-coated plates (BD Biosciences) in 

mTeSR media (Stem Cell Technologies).  iPS cell lines were characterised as described in 

Carpenter et. al., to demonstrate an ES cell-like phenotype and pluripotent potential 

(Carpenter et al., 2011). iPS cell lines were shown to form teratomas in RAG−⁄− mice, were 

negative for the expression of transgenes and expressed pluripotent stem cell-associated 

markers (Carpenter et al., 2011). With the exception of C18 cells, iPS cell lines were 

karyotypically normal.   

OPM2 and OC3 iPS cell lines were generated by Cheng-Tao Yang (NHSBT, Oxford). Briefly, 

human peripheral blood or umbilical cord blood mononuclear cells (MNCs) were 

reprogrammed by transfection of episomal plasmids containing the following factors: 

Oct4, Sox2, Nanog, Lin28, Klf4, and LMyc, as described by Thomson and colleagues (Yu et 

al., 2009). Reprogramming was performed without feeder cells in DMEM/F12 media with 

bFGF and N2B27 supplementation as described by Jiang and colleagues (Yu et al., 2011). 
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Cell lines were then characterised as described for fibroblast-derived iPS cells with the 

exception of the teratoma assay.  

PA iPS cells were kindly provided by Dr. Polyanna Goh (UCL, UK). PA iPS cells were 

generated from fibroblasts grown from a skin biopsy, taken from a healthy donor. 

Fibroblasts were reprogrammed using plasmid delivery of OCT3/4, SOX2, KLF4, L-MYC, 

LIN28 and TP53 shRNA, as described in Okita at. al. (Okita et al., 2011).  

All iPS cell lines were used for differentiation studies between passages 10-30, with the 

exception of PA iPS lines which were used between passage 40-45.  

Cultures were routinely maintained in 5% CO2 and 5% O2 with half-media changes every 2 

days. iPS colonies were passaged following a 15 minute incubation with 10µM ROCK 

inhibitor Y27632 (Sigma-Aldrich) supplemented in mTeSR, colonies were then washed 

with DMEM/F12 and incubated in 1x Dispase (Stem Cell Technologies) for 5-10 minutes. 

Colonies were subsequently washed in DMEM/F12 and resuspended in mTeSR media 

with 10µM Y27632 and manually harvested by scrapping using a 1ml pipette tip. The split 

ratio varied between 1:6 and 1:24 dependent upon the initial density of cells.  

2.2.3.2 OP9 and MS-5 cells 

OP9 and MS-5 cells were kindly provided by Professor Igor Slukvin (Department of 

Pathology and Laboratory Medicine, Wisconsin National Primate Research Centre, 

University of Wisconcin, WI, USA). OP9 cells were cultured as previously described 

(Nakano et al., 1994). OP9 cells were cultured on a 10cm dish, (Corning) pre-coated with 

0.1% (v/v) bovine gelatin (Sigma Aldrich Ltd.) for 16 hours or greater, in 10ml of OP9 

growth media: 5g α-MEM powder (Life Technologies Corporation) in 500ml Distilled 
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Water (Life Technologies Corporation), 14.7ml sodium bicarbonate (Life Technologies 

Corporation) with 20% (v/v) defined FCS (Hyclone), 100µM Monothioglycerol (MTG) 

(Sigma-Aldrich Ltd.) and 100U Penicillin/Streptomycin (P/S) (PAA), combined and filter-

sterilized. On day 4, at 100% confluency, cells were either passaged by incubation with 

Trypsin-EDTA (1x) and split 1:4, or alternatively 5ml of media was aspirated and replaced 

with 5ml of fresh OP9 media in preparation for differentiation experiments. OP9 cells 

were used between passage 25 and 38. Cultures were discarded if adipogenic cells made 

up >10% of the total population.  

MS-5 cells were cultured in 6 well plates, or T75 flasks, pre-coated with 0.1% (w/v) 

Porcine gelatin (Sigma-Aldrich Ltd.) in MS-5 growth media: 5g α-MEM powder (Life 

Technologies Corporation) in 500ml Distilled Water (Life Technologies Corporation) with 

10% (v/v) defined FCS (Hyclone) and 100U P/S (PAA), combined and filter-sterilized. 

When MS-5 cells were confluent they were passaged by trypsin incubation and split 1:4.   

MS-5 cells were used between passage 6 and 9. 

2.2.3.3 Human dermal fibroblasts 

Human dermal fibroblasts (hDF) were purchased from Lonza Biologics, cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) (Lonza Biologics) with 10% (v/v) fetal calf 

serum (FCS) (PAA) and split 1:4 by Trypsin-EDTA (1x) incubation. hDFs were used up to 

passage 8.  
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2.2.4 Primary Cells 

2.2.4.1 Umbilical cord blood (UCB) mononuclear cells  

Human UCB was collected with written informed pre-consent and ethical approval from 

the Oxford Radcliffe Research Ethical Committee for the Use of Umbilical Cord Blood 

following Delivery as a Source of Stem Cells for Study of Cell Differentiation in Normal and 

Disease Conditions (CO2.313). Isolated cells were used as anonymised linked donations 

either under an HTA licence or with ethical permission from the Berkshire Research Ethics 

Committee (10/H0505/34).  UCB was kept at 4°C for up to 24 hours and then enriched for 

MNCs by diluting 1:1 (if white blood cell (WBC) count was <7x106 cells/ml) or 1:2 (if the 

WBC count was >7x106 cells) in Wash Buffer: Hank’s balanced salt solution (HBSS) (PAA), 

sodium citrate (Sigma-Aldrich Ltd.) and 0.5% (w/v) BSA (Sigma-Aldrich Ltd.) and slowly 

pipetted into 50ml frit tubes containing 17ml LSM 1077 (density 1.077g/ml) (PAA). Blood 

was then centrifuged at 1000 x g for 10 min at 22°C with the brake between 1-3 in a 

Hettich Rotina 46R centrifuge (DJB Labcare). The MNC layer was then collected and cells 

from tubes were combined, the total volume was made up to 50ml with Wash Buffer and 

the cells were spun at 400 x g for 10 min at 22°C with brake 9. The supernatant was then 

discarded and the cell pellet resuspended in Wash Buffer, 2-3 pellets were combined and 

the total volume was made up to 50ml with Wash Buffer before the cells were 

centrifuged at 200 x g for 5 min at 22°C with brake 9 to separate platelets. The 

supernatant was again disposed of and the remaining cell pellets were combined and a 

sample analysed to assess total MNC count using the Sysmex haematology analyser 

(Sysmex Corporation).  
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2.2.4.2 Peripheral blood mononuclear cells 

3-5ml of peripheral blood was provided from healthy adult donors under an HTA licence 

or with ethical permission from the Berkshire Research Ethics Committee (10/H0505/34). 

Blood was diluted 1:2 with Wash Buffer and 4ml of diluted blood was layered over 3ml of 

LSM 1077 (PAA) in a 15ml tube. Blood was then spun and the MNC fraction isolated as 

described for UCB MNCs (2.2.4.1).  

2.2.4.3 Human Umblical Vein Endothelial Cells 

Human umbilical vein endothelial cells (HUVECS) were obtained from Dr. Emma Pepperell 

(NDCLS, Oxford) and cultured in complete endothelial growth medium-2 (EGM-2) (made 

from endothelial cell basal medium-2 (EBM-2) (Lonza Biologics) supplemented with EGM-

2 Single Quots (consisting of 10ml FCS, 0.2ml hydrocortisone, 2ml fibroblast growth 

factor-B (hFGF-B), 0.5ml vascular endothelial growth factor (VEGF), 0.5ml long R insulin-

like growth factor-1 (R3-IGF-1), 0.5ml. ascorbic acid, 0.5ml epidermal growth factor 

(hEGF), 0.5ml gentamycin sulphate, amphotericin-B (GA-1000), and 0.5ml heparin per 

500ml EBM-2, all from Lonza Biologics). Cells were split 1:3 for routine culture and used 

up to passage 4. 
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2.3 Antibodies 

 

Monoclonal antibodies (mAbs) used in this study are recorded below, with the staining 

volumes used for analysis by flow cytometry indicated.  

Table 3 Human conjugated mAbs with clone and company information.  
Name Conjugate Clone Company Volume/50μl 

CD10 PE HI10a BD Biosciences 10 

CD105 FITC 166707 R&D systems 5 

CD11b FITC ICRF44 eBioscience 2.5 

CD127 PE eBioRDR5 eBioscience 2.5 

CD133 APC 293C3 Miltenyi Biotec 5 

CD133 PE 293C3 Miltenyi Biotec 5 

CD138 PE DL-101 eBioscience 2.5 

CD14 PeCy7 M5E2 BD Biosciences 2.5 

CD144 FITC 55-7H1 BD Biosciences 10 

CD144 PE 16B1 eBioscience 2.5 

CD146 FITC P1H12 Millipore 0.5 

CD16 APC-eFluor780 CB16 eBioscience 2.5 

CD19 FITC HIB19 eBioscience 2.5 

CD19 PerCP-Cy5.5 HIB19 eBioscience 2.5 

CD19 PE LT19 Miltenyi Biotech 5 

CD20 PeCy7 2H7 eBioscience 2.5 

CD235a APC GA-R2 (HIR2) BD Biosciences 2.5 

CD27 APC 0323 eBioscience 2.5 

CD31 PE WM59 BD Biosciences 10 
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CD33 FITC P67.6 BD Biosciences 10 

CD34 FITC AC136 Miltenyi Biotec 5 

CD34  APC AC136 Miltenyi Biotech 5 

CD38 FITC HIT2 BD Biosciences 10 

CD41a APC HIP8 BD Biosciences 10 

CD41a FITC HIP8 BD Biosciences 10 

CD43 FITC eBio-84-3C1 eBioscience 2.5 

CD43 APC eBio-84-3C1 eBioscience 2.5 

CD45 Pe-Cy7 HI30 BD Biosciences 2.5 

CD45 APC-Cy7 2D1 BD Biosciences 2.5 

CD45 APC HI30 BD Biosciences 10 

CD45 Alexa 488 HI30 Invitrogen 5 

CD45R (B220) FITC RA3-6B2 BD Biosciences 2.5 

CD45R (B220) PerCP RA3-6B2 BD Biosciences 2.5 

CD56 PE CMSSB eBioscience 2.5 

CD73 PE AD2 BD Biosciences 10 

CD90 APC 5E10 BD Biosciences 2.5 

CD90 FITC 5E10 BD Biosciences 2.5 

c-kit APC 104D2 Invitrogen 5 

HLA-DR PE LN3 Biolegend 10 

IgM APC SA-DA4 eBioscience 2.5 

IgM PE G20-127 BD Biosciences 10 

pre-BCR PE HSL2 Biolegend 2.5 

Volume of mAb included per 50μl staining sample for flow cytometry analysis. 
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Table 4 Mouse conjugated mAbs with clone and company information.  
Name Conjugate Clone Company Volume/50μl 

CD45 FITC 30-F11 Invitrogen 2.5 

CD45 APC 30-F11 Invitrogen 2.5 

Ter119 PE TER-119 eBioscience 2.5 

Volume of mAb included per 50μl staining sample for flow cytometry analysis. 
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2.4 Flow cytometry 

2.4.1 Method 

The LSR II flow cytometer (BD Biosciences) was used throughout and calibrated for 

analysis using Cytometer Set up and Tracking (CST) beads (BD biosciences). For detection 

of FITC, PE, PerCPCy5.5, PE-Cy5, PE-Cy7, APC and APC-Cy7 and Pacific Blue, the 670/14 

filter was used. FITC, PE, PE-Cy5, PE-Cy7 and PerCPCy5.5 were excited by the 488 nm 

laser, where generally  the 670/14 filter was used. When PerCP detection was required, 

the 660/20 filter was exchanged for the 670/14 filter. APC and APC-Cy7 were excited by 

the 633 nm laser and DAPI/Pacific Blue the 355 nm UV laser. Unless otherwise stated, 

cells for flow cytometry analysis were resuspended in 40μl MACS Buffer and 10μl FcR 

Blocking (Miltenyi Biotec) and incubated for 2-5 min on ice. The appropriate mAb was 

then added and cells were stained in the dark on ice for 20 min. Cells were then washed 

and resuspended in MACS Buffer for analysis with the addition of 0.1μg/ml DAPI (Life 

Technologies Corporation) to exclude non-viable cells. 1:100 Propidium Iodide (Sigma-

Aldrich Ltd.) and 10nM TO-PRO-3 (Life Technologies Corporation) were alternatively used 

where indicated.  

Doublet exclusion was implemented based upon SSC-H v SSC-W or FSC-H v FSC-A and 

isotype controls or fluorescence minus one (FMOs) were used to define negative and 

positive gates.  
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2.4.2 Antibody titration 

mAbs were titrated to determine the optimum concentration for flow cytometry 

applications. 1x106 UCB MNCs/sample were resuspended in 40μl of MACS Buffer with 10 

μl human FcR blocking (Miltenyi Biotec). Antibodies were centrifuged to ensure the 

exclusion of antibody aggregates and the antibody diluted as indicted using MACS Buffer. 

The appropriate volume of mAb was then added and the sample was incubated on ice for 

20 min in the dark. Cells were then washed and resuspended in MACS Buffer with 

0.1μg/ml DAPI (Life Technologies). The signal/noise ratio was determined by dividing the 

MFI of the positive peak (signal) by the MFI of the negative peak (noise). The optimal 

antibody concentration is found when the signal/noise ratio is maximal. Titration of CD19 

PerCPCy5.5 and CD27 APC antibodies revealed optimal concentrations of 0.625 μg/ml 

and 5 μg/ml respectively of the concentrations tested (Figure 8). Recommended volumes 

of these antibodies, produced by eBiosciences was CD19 PerCPCy5.5; 1 μg/ml and CD27 

APC; 2.5 μg/ml.  
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Figure 8 Antibody titration of CD19 PerCPCy5.5 and CD27 APC with UCB MNCs. 
Cells were stained with the indicated concentration of antibody, washed and then 
analysed by flow cytometry. Signal/Noise ratio was determined by dividing the MFI 
of the positive peak by the MFI of the negative peak. Optimal antibody 
concentrations for CD19 PerCPCy5.5 was 0.625 μg/ml and 5 μg/ml for CD27 APC. 
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2.4.3 Compensation 

PMT voltages were set using unstained cells and then compensation settings established 

using CompBeads Plus (BD Biosciences) as described in ‘A Setup System for 

Compensation: BD CompBeads plus BD FACSDiva Software’. Briefly, for each flurochrome 

to be included in the experiment, a sample volume of antibody was added to separate 

tubes containing one drop of CompBeads Plus Anti-Mouse Ig Beads which were then 

incubated for 20 min at room temperature, in the dark. Beads were then washed with 

MACS Buffer and resuspended in 300μl MACS Buffer with the addition of one drop of 

CompBeads Plus Negative Control beads. BDFACSDiva software was used to create 

compensation tubes for each fluorchrome and bead samples were run and recorded. 

Gates were then manually set on histograms around positive and negative populations 

and compensation settings were calculated by the software and applied.  
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Figure 9 Emission spectra showing spectral overlaps of flurochromes detectable by the BD LSR II 
flow cytometer. 
Flow cytometers with multiple lasers allow for the simultaneous detection of 
multiple flurochromes with different excitation and emission spectrums. When 
fluorochromes are used in combination that have overlapping emission spectra, 
such as FITC and PE, compensation settings are required to enable the 
discrimination of positive signals. Image taken from www.bdbiosciences.com.  
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2.5 Cell enrichment/isolation techniques 

2.5.1 MACS isolation 

Cells for enrichment by MACS were washed in MACS Buffer: PBS w/o Mg Ca (PAA), 1% 

(w/v) BSA (Sigma-Aldrich Ltd.), 2mM EDTA (Sigma-Aldrich Ltd.), centrifuged at 1,200 rpm 

for 5 min at 4° and resuspended in MB at the volume appropriate for the enrichment 

being undertaken (Table 5). The appropriate volume of microbeads was added and cells 

were incubated at 4° in the dark, for the time indicated. Cells were then washed with 5ml 

of MACS Buffer, centrifuged as above and resuspended in 500μl MACS Buffer. Cells were 

passed through a 30μM pre-separation filter (Miltenyi Biotec) and pre-equalibriated LS 

column (Miltenyi Biotec). LS columns were washed with 3ml MACS Buffer 3 times, and 

then cells were flushed using 5ml of MACS buffer by immediately pushing the plunger 

into the column. Cells were either used after enrichment with one column, or were 

subsequently passed through a second column, as above, where indicated.  
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Table 5 Enrichment regimes for MACS isolation of cell populations based on the expression of 
indicated cell markers. 
Population to 
be enriched 

Total maximum 
starting cell 
number 

Microbeads 
(Miltenyi Biotech 
Cat. no) 

Volumes used Incubation time 

CD34+ <1x108 CD34 (130-046-
702) 

300μl MB, 100μl 
microbeads, 100μl 
FcR blocking 

30min 

CD133+ <1x108 CD133 (130-050-
801) 

300μl MB, 100μl 
microbeads, 100μl 
FcR blocking 

30min 

CD45+ <1x107 CD45 (130-045-
801) 

80μl MB, 20μl 
microbeads, 

15min 

CD43+ <1x107 CD43 (130-091-
333)  

80μl MB, 20μl 
microbeads, 

15min 

CD19+ <1x107 a) CD19-PE (130-
091-247) b) anti-
PE microbeads 
(130-048-801)  

a) 100 μl MB, 10 μl 
CD19-PE b) 80 μl MB, 
20 μl microbeads 

a)10min b)15min 
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2.5.2 MACS enrichment profiles and purities 

2.5.2.1 Day 10 iPS/OP9 co-culture, CD34+ MACS enrichment. 

iPS colonies were seeded onto OP9 stroma, cultured and harvested as described in 

section 2.6.1. CD34+ cells were then selected by MACS, as described in 2.5.1. Typically, 

4.6x105 ± 0.7 (mean ± SD) CD34+ cells were harvested from one 10cm dish of C18 iPS/OP9 

cells on day 10 of culture (Figure 10C). Similarly, 3.7x105 ± 0.6 (mean ± SD) CD34+ cells 

were harvested from one 10cm dish of C19 iPS/OP9 cells on day 10 of culture (Figure 

10C).  A cell sample was then taken for analysis by flow cytometry (using a minimum of 

5x104 cells/stain) and gates were set using FMO controls. Typically, day 10 iPS-CD34+ cells 

were stained with mAbs to CD34 and CD43 to determine purity (CD34+ cells) in addition 

to a broad indication of haematopoietic differentiation efficiency (CD43+ cells) (Figure 

10A and B). CD34-enriched fractions demonstrated purities of 87.1% ± 4.8 (C18 iPS) and 

81.0% ± 3.5 (C19 iPS) (mean ± SD) (Figure 10D).  

 

 

 

 

 

 

 



Chapter 2 

- 70 - 
 

 

 

 

    
iPS cell lineN

u
m

be
r 

o
f 

C
D

34
+
 c

el
ls

 (x
10

5 ) 
/1

0c
m

 d
is

h

C18 C19
0

2

4

6

iPS cell line

C
D

34
+

pu
ri

ty
 (%

) 
fo

llo
w

in
g

 M
A

C
S

 e
n

ri
ch

m
en

t

C18 C19
0

20

40

60

80

100

 

Figure 10 Profile and purity of CD34+ cells isolated from day 10 iPS/OP9 co-cultures. 
(A) FMO controls for flow cytometry analysis of CD34+ enriched fractions. (B) 
Analysis of CD34 and CD43 expression was typically performed to determing the 
purity of MACS enrichment as well as to provide an estimate of the efficiency of 
haematopoietic differentiation. (C) Typical number of CD34+ cells harvested from 
one 10cm dish of iPS/OP9 cells on day 10 of co-culture. C18, 4.6x105 ± 0.7; C19, 
3.7x105 ± 0.6 (mean ± SD). (D) Typical purities, as determined by flow cytometry 
analysis, of CD34+ cells in day 10 enriched fractions. C18, 87.1 ± 4.8; C19, 81.0 ± 3.5 
(mean ± SD). 
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2.5.2.2 CD43+ and CD43/45+ MACS enrichment from iPS/OP9 co-cultures.  

C18 or C19 iPS colonies were seeded onto OP9 stroma, cultures were maintained for 9 or 

10 days and harvested as described in section 2.6.1. CD43+ cells were then selected by 

MACS, as described in 2.5.1 and a sample was taken for analysis by flow cytometry. CD43+ 

enriched fractions were 82.3% ± 8.5 (mean ± SD) positive for the expression of CD43 

(Table 6). Typically, CD43+ cells contained subpopulations of CD34+ and CD43- cells (Figure 

11A).  

C18 or C19 iPS colonies were seeded onto OP9 stroma, cultures were maintained for 10 

days and harvested as described in section 2.6.1. CD34+ cells were enriched by MACS as 

detailed in 2.5.2.1 before being reseeded onto fresh OP9 stroma. Co-cultures were then 

maintained with a half media exchange of Differentiation media every 2 days. On day 22 

co-cultures were harvested as described in 2.6.1. CD43/45+ cells were then selected by 

MACS, as described in 2.5.1 and a sample was taken for analysis by flow cytometry. 

CD43/45+ enriched fractions were 94.5% ± 2.1 (mean ± SD) positive for the expression of 

CD43 or CD45 (Table 6). Typically, CD43/45+ cells were predominantly CD43+CD45+ and 

contained subpopulations of CD43+CD45- and CD43-CD45+ cells (Figure 11B).  
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Table 6 Summary of population purities after MACS enrichment.  
Selection Culture Fraction Mean SD 

CD34 
microbeads 

Day 10 iPS/OP9 CD34+ 84.1 5.1 

CD43 
microbeads 

Day 10 iPS/OP9 CD43+ 82.3 8.5 

CD43 
microbeads/ 

CD45 
microbeads 

Day 22 iPS/OP9 CD43/45+ 94.5 2.1 

CD45 
microbeads 

D21 iPS-CD34+/MS-5 CD45+ 96.1 1.5 

CD19-PE, anti-PE 
microbeads 

D21 iPS-CD34+/MS-5 CD19+ 97.0 0.6 

CD133 
microbeads 

Fresh UCB CD133+ 87.4 2.8 

Cells were generated as indicated and described in sections 2.2.4.1, 2.6.1 and 2.6.2. 
The indicated fraction was then isolated using MACS (2.5.1) and a sample was taken 
for analysis by flow cytometry. N=≥3 independent experiments.  
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Figure 11 Flow cytometry analysis of CD43+ and CD43+CD45+ MACS enriched fractions from 
iPS/OP9 co-cultures. 
(A) C18 or C19 iPS/OP9 co-cultures were harvested on day 9 or 10 of co-culture and 
enriched for CD43+ cells by MACS. CD43+ cells contained both CD34+ and CD34- 
cells. (B) C18 or C19 iPS/OP9 co-cultures were harvested after 10 days of co-culture 
and CD34+ cells were enriched by MACS and reseeded onto fresh OP9 stromal cells. 
Cultures were then maintained for a further 12 days, harvested and enriched for 
the CD43/45+ haematopoietic fraction by MACS. The major population was 
CD43+CD45+, with both CD43+CD45- and CD43-CD45+ subpopulations. Representative 
images, n=3 independent experiments.  
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2.5.2.3 CD133+ cells enrichment by MACS from UCB MNCs. 

MNCs were enriched from fresh UCB, as described in 2.2.4.1. CD133+ cells were then 

enriched by MACS (2.5.1) and a sample was taken for analysis by flow cytometry. CD133+ 

enriched fractions had average purities of 87.4% ± 2.8 (mean ± SD) (Table 6).  

2.5.2.4 CD45+ and CD19+ cell enrichment from day 21 iPS-CD34+/MS-5 co-

cultures and UCB-CD133+/MS-5 co-cultures.  

C19 iPS colonies were cultured with OP9 stromal cells for 10 days (2.5.2.1), cells were 

harvested and enriched for CD34+ cells by MACS (2.5.2.1). CD34+ cells were seeded onto 

confluent MS-5 cells and cultures, supplemented with IL-7, IL-3, SCF and Flt3L, were 

maintained for 21 days before being harvested (2.6.2). Cells were then enriched by 

MACS, either for the CD45+ or CD19+ population and analysed by flow cytometry. CD45+ 

cell fractions were 96.1% ± 1.5 (mean ± SD) pure and contained a subpopulation of CD19+ 

cells, which showed a typical low SSC profile (Table 6) (Figure 12A). When cells were 

isolated based on CD19 expression, CD19+ cells represented 97.0% ± 0.6 (mean ± SD) of 

the enriched fraction (Table 6) (Figure 12B).   
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Figure 12 CD45 and CD19 MACS enrichment of cells from day 21 iPS-CD34+/MS-5 co-cultures. 
CD34+ cells, enriched from day 10 iPS/OP9 co-cultures were seeded onto confluent 
MS-5 stromal cells, in the presence of IL-7, IL-3, SCF and Flt3L, as described in 2.6.2. 
After 21 days of culture, cells were harvested and enriched by MACS for either the 
CD45+ or CD19+ fraction. (A) CD45 enrichment with purities of 96.1% ± 1.5 (mean ± 
SD). A subpopulation of CD45+ cells expressed CD19. (B) CD19 enrichment was 
performed with CD19-PE and anti-PE beads. Postive fractions contained 97.0% ± 0.6 
(mean ± SD) CD19+ cells. Numbers in figure expressed as a percentage of the parent 
gate. Representative images, n=3 independent experiments.  
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2.5.3 Fluorescent activated cell sorting (FACS) 

UCB MNCs, PB MNCs or iPS-derived cells were isolated as described and enriched by 

MACS for the desired cell type. Cells were then stained with the appropriate mAbs as 

described for flow cytometry (2.4.1), before being passed through a 35μm cap cell 

strainer to ensure a single cell suspension had been obtained. Cell populations were 

sorted by FACS at the Nuffield Department of Medicine, WIMM or Sir William Dunn 

School of Pathology, all University of Oxford using Aria or Becton Coulter FACS machines 

by the trained FACS operator. Cells were sorted into FACS tubes (BD Biosciences) 

containing 1-2ml media with 10-20% (v/v) serum. Cell purities were checked where 

sufficient cell numbers were obtained.  

 

 

2.6 In vitro assays 

2.6.1 Generation of HPCs from iPS/OP9 co-culture 

iPS colonies cultured for 5-7 days in maintenance conditions were harvested by 

incubation with collagenase type IV at 1mg/ml (Life Technologies Corporation) in 

DMEM/F12 (Life Technologies Corporation) for 45-75 min until >70% of colonies had 

completely detached. Colonies were then washed three times with Differentiation media 

containing: 5g α-MEM powder (Life Technologies Corporation) in 500ml Distilled Water 

(Life Technologies Corporation), 14.7ml sodium bicarbonate (Life Technologies 

Corporation) with 10% (v/v) defined FCS (Hyclone), 100µM Monothioglycerol (MTG) 

(Sigma-Aldrich Ltd.) and 100U Penicillin/Streptomycin (P/S) (PAA) by gravity and plated 
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onto overgrown OP9 stroma (day 8-12 of culture) in 10ml Differentiation media. Cells 

were distributed homogeneously at 4-6x106 cells per 10cm dish. After 24 hours media 

was completely aspirated, removing unattached iPS colonies, and replaced with 20ml of 

Differentiation media. Half media changes were then performed on day 4, 6 and 8 with 

cells typically being harvested on day 10 of culture. When cultures were extended the 

feeding regime was continued.  

Co-cultures were harvested, typically on day 10 cells, by removal and retention of culture 

media, incubation with 1mg/ml Collagenase type IV for 25 mins and subsequently with 

trypsin-EDTA (1x) for 7-12 minutes, until the monolayer dissociated upon gentle tapping. 

Trypsin was neutralised with an equal volume of Differentiation media and the 

homogenate was gently aspirated with a 1ml pipette tip >20 times. Cells were then 

passed through a 40μm cell strainer (BD Biosciences) and pelleted by centrifugation at 

1,200 rpm for 5 min at RT. 

 

2.6.2 Differentiation of iPS-CD34+ or UCB-CD133+ to the B cell 

lineage 

To promote differentiation towards the B cell lineage, iPS-derived or UCB-derived 

haematopoietic progenitor cells (HPCs) were seeded onto confluent (day 2-4) MS-5 cells 

in Differentiation media supplemented with 20ng/ml IL-7 (Life Techologies Ltd.), 10ng/ml 

IL-3, 50ng/ml SCF and 50ng/ml Flt3L (all R&D systems). Cultures were typically seeded at 

2.5x104 iPS-CD34+ cells/ml or 0.5x104 UCB-CD133+ cells/ml in a 6 well plate format in 2ml/ 

well. After 7 days, 2ml of Differentiation media supplemented with 20ng/ml IL-7, 50ng/ml 

SCF and 50ng/ml Flt3L was added per well. On day 14 of culture, 2ml of media, containing 



Chapter 2 

- 78 - 
 

non-adherent cells were aspirated, discarded and replaced with 2ml of fresh 

Differentiation media containing IL-7, SCF and Flt3L. Cultures were typically harvested on 

day 21 of culture by washing with HBSS w/o Mg Ca(PAA) and incubation with 1mg/ml 

collagenase IV for 25 min, and then trypsin-EDTA (1x) until cells detach. Trypsin was 

neutralised using Differentiation media and a single cell suspension was generated by 

gentle aspiration using a 1ml Gilson pipette. 

 

2.6.3 Serum and feeder-free protocols 

iPS colonies were grown as per routine culture for 5-7 days (2.2.3.1).  Media was then 

switched to Stem Pro34+ media comprising: Stem Pro-34 SFM (Life Technologies 

Corporation), 2mM L-glutamine, 100U Penicillin/Streptomycin (PAA), 400μM 

monothioglycerol (Sigma-Aldrich Ltd.) and 50μg/ml ascorbic acid (Sigma-Aldrich Ltd.). 

Cytokines were used, were indicated, at the following concentrations; 50ng/ml (high) or 

5ng/ml (low) Activin A (AA) (Life Technologies Corporation), 10ng/ml BMP-4 (R&D 

systems), 5ng/ml bFGF (Invitrogen), 10ng/ml VEGF (R+D systems), 20ng/ml TPO (R&D 

systems), 100ng/ml SCF (R&D systems) and 100ng/ml Flt3L (R&D systems). Cultures were 

fed every 2 days. Monolayers were harvested either by incubation with Accutase (1x) 

(PAA) for 7-10 min or by incubation with 1mg/ml collagenase-IV (Life Technologies 

Corporation) for 25 min, followed by 5-7 min with trypsin-EDTA (1x) (PAA).  
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2.6.4 CFU assay 

Methocult H4434 (Stem Cell Technologies) was thawed and 2ml/well was added using a 

blunt needle into a 6 well plate. iPS- derived CD34+ or CD43/45+ cells were added at 5x103 

or 1x103 cells/well as indicated, or UCB-CD133+ cells at 1x103 cells/well by resuspending 

in 50μl  PBS and deposited into the methocult. Plates were then gently tipped to disperse 

cells in a uniformed distribution. Assays were then maintained for 14 days before 

colonies were scored and counted, according to the criteria depicted in Figure 3 (Figure 

13) and outlined in the accompanying user manual, available at www.stemcell.com (Stem 

Cell Technologies).  
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Image removed. 

 

Figure 13 Brightfield images of typical CFU morphologies in methocult. 
The CFU assay is an in vitro readout of haematopoietic progenitor potential. 
Methocult, a methylcellulose-based media with supplemented cytokines, is a 
routinely used, commercially available product for CFU assays. Colony morphology 
on day 14 is used to determine progenitor potential. (A) CFU-E, indicative of 
relatively mature erythroid progenitors that form colonies of 50-200 cells. (B) BFU-
E, indicative of erythroid progenitors with a greater proliferative potential than 
those that form CFU-E. (C) CFU-GM, product of granulocyte and macrophage 
progenitors. (D) CFU-GEMM, colonies produced by progenitors with multil ineage 
potential that included erythroid with two or more different cell types. 
Magnification (A) x125, (B) x50, (C) x25, (D) x50. 
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2.6.5 Endothelial outgrowth colony assay 

To promote endothelial differentiation iPS-derived CD34+ cells were seeded onto pre-

coated rat tail collagen type I coated plates (BD Biosciences) in EGM-2 media. Cultures 

were maintained for 14 days, fed with a half-media change every 3 days, then stained as 

appropriate and passaged by incubation with trypsin-EDTA (1x) (PAA). iPS-CD34+ cells 

were designated passage 0 (P0) when introduced into the EGM-2/collagen-I conditions 

and were P1 upon first harvest.  

 

2.6.6 In vitro tubule assay 

To assess function, endothelial-like cells were seeded into an in vitro tubule assay 

previously established by the laboratory (Zhang et al., 2009). Here, endothelial-like cells 

were seeded onto collagen-I coated plates in co-culture with hDFs (ratios 1:3-1:6) in 

EGM-2 media, a half media change was performed every 3 days. After 14 days of culture, 

cells were fixed and stained with CD31 to visualise endothelial network formation as 

follows. Cultures were washed with PBS and fixed with ice-cold 70% (v/v) ethanol for 30 

min at RT. Wells were then washed 3 times with PBS and incubated at 37° for 20 min with 

MACS Buffer to block non-specific binding. Anti-human CD31 (AbD Serotech) was diluted 

1:4000 and added to cultures which were incubated overnight at 4°. Cells were washed 3 

times with PBS and then incubated with MACS Buffer for 20 min at 37° before being 

stained with 1:200 biotinylated anti-mouse IgG (H+L) (Vector Laboratories Ltd) for 60 min 

at RT. After washing 3 times with PBS, equal volumes of Reagent A (Avidin) and Reagent B 

(Biotin), both Vectastain Elite Kit (Vector Laboratories Ltd) in 5 ml of PBS was added and 

incubated at RT for 30 min. The peroxidase substrate was then prepared from the 
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Vectastain Elite Kit by adding 4 drops of buffer, 8 drops of 3, 3'-diaminobenzidine, 4 drops 

of H202 and 4 drops of Nickel solution to 10 ml of dH20 (Vector Laboratories Ltd.). The 

tertiary antibody was removed and washed with PBS 3 times and the substrate added for 

5-10 min until the tubules could be observed under a microscope. The reaction was then 

stopped by washing with dH20 3 times. Cultures were allowed to dry and then images 

were taken using a Nikon Eclipse T300 microscope (Nikon Ltd.) and IPLab imaging 

software (Scanlytics, BD Biosciences). Tubule formation was then quantitated using 

AngioSys software (TCS Cellworks).  

 

2.6.7 Live cell staining 

For live cell imaging, CD90-FITC (1:400) and/or CD31-PE (1:100) was added to EGM-2 

media, filter-sterilised and added to cell cultures for 1 hour.  Cultures were then washed 

3 times and visualised using a Nikon Eclipse T300 (Nikon Ltd)  and IPLab imaging software 

(Scanlytics, BD Biosciences).  

 

2.7 Nucleic acid isolation 

DNA was isolated using the QIAamp DNA Blood Mini Kit (Qiagen, Cat no. 51104), eluted in 

Buffer AE and was stored at -20°C. RNA was isolated using the RNAeasy minikit (Qiagen, 

Cat no. 217004), eluted in RNase-free water and was stored at -80°C. DNA and RNA 

isolation was performed using the Spin Protocol method as described in the 

manufacturer’s instructions. Nucleic acid concentration and purity were determined 

using a NanoDrop Micro-Volume UV-Vis Spectrophotometer (Thermo Fisher Scientific). 
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The spectrophotometer was set to zero using Nuclease-free Water (Ambion) and then 1μl 

of the DNA or RNA sample was analysed. The 260:280nm ratio was used as a measure of 

purity, readings <1.8 for DNA, or <2.0 for RNA, were deemed to be low quality and 

samples were not used for downstream purposes.  

 

 

2.8 VDJ recombination assay  

2.8.1 IgH Gene Rearrangment assay 

The IgH Gene Rearragement Assay was purchased from InVivoScribe and used to assess 

VDJ recombination status as described in the manufacturer’s protocol. Briefly, 0.25μl of 

AmpliTaq Gold (Life Technologies Corporation) was added to 50μl of IgH Framework 

Master Mixes (InVivoScribe), which contained proprietary framework and JH consensus 

primers, and were mixed by inversion. 5μl of sample DNA (20-100ng/μl), 5μl of IVS 

Control DNA (Invivoscribe) or 5μl of ddH20 (Ambion) was added to Master Mix aliquots 

and reactions were run with the following programme: 95°C 7 min with 37 cycles of 94°C 

for 30s, 55°C for 30s, 72°C for 60s, followed by 95°C for 10 min.  

 

2.8.2 Gel electrophoresis 

To separate and visualise PCR products, DNA, mixed 5:1 with 50% (v/v) glycerol, was 

loaded into a 2% (w/v) agarose (Sigma-Aldrich Ltd.) TBE (Life Technologies Corporation) 

gel containing Gel Red Nucleic Acid Stain (Biotium) at 1:10,000 (v/v) dilution. Hyperladder 
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II (Bioline) was included as a molecular ladder. DNA fragments were separated in a TBE 

buffer by electrophoresis at 150V for 30-60 min. Images were acquired using UVi Tec Gel 

Version 12.6 documentation (UVITEC Cambridge) and image acquisition software.   

Where appropriate bands were excised from the gel using a clean sharp scapel, visualised 

with a White/UV transilluminator (UVP).  

 

2.9 Gene expression array 

2.9.1.1 RNA sample preparation for gene expression profiling  

For gene expression arrays, RNA was harvested from iPS cells, iPS-B cells, UCB B cells, 

HSC-B cells and PB-B cells. RNA was isolated from iPS cell lines cultured in mTesR media 

for 5-7 days by the addition of lysis buffer to adherent colonies, using the RNAeasy 

minikit (Qiagen, Cat no. 217004). iPS-B cells were generated following the co-culture of 

iPS-CD34+ cells with MS-5 stroma plus IL-3, IL-7, SCF and Flt3L for 21-23 days. Cells were 

harvested by collagenase IV/trypsin incubation. (as described in 2.6.2). To generate HSC-B 

cells, UCB MNCs enriched for the CD133+ fraction by MACS, were frozen and then thawed 

before being cultured overnight in Stemspan with Flt3L (100ng/ml), SCF (20ng/ml), TPO 

(100ng/ml) and IL-6 (100ng/ml). Cells were then harvested by aspiration and stained with 

antibodies to CD19 and CD133 (2.4.1). CD133+CD19- cells were FACS isolated and then 

seeded into co-culture with MS-5 cells plus IL-3, IL-7, SCF and Flt3L for 21-23 days (as 

described in 2.6.2). Cells were harvested by collagenase IV/trypsin incubation. 

 B cells derived from iPS-CD34+ and UCB-CD133+ cells and those isolated from UCB and PB 

MNCs were enriched by MACS using CD19-PE and anti-PE beads (as described in section 
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2.5.1). Cells were then stained with mAbs to CD10 and isolated by FACS. Viable 

CD19+CD10+ cells were sorted into Differentiation media. RNA was isolated using the 

RNAeasy minikit (Qiagen, Cat no. 217004), eluted into nuclease-free H20 and was stored 

at -80°C (as described in 2.7).  

Four different iPS cell lines were used to generate biological replicates of iPS cell and iPS-

B cell samples. iPS cell lines used (described in 2.2.3.1) were: C19, fibroblast-derived iPS 

cells generated using the retroviral delivery of Yamanaka factors (Sox2, Oct-3/4, Klf-4, c-

Myc) , OPM2 and OCM3 iPS cells generated from peripheral blood MNCs (OPM2) and 

UCB MNCs (OC3) using non-integrating episomal vectors of Thomson factors (CT4, SOX2, 

L-Myc, KLF4, NANOG, and LIN28) (Kaji et al., 2009, Takahashi et al., 2007). PA iPS cells 

were derived from fibroblasts using plasmid delivery of OCT3/4, SOX2, KLF4, L-MYC, 

LIN28 and TP53 shRNA. CD133+ cells isolated from UCB MNCs from 4 different donors 

were used to generate HSC-B cells. B cells were isolated from 4 different UCB MNC 

samples and 4 different PB MNC samples to generate biological replicates.  

RNA concentration and purity were determined using a NanoDrop Micro-Volume UV-Vis 

Spectrophotometer (Thermo Fisher Scientific). RNA was then concentrated using vacuum 

centrifugation to 15 μl. 3 μl of RNA was provided for quality assessment and 12 μl for 

gene array at a range of concentrations: iPS 39.7-105.6 ng/ μl, iPS-B 6.8-25.7 ng/ μl, HSC-

B 66.1-84.3 ng/ μl, UCB 5.2-17.4 ng/ μl, PB 1.35-3.3 ng/ μl.  

2.9.1.2 Gene expression profiling 

Gene arrays were performed by the High-Throughput Genomics Group, The Wellcome 

Trust Centre for Human Genetics, University of Oxford, using the Illumina Human-HT-

12v4 expression BeadChip (Illumina). Quality controls were analysed using the 
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Bioanalyser and RNA was converted to biotin labelled cRNA for hybridisation. Chips were 

scanned using GenomeStudio (Illumina). 

2.9.1.3 Gene array analysis  

Data were normalised using the lumi bioconductor package and analysed using MeV 

software (Du et al., 2008). Data normalisation and advice on bioinformatic methods were 

provided by the Computational Biology Research Group, WIMM, UK. 

 

 

2.10 In vivo experiments 

BALB/c Rag2−/−cγ−/− mice were housed under specific pathogen-free conditions in the 

Biomedical Services Unit of the John Radcliffe Hospital (Oxford, UK). Animal experiments 

were performed under a Home Office Licence using protocols approved by the 

Committee on Animal Care and Ethical Review at the University of Oxford and in 

accordance with the UK Animals (Scientific Procedures) Act 1986. 

Mice were irradiated within 24 hours of birth with 2 doses of 2 Gy separated by 4 hours. 

Neonates were then injected 6-12 hours later with 5x105 iPS- CD45+ cells or 1x105 UCB- 

CD133+ cells in 50 μl of PBS-1% (w/v) BSA. Cells were administered by an intraperitoneal 

or intrahepatic injection. Mice were marked by foot tattoo to track animals. After 8 

weeks, mice were weaned. Injections and weaning were performed by Dr. Ou Li, Nuffield 

Department of Surgery, University of Oxford.  
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Cells were prepared for injection in sterile conditions using aspectic technique. Briefly, 

cells were harvested from iPS-CD34+/MS-5 co-cultures and enriched by MACS for the 

CD45+ population (as described in 2.5.1). 5x105 cells were resuspended in 50μl PBS-1% 

(w/v) BSA and kept on ice until cells were administered. UCB MNCs were isolated from 

fresh UCB and enriched for CD133+ cells by MACS (as described in 2.5.1). Cells were 

frozen in 90% (v/v) FCS and 10% (v/v) DMSO. When neonates became available UCB-

CD133+ cells were resurrected and seeded into Stemspan media supplemented with 

Flt3L, SCF, TPO and IL-6 and cultured overnight. The following day, cells were harvested 

by aspiration and reselected for CD133 positivity by MACS. 1x105 cells were resuspended 

in PBS-1% (w/v) BSA and kept upon ice until cells were administered.  

After 4 and 8 weeks following adoptive transfer into neonates, peripheral blood was 

harvested via the tail vein, collecting 20-25 μl of blood per animal. 75% of blood was 

lysed using Red Blood Cell (RBC) Lysis buffer which contained: 15mM ammonium 

chloride, 10mM potassium bicarbonate, 1mM EDTA in distilled H20 at pH 7.4. Cells were 

resuspended in 0.5ml RBC lysis buffer for 10 min at RT. Cells were then washed with PBS-

5% (w/v) BSA. Lysed and non-lysed cell fractions were blocked using Blocking solution, 

comprising: PBS-5% (w/v) BSA, 10% (v/v) human FcR blocking, 5% (v/v) mouse FcR 

blocking, for 15 min on ice. Sample volumes were then made up to the appropriate 

staining volume in PBS-5% (w/v) BSA prior to the addition of mAbs. A fraction of each cell 

population was combined for FMO controls. Cells were stained for 20 min on ice, washed 

and resuspended in MACS Buffer for flow cytometry.  

Animals were sacrificed after 12 weeks and cells were harvested from the spleen, bone 

marrow and peritoneal cavity. Peritoneal cells were extracted as described by Ray et. al., 
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(Ray and Dittel, 2010). Briefly, mice were cleaned with 70% (v/v) ethanol and the outer 

skin of the peritoneal cavity was cut and pulled back. 5ml of ice cold PBS-1% (w/v) BSA 

was injected into the peritoneal cavity using a 27g needle. The peritoneal cavity was 

massaged to dislodge cells before a 25g needle was inserted to withdraw fluid. The 

peritoneum was then cut open to harvest the remaining fluid using a 1ml Gilson pipette. 

Solutions harvested from the peritoneal cavity were monitored for traces of blood. 

Splenocytes were harvested by extracting the spleen and then mashing gently with the 

back of a 1ml syringe in a 40μm cell strainer. Cells were washed though with ice cold PBS-

5% (w/v) BSA. Bone marrow cells were harvested from femurs of the hind legs. Briefly, 

the ends of the femur were cut using surgical scissors and the bone marrow was flushed 

with PBS-5% (w/v) BSA. Single cell suspensions were generated by gentle aspiration with 

a 1ml Gilson pipette. 

Harvested cells were then incubated with RBC lysis buffer for 10 min at RT, filtered 

through a 35 μl cell strainer and washed. Viable cell counts were then determined using a 

haemocytometer and Trypan Blue (as described in section 2.2.2). Cells were resuspended 

in Blocking solution and incubated on ice for 15 min before the addition of mAbs for 20 

min. Samples were then analysed by flow cytometry using DAPI as a viability stain with 

appropriate compensation settings and FMOs (as described in section 2.4.1).  
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2.11 Statistical tests 

Statistical tests were performed using GraphPad Prism 6 software (GraphPad Software). 

The statistical significance of differences was determined using the Student’s t-test for 

unpaired data. Data are expressed throughout as mean ± standard deviation (SD). 

Symbols/abbreviations used are, NS= P>0.55, *= P≤0.05, **= P≤0.01, ***= P≤0.001, 

****= P≤0.0001.  
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 Chapter 3. 

The generation of haematopoietic progenitors with 
multilineage potential from human induced pluripotent 

stem cells in vitro. 
 

3.1 Aims and objectives 

The overall aim was to establish and characterise a robust in vitro culture system for the 

differentiation of human iPS cells to produce haematopoietic progenitors. More 

specifically to; 

1) Understand the temporal dynamics and identity of haematopoietic progenitors 

arising in an iPS/OP9 co-culture system.  

2) Investigate the mulitilineage potential of iPS-derived CD34+ haematopoietic 

progenitors. 

3) Compare the global gene expression profile of iPS-derived and HSC-derived 

lymphocytes. 

4) Describe a serum and feeder-free culture system for the efficient derivation of 

haematopoietic progenitors from iPS cells. 
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3.2 Background 

Pluripotent stem cells have the potential to differentiate into every cell type of the three 

germ layers. For applications such as disease modelling, drug screening and potentially as 

a therapeutic cell source, pluripotent stem cell differentiation to the cell type of interest 

must be directed and tightly controlled. The traditional description of differentiation is 

illustrated by Waddington’s epigenetic landscape model (Figure 14), where step-wise 

lineage fate choices are made upon encountering valleys and ridges that ultimately 

restrict and separate the terminally differentiated cells (Waddington, 1957). Elements of 

this model have been challenged not only by the advent of iPS cell technology per se, but 

also by the numerous accounts of direct conversion that switches one terminally 

differentiated cell type into another (Takahashi and Yamanaka, 2006, Vierbuchen et al., 

2010, Sekiya and Suzuki, 2011).  

The development of the haematopoietic system results in the production of cell types 

with vastly different functionality, from oxygen carrying erythrocytes to antibody 

producing lymphocytes. Furthermore, haematopoiesis may produce different subsets of 

blood cell lineages during  the first and second embryonic waves of development 

(Yoshimoto et al., 2011, Mold et al., 2010, Schulz et al., 2012). To date, it has not been 

possible to produce haematopoietic stem cells in vitro from a pluripotent source, 

although a wide variety of mature blood cell types have been described (Choi et al., 

2011a, Kennedy et al., 2012). How these differentiated haematopoietic cell types relate 

to those found in the adult and/or to cells of HSC orgin is an interesting and important 

question.   
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Assays frequently used to assess haematopoietic potential include the in vitro CFU assay, 

which provides a quantitative, accessible and cost-effective system for investigating 

myeloid differentiation capacity. The serial transplantation reconstitution assay remains 

the gold standard for assaying HSC potential but carries a high cost and does not allow for 

the continuous observation or accessibility of injected cells. Furthermore, in the 

pluripotent stem cell field where reconstituting HSCs have not been generated, 

techniques to permit progress towards this end goal are required.   

The haematopoietic niche is primarily composed of stromal, endothelial and other blood 

cells which interact with haematopoietic cells and secrete factors that instruct 

differentiation. One approach that has been applied for the expansion of HSCs ex vivo 

and to promote haematopoiesis from pluripotent stem cells is co-culture with stromal 

cell lines (Nakano et al., 1994, Vodyanik et al., 2005, Taoudi et al., 2008, Harvey and 

Dzierzak, 2004). Interestingly, most progress has been made with mouse stromal cell lines 

used in hybrid culture with human cells. One such stromal cell line, OP9, supports the 

generation of haematopoietic cells,including rare reports of B lymphopoiesis from murine 

ES cells (Cho et al., 1999). Similarity between ES and iPS cells, suggests that a co-culture 

system with iPS colonies could also support the development of B lymphocytes.  Slukvin 

and colleagues also described the use of MS-5 stroma in a two-step culture where human 

ES cells differentiated to B cells (Vodyanik et al., 2005). S17 cells have also been used to 

promote B lymphopoiesis from mouse tissues and from human UCB but not as a support 

for the generation of pluripotent stem cell-derived B lymphocytes (Rawlings et al., 1995a, 

Fluckiger et al., 1998). Differentiation to produce iPS- B lymphocytes may; 1) be an 

informative readout of HPC potential 2) provide insights into B cell diseases such as 
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chronic (CLL) and acute (ALL) lymphocytic leukaemias and 3) could potentially be used to 

produce fully human antibodies in vitro. 

In haematopoietic ontogeny, the production of B cells can be used to discriminate 

definitive from primitive haematopoiesis. However, B cell potential is present that is likely 

to be independent of HSCs, due to timing and anatomical location (Godin et al., 1993, 

Sugiyama et al., 2007). B cells therefore are likely to be a product of both waves of 

definitive haematopoiesis.  In the mouse, the early B cell population was termed B-1 as 

these cells arise before B-2 B cells in development. It has been reported that, in mice, 

HSCs generate B-2 B cells but not B-1a or MZ B cells (Kantor et al., 1992, Hayakawa et al., 

1985). Fetal liver HSCs however were demonstrated to have B-1 B cell potential, although 

it is possible that the cell surface phenotype (Lin-,c-kithigh,Sca-1+) may not completely 

exclude other non-HSC hematopoietic progenitors (Kikuchi and Kondo, 2006). Moreover, 

a recent publication by Yoder and colleagues demonstrated that B-1, but not B-2 B cells, 

are generated in the yolk sac (Yoshimoto et al., 2011). B-1 and B-2 B cells differ not only 

in origin but also in function. B-1 B cells are innate-like lymphocytes which produce the 

majority of serum IgM in the absence of infection (Hayakawa et al., 1984).  Whether 

pluripotent stem cell-derived B cells are B-1 or B-2 B cell-like, if indeed B-1 B cells do exist 

in humans, is an important question for the field. As these populations have not clearly 

been defined in human systems, this can potentially be achieved by assessing functional 

characteristics that are known to be associated with mouse B-1/B-2 B cells in pluripotent-

derived B cells. Alternatively, a comparison of phenotypic or functional differences 

between pluripotent-derived B cells and their equivalents generated from HSCs may 

provide such an insight.  
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One of the advantages of the OP9 co-culture system is that the addition of cytokines is 

not required. However, a complex background of cell surface and secreted factors from 

stromal cells, plus the variability of factors found in serum required for the culture, 

describe a system in which cellular mechanisms are difficult to dissect. It is therefore 

desirable to implement a defined culture system where the presence and concentration 

of all factors are known. In this regard, serum and feeder-free culture systems used to 

promote haematopoiesis from pluripotent stem cells have progressed with improving 

efficiencies (Chiang and Wong, 2011, Purpura et al., 2008, Salvagiotto et al., 2011).  

However, there has as yet been no reports of lymphopoiesis in a fully defined system 
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Figure 14 Waddington’s landscape model. 
Waddington’s model described the epigenetic landscape of cell differentiation 
where, at the top of the hill the ball has the potential to roll in any downward 
direction. As the ball moves down the hill  it encounters valleys and ridges, the 
direction the ball then places restrictions on direction. At the bottom of the hill the 
ball, or the terminally differentiated cell is stably positioned. Image adapted from 
Nature Reviews Molecular Cell Biology (Ladewig et al., 2013).  
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3.3 Results 

3.3.1 Demonstrating the capacity of OP9 stroma to support the 

differentiation of iPS cells and yield populations expressing 

haematopoietic and endothelial markers. 

3.3.1.1 Human iPS cells in co-culture with OP9 stroma differentiate to 

produce cells expressing endothelial- associated molecules and early 

haematopoieitic markers, that arise prior to the expression of CD45- 

the pan leukocyte marker. 

OP9 stromal cells were isolated from op/op-/- mice by Nakano and colleagues in 1994 and 

were demonstrated to provide a supporting environment for haematopoieitic 

differentiation of pluripotent stem cells, without the requirement for supplementation 

with additional fators (Nakano et al., 1994). This co-culture system therefore appeared to 

be a suitable assay for promoting the generation of human iPS-haematopoieitic 

progenitors, as has also been described by others (Choi et al., 2009).  

OP9 stromal cells undergo a gradual change of phenotype and show a reduction in 

supportive capacity if suboptimal conditions are introduced. Important variables in this 

culture system are the serum batch used, the density of cells, the feeding regime and the 

sourcing of media components (as described in section 2.2.3.2). OP9 cells should be flat, 

large cells (Figure 15) at the expense of a fibroblastic morphology and lack significant 

levels of adipocyte differentiation. For use as a supportive feeder layer to promote 

haemato-endothelial differentiation from iPS cells, OP9 stromal cells were seeded onto 
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bovine gelatin-coated (0.1% (v/v)) 10 cm dishes following a split ratio of 1:4 in 10 ml of 

OP9 Growth media. Cells were then cultured for 4 days before confluency was reached, 

whereupon half of the media was exchanged with fresh OP9 growth media and the 

cultures further maintained, without additional feeding, for use between days 8 to 12 

from seeding. By day 4, OP9 cells were confluent (Figure 15 Aii), forming an overconfluent 

mesh by day 8 (Figure 15 Aiii). 

C18 or C19 iPS colonies were harvested from routine culture by incubation with 1mg/ml 

collagenase IV, when colony size was maximal without allowing for spontanous 

differentiation, aiming to maintain colony size. Colonies, equivalent to 4-6x106 cells, were 

then plated onto day 8 to 12 OP9 stroma in Differentiation media (described in 2.1.1). 

Non-adherent colonies were removed by complete replacement of media after 24 hours 

of seeding. Thereafter, colonies were maintained in 20 ml of culture media as this has 

been suggested to decrease the propensity for mesenchymal differentiation when 

compared to lower media volumes (Vodyanik and Slukvin, 2007). The morphology and 

integrity of iPS colonies was generally retained for the first 3 to 4 days of co-culture 

(Figure 15 Bi) before cells were observed to egress from colonies and develop into more 

complex phase-dark sac-like and cord-like structures that have previously been 

associated with haematopoiesis (Vodyanik et al., 2005). Cells with an endothelial-like 

pebblestone morphology could also be observed (Figure 15 Biii) (Choi et al., 2011a). 
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Figure 15 Morphology of OP9 stromal cells alone and in co-culture with iPS colonies. 
Representative bright field images (x4 magnification) of gelatin-adapted OP9 
stromal cells grown as a monoculture (A) prior to the introduction of iPS cell 
colonies. OP9 stromal cells were maintained at a high density as can be seen in 
images taken 24 hours after seeding (i), large, flat cells displaying the required 
morphology. Within 4 days of culture OP9 cells had become confluent, forming 
swirl- patterns (ii) and following a further 4 days of maintenance (iii) cells had 
become overgrown and were suitable for use in the co-culture assay. C18 or C19 iPS 
colonies were then seeded onto day 8-12 OP9 cells. Colony integrity was 
maintained for the first 4 days of co-culture (Bi) Coverage of OP9 cells by iPS- 
derived cells had increased dramatically by day 6 (ii). Cells with an endothelial-like 
morphology could be detected in addition to phase-dark sac-like structures and 
cord-like structures which have been associated with haematopoiesis, as seen on 
days 8 to 10 (iii).  
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To better understand the populations arising during differentiation, co-cultures of C18 or 

C19 iPS cells with OP9 stroma were established as described (2.6.1). Whole cell 

populations, including both adherent and non-adherent cells, were harvested at regular 

time points for assessment by flow cytometry. The objective was to track the expression 

of previously described haematopoietic and endothelial-associated cell markers. 

Expression of CD34, CD31 and CD144 was observed on day 5 of co-culture (day 5 CD34+ 

cells 1.4% ± 0.7, mean ± SD) in the absence of the haematopoietic markers- CD43, CD41a 

and CD45 (day 5 CD43+ cells 0.0% ± 0.1, mean ± SD)(Figure 16)(Appendix Table 17). This, 

therefore, suggested the generation of an endothelial-like population or perhaps of a 

progenitor with a broader potency. By day 6, a small fraction of cells were observed to 

express CD41a and CD43, with an increase in the proportion of cells expressing these 

early haematopoietic markers between days 7 to 9 (day 8 CD43+ cells 3.0% ± 0.6, mean 

±SD)(Figure 16)(Appendix Table 17). By day 12 of co-culture, the OP9 stromal cells had 

been in culture for 20 days or more and appeared, by inspection of morphology, to be 

largely reduced in number. Day 12 or 13 co-culture cells were harvested and the whole 

cell fraction was replated onto a fresh OP9 feeder layer without selection. This replating 

step resulted in an increase in the proportion of cells expressing haematopoietic and 

endothelial markers but did not significantly impact upon the relative expression of cell 

surface markers, when compared to assays where a replating step had not been 

implemented. CD45+ cells were first observed on day 10 of culture and increased in 

number (day 8 CD45+ cells 0.1% ± 0.2 and day 14 CD45+ cells 1.9 ± 0.2, mean ± SD). By day 

22, CD45+ cells represented the predominant population, of the markers assessed, in co-
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culture (day 22 CD45+ cells 17.5% ± 0.9, mean ± SD)(Figure 16). In summary, the 

expression of endothelial-associated markers was observed prior to the presence of the 

early haematopoietic molecules, CD43 and CD41a which, in turn, arise before cell surface 

CD45 could be detected.  
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Figure 16 In co-culture with OP9 stromal cells, iPS cells differentiate and express 
haematopoietic and endothelial-associated cell markers. 
Differentiated C18 and C19 iPS colonies on OP9 stromal cells were harvested by 
incubation with collagenase IV and trypsin digestion, and stained with the 
appropriate mAbs before being analysed by flow cytometry. A replating step was 
performed on day 12/13 where the whole cell fraction was reseeded onto fresh OP9 
stromal cells. On day 5 of co-culture, small numbers of CD144+, CD34+ and CD31+ 
cells were detected (day 5 CD34+ cells 1.4% ± 0.7 SD) in the absence of the 
expression of haematopoietic markers (day 5 CD43+ cells 0.0% ± 0.1 SD). On day 
6/7, the first CD43+ and CD41a+ cells were observed which subsequently increased 
in number. CD45 expression was then detected on day 10/11 and by day 22 the 
CD45+ cells were the predominant population in co-culture (day 8 CD45+ cells 0.1% 
± 0.2 and day 22 CD45+ cells 17.5% ± 0.9). Values are expressed as mean percentage 
of cells expressing marker of total viable population ± SD where n=3 (detailed in 
Appendix Table 17). Data are representative of the mean from n=3 independent 
experiments.  
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3.3.1.2 CD34+ cells harvested from day 10 iPS/OP9 co-cultures are 

heterogeneous. 

To enable downstream applications it was important to identify a time point and 

population from which haematopoietic progenitor cells could be isolated. Two main 

considerations were: i) the ability to select the optimum number of cells committing to 

the haematopoietic lineage, and, ii) that haematopoietic cells in continued culture may 

become restricted in their differentiation potential. Day 10 was initially selected as a 

temporal window when expansion of cells expressing early haematopoietic markers could 

consistently be observed before a significant proportion of the population expressed 

CD45.  

CD34+ cells were enriched by MACS from day 10 C18 or C19 iPS/OP9 co-cultures and were 

then stained for haematopoietic and endothelial cells markers to provide a better insight 

into the identity of this population. CD34+ cells selected from day 10 co-cultures by MACS 

typically had a purity of greater than 80% (C18 iPS CD34+ 87.1% ± 4.7 and C19 iPS CD34+ 

81.6% ± 3.4, mean ± SD) (2.5.2.1). The number of CD34+ cells typically harvested from one 

10cm dish of day 10 iPS/OP9 cultures was in the region of 4x105 CD34+ cells (C18 iPS 

4.5x105 ± 0.7 and C19 iPS 3.7x105 ± 0.6, mean ± SD) (2.5.2.1).    

A subpopulation of CD34+ cells co-expressed CD43, a marker that first defines cells of the 

haematopoietic lineage (Figure 17) (Vodyanik et al., 2006, Wang et al., 2012). 

Furthermore, the CD34+CD43+ population has been demonstrated by others to have 

lympho-myeloid potential (Vodyanik et al., 2006). The majority of CD34+ cells were 

CD31+, with a small fraction of CD34-CD31+, as well as CD34+CD31- cells (Figure 17). KDR 

expression was detected in a subpopulation of CD34+ cells, as was Tie-2 and CD144. This 
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KDR+Tie-2+CD144+ phenotype was observed within the CD34high fraction, whilst CD34mid 

cells appeared mainly KDR-Tie-2-CD144mid (Figure 17). CD34+ cells were mainly CD45-, with 

less than 5% of cells expressing this marker. CD43+ cells, within the CD34 enriched 

fraction, could be further sub segmented into CD41+ and CD41a-. All CD41a+ cells 

expressed CD43 (Figure 17). Interestingly, the CD43+ population expressed a high level of 

CD31, an intermediate level of CD144 and was negative for KDR (Figure 17).  

To assess whether this day 10 population distribution was maintained across different iPS 

cell lines, both C18 and C19 iPS cells were differentiated on OP9 stromal cells and 

harvested for analysis by flow cytometry on day 10, where similar populations were 

observed. In a comparison of C18 and C19 iPS lines for the propensity of CD34+ cells to 

express CD43, as a possible indicator of haematopoietic potential, there was no 

difference between iPS cell clones (C18 33.2% ± 10.8 and C19 30.5% ± 15.6 mean ± 

SD)(Figure 18). Variation in haematopoietic differentiation efficiency, as assessed by the 

percentage of CD34+ cells that co-expressed CD43, was high. This variability could have 

been due to a number of factors, such as: colony size of iPS cells when seeded into co-

culture, number of iPS colonies plates, serum batch used in culture media and passage 

number of iPS cells. The contribution of these potential causes of variability was not 

further assessed, with the exception of serum batches, which were tested prior to use in 

the co-culture system. 
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Figure 17. Expression of haematopoietic and endothelial- associated cell surface markers on 
iPS-CD34+ cells harvested from day 10 iPS/OP9 co-cultures. 
C18 iPS cells were seeded onto overconfluent OP9 stroma and maintained for 10 
days as described in (2.2.3.2). Cultures were then harvested and the CD34+ fraction 
isolated by MACS to enrich for human cells that had differentiated towards the 
mesodermal lineage. Purity of CD34 enrichment was typically >80% (2.5.2.1). Cells 
were stained with mAbs reactive to molecules known to be expressed by a range of 
haematopoietic and endothelial cells before being analysed by flow cytometry. 
Varying numbers of CD34+ cells co-expressed CD43, KDR, Tie-2, CD31 and CD144. 
CD43+ cells were CD144mi d, CD31+, KDR- and could be subdivided into CD41a+ and 
CD41a- fractions. Representative image, n=3 independent experiments.  
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Figure 18 Comparison of C18 and C19 iPS cell lines in their capacity to produce CD43+ 
haematopoietic cells. 
The percentage of CD43+ cells in the CD34 fraction isolated from day 10 co-cultures 
when either C19 or C18 iPS cell lines were differentiated, metric used as an 
indicator to assess the haematopoietic differentiation efficiency across iPS cell 
lines. CD43+ cell number as a percentage of the total CD34 population showed no 
significant differences between C18 and C19 iPS cell lines (C18 33.2% ± 10.8 and 
C19 30.5% ± 15.6). Values are mean ± SD of n=6 independent experiments. 
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3.3.2 Multilineage differentiation of haematopoietic progenitor 

cells derived from iPS cells. 

3.3.2.1 The myeloid lineage potential of haematopoietic progenitors 

increases with extended culture.  

The colony forming unit (CFU) assay provides a quantitative and clonogenic readout of 

haematopoietic potential that has been well established and frequently described by 

many independent research laboratories. Analysis of colony morphology in the CFU assay 

enables the analysis of progenitor capacity at a single cell level, such as can be described 

with the CFU-E, BFU-E and CFU-GEMM colonies ( described in 2.6.4). Red blood cells can 

easily be detected in a CFU assay due to their unique ability to haemoglobinise. Colonies 

are labelled CFU-E (erythroid), if they are made up of less than 3 clusters and less than 

100 cells. If homogenous red blood cell colonies are composed of 3 or more cluster then 

they are designated BFU-E (burst forming unit-erythroid). In the assessment of adult 

haematopoietic progenitor and stem cells, CFU-E have been described as a readout for 

more mature erythroid progenitors with a reduced proliferation capacity, in comparison 

to BFU-E cells. Non-red blood cell colonies can be identified as CFU-G, CFU-M or CFU-GM 

dependent upon whether they are composed of morphologically distinct granulocytes, 

macrophages or both. For the purposes described herein, these three colonies types 

were not distinguished and were scored as CFU-G/GM. The final class of colonies 

generated in the CFU assay are CFU-GEMM (granulocyte, erythroid, macrophage, 

megakaryocyte) which identifies the presence of a multi-lineage myeloid progenitor.  
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It was initially observed that CD43+ cells, isolated from day 9/10 C18 or C19 iPS/OP9 co-

cultures, yielded CFU-G/GM and a small number of CFU-E, but no BFU-E or CFU-GEMM 

(Figure 19). Therefore, it was hypothesised that haematopoietic differentiation potential, 

as assessed by the CFU assay, might change with increasing time in co-culture and 

coincident expansion of the CD45+ population. C18 or C19 iPS colonies were seeded onto 

OP9 stromal cells and cultured for 10 days, whereupon CD34+ cells were enriched by 

MACS. CD34+ cells were then cultured with fresh OP9 cells for a further 12 days, with half 

media changes every 2 days. On day 22, cells were harvested by incubation with 

collagenase IV/trypsin and enriched by MACS for CD43/45+ cells. This was achieved by 

mixing one volume of CD43 microbeads with one volume of CD45 microbeads, prior to 

incubation. CD43/45+ cells, when enriched by MACS, had typically purities of >90% 

(2.5.2.2). Day 22 CD43/45+ cells were seeded into the CFU assay and colonies were scored 

after 14 days of culture. 

Early (harvested from day 9/10 co-cultures) and late (from day 22 co-cultures) 

haematopoietic progenitors had a similar potential to produce CFU-G/GM colonies 

(Figure 19). Both early and late HPCs generated a limited number of CFU-E colonies 

(Figure 19). The clearest difference, however, was observed with the capacity to form 

BFU-E and CFU-GEMM. This potential was absent from the early HPC population but 

present in the late HPC population (Figure 19). The number of BFU-E colonies observed 

was greater when late HPCs were seeded, in comparison to early HPCs, this difference 

was statistically significant (Figure 19). CFU-GEMM colonies were never detected in early 

HPC seeded assays, but were present in late HPC cultures. However, the number of CFU-

GEMM colonies derived from late HPCs was low and variable. Therefore, the difference 
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between CFU-GEMM potential in early HPC versus late HPC cultures did not reach 

statistical significance in 3 independent experiments (P=0.07). In summary, continued 

culture of iPS colonies with OP9 stromal cells coincides with an increase in multipotent 

myeloid progenitors, as elucidated by the CFU assay.   
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Figure 19 Comparison of day 8-10 (early) and day 22 (late) iPS- progenitor CFU potential 
following OP9 co-culture. 
iPS colonies were co-cultured with OP9 stroma for 8-10 or 22 days respectively 
when populations were enriched for CD43+ cells (day 8-10/early) or CD43/45+ cells 
(day 22/late). Scoring of CFU assays (A) revealed CFU-GEMM and BFU-E potential 
was exclusively found in the day 22 population. Mean ± SD. Unpaired t-test, NS 
P>0.05, **P≤0.01. (B) x4 brightfield images of representative CFU colonies (left to 
right); early CFU-G/GM, late CFU-G/GM, early CFU-E, late CFU-GEMM. n=3 
independent experiments. 
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3.3.2.2 iPS-derived haemato-endothelial progenitors are capable of 

differentiation to multiple lineages. 

The in vitro assessment of the capacity of a haematopoietic stem or progenitor cell 

population to differentiate into myeloid and lymphoid progeny can be seen as a 

functional assay to align cell surface phenotype with identity. The CFU is well described 

but only enables myeloid differentiation. The capacity of human pluripotent stem cells to 

differentiate into T lymphocytes has robustly been described with the use of OP9 stromal 

cells that ectopically express the Notch ligand Delta-1 (Kennedy et al., 2012, Timmermans 

et al., 2009). Human pluripotent stem cell differentiation to the B lymphocyte lineage 

however, has only been described once from human ES cells and the resulting CD19+ 

fraction was not further characterised (Vodyanik et al., 2005).  

The objective was to promote B cell differentiation from iPS-HPCs, alongside the 

production of myeloid cells, representative of both megakaryocyte-erythroid and 

granulocyte-macrophage lineages. As cells with an endothelial phenotype 

(CD34highKDR+Tie-2+CD144+CD45-) were detected on day 10 and, as endothelial cells are a 

component of the adult haematopoietic niche, the outgrowth of endothelial-like cells was 

also an objective. Simultaneous T and B lineage differentiation has been reported to be 

mutually exclusive, (Calvo et al., 2012, Wilson et al., 2001). Therefore, T cell 

differentiation was not pursued. To promote multilineage differentiation from iPS-HPCs a 

variety of cytokine regimes were adopted (summarised in Table 7). IL-3, IL-7, SCF and 

Flt3L were used to promote B cell differentiation, as has previously been described in the 

human ES cell/MS-5 stromal assay (Vodyanik et al., 2005). To promote endothelial 

differentiation, VEGF alone was included, as it is a known growth factor for this cell type 
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both in vivo and in human ES cell cultures (James et al., 2010, Gerber et al., 1999). Red 

blood cell conditions were adapted from Chou et al. and involved the addition of IL-3, 

SCF, IGF-1, Dexamethasone and EPO (Chou et al., 2011). Finally, the fourth set of 

conditions included all of the factors listed (IL-3, IL-7, SCF, Flt3L, VEGF, IGF-1, 

Dexamethasone and EPO) to potentially encourage multilineage differentiation. OP9 

stromal cells were used to promote haematopoietic differentiation from iPS and were 

therefore also used in this context, to promote multilineage differentiation, in the 

presence of cytokines. MS-5 stromal cells were compared to OP9 stromal cells, using the 

same cytokines, as this cell type had been demonstrated to support B cell differentiation 

from human ES cells (Vodyanik et al., 2005). 

C19 iPS cells were differentiated for 10 days on OP9 stromal cells and CD34+ cells were 

enriched by MACS as previously described (2.6.1). 2.5x104 iPS-derived CD34+ cells/ml 

were seeded onto OP9 or MS-5 stromal cells in the presence of the cytokine regimes 

detailed in Table 7. As this assay was not performed at the single cell level it was 

acknowledged that this was not an assessment of multilineage/stem cell potential but 

was instead a read-out at the population level. Cultures were maintained for 19 days, 

harvested by collagenase IV/trypsin incubation, before being stained with mAbs for flow 

cytometry analysis. CD19 expression was used to identify B cells, CD235a as a marker for 

red blood cells, CD14 to detect cells of the monocyte-macrophage lineage, CD45 as a pan-

haematopoietic marker and a CD144+CD45- phenotype as a potential indicator of an 

endothelial-like population (illustrated in Appendix Figure 75).  
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Table 7 Cytokine regimes designed to promote myeloid and lymphoid differentiation from 
haematopoietic progenitors in the presence of OP9 or MS-5 stroma.  
 Cytokines  Reference 

B cell conditions (B) IL-3, IL-7, SCF, Flt3L (Vodyanik et al., 2005) 

RBC conditions (RBC) IL-3, SCF, IGF-1, 

Dexamethasone, EPO 

Adapted from (Chou et 

al., 2011) 

Endothelial conditions (endo) VEGF (James et al., 2010) 

All factors (All) IL-3, SCF, IGF-1, 

Dexamethasone, EPO, IL-7, 

Flt3L, VEGF 

As above 

Cytokines were used at the following concentrations; SCF 50ng/ml, Flt3L 50ng/ml, 
IL-3 10ng/ml, IL-7 20ng/ml, VEGF 10ng/ml, EPO 3U/ml, IGF-1 40ng/ml, 
Dexamethasone 1μM. 
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CD45+ haematopoietic cells could be obtained in all culture conditions, albeit at a much 

reduced frequency in endothelial conditions (Figure 20A). CD45-CD144+ cells, which may 

represent an endothelial-like population, were also present in all conditions assayed 

(Figure 20B). As endothelial conditions generated very few haematopoietic cells, these 

cultures were not analysed further. A significant number of CD19+ cells were detected, 

but only in B cell conditions, either with MS-5 or OP9 cells (Figure 21). Variability in the 

number of CD19+ cells produced between the 2 independent experiments was high. In 

general however, when the same population of CD34+ cells was seeded into MS-5 or OP9 

co-culture, a greater number of CD19+ cells were detected from MS-5 co-cultures (Figure 

21). This MS-5 co-culture system therefore was carried forward as a method to promote 

B cell differentiation, in addition to the generation of non-B cell haematopoietic cells and 

endothelial-like cells. To determine whether myeloid cells, representative of both 

megakaryocyte-erythroid and granulocyte-macrophage lineages, could be detected in 

MS-5 B cell conditions, the presence of CD235a+ and CD14+ cells was assessed. A small 

and variable number of CD235a+ cells were present in MS-5 B cell conditions, in 

comparison to MS-5 All factor or OP9 All factor conditions (that included EPO) (Figure 

22A). As the majority of CD235a+ cells in MS-5 B cell conditions expressed low levels of 

this marker, when compared to CD235a expression levels in MS-5 All factor conditions, it 

can be concluded that a negligible number of red blood cells are generated in MS-5 B cell 

conditions.  CD14+ cells can be consistently detected in MS-5 B cell conditions, albeit with 

variable efficiencies with similar comparability between MS-5 and OP9 B cell conditions 

(Figure 22B).  
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This experiment was performed with only two independent experiments as the aim was 

to initially identify conditions in which a B cell, and possibly multilineage readout, could 

be obtained. Between these two experiments, it is evident that the efficiency of 

differentiation to generate different cells types was variable. This was most likely due to 

the use of different serum batches and/or because of different numbers of CD43+ 

haematopoietic progenitors in the initial CD34+ population seeded. To assess the 

variability and reproducibility of B lymphocyte generation from C18 or C19 iPS-CD34+ cells 

in MS-5 co-culture (with B cell condition factors), this experiment was repeated with a 

consistent and pre-screened defined serum batch. When analysed after 21 days of co-

culture, the proportion of CD19+ cells as a percentage of the total cell population was 

3.7% ± 0.6 (mean ± SD) and as a percentage of total CD45+ cells, 4.7% ± 1.0 (mean ± SD) 

(Table 8). The total number of CD45+ cells harvested, when 5x104 CD34+ cells were 

seeded, was 1.01x106 ± 1.98x105 (mean ± SD) (Table 8). Importantly, CD19+ cells were 

generated consistently in a large number of experiments (here, 7 out of 7) and, when a 

number of different serum batches were used.  

In summary, B lymphocytes, monocyte-macrophage and endothelial-like cells were 

shown to be derived from iPS-CD34+ cells in MS-5 co-culture in the presence of IL-7, IL-3, 

SCF and Flt3L. These conditions were therefore used in the next section and throughout 

the thesis to promote B lymphocyte differentiation from iPS cells.  
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Figure 20 The effect of stromal cell environment and cytokine regime on the differentiation of 
iPS-CD34+ cells.  
CD34+ cells were isolated from day 10 C19 iPS/OP9 co-cultures and seeded into an 
assay with either MS-5 or OP9 stroma. Cultures were supplemented with the 
cytokines as detailed in  
Table 7. Cells were then harvested by collagenase IV/trypsin incubation on day 19 
of co-culture, before being analysed by flow cytometry. (A) ˃150,000 
haematopoietic cells staining positive for the pan-leukocyte marker CD45 could be 
observed in every condition assessed with the exception on both MS-5 and OP9 
Endothelial (endo) cultures. (B) CD144+CD45- cells, which may have an endothelial 
identity, were identified in the presence of all  cytokine regimes. Values 
representative for individual experiments (n1, n2). n=2 independent experiments.  

A

B 
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Figure 21 The effect of stromal cell environment and cytokine regime on the B cell 
differentiation of iPS-CD34+ cells. 
CD34+ cells were isolated from day 10 C19 iPS/OP9 co-cultures and seeded into an 
assay with either MS-5 or OP9 stroma. Cultures were supplemented with the 
following cytokines as detailed in  
Table 7. Cells were then harvested by collagenase IV/trypsin incubation on day 19, 
before being analysed by flow cytometry. CD19+ B cells were observed in B cell (B) 
conditions, with greater cell numbers being obtained with MS-5 stroma than OP9 
stroma co-cultures. Values representative for individual experiments (n1, n2). n=2 
independent experiments.  
 

 

 

A 
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Figure 22 Assessing the presence or absence of CD235a+ and CD14+ cells in B cell conditions. 
CD34+ cells were isolated from day 10 C19 iPS/OP9 co-cultures and seeded into an 
assay with either MS-5 or OP9 stroma. Cultures were supplemented with the 
following cytokines as detailed in  
Table 7. Cells were then harvested by collagenase IV/trypsin incubation on day 19, 
before being analysed by flow cytometry. B cell (B) conditions were the only 
cultures permissive for B cell generation. (A) CD235a+ cells were generated in MS-5 
All conditions but low and variable numbers of erythrocytes were observed in MS-5 
B cell conditions. (B) CD14+ cells were generated in B cell conditions with MS-5 or 
OP9 stromal cells. Values representative for individual experiments (n1, n2). n=2 
independent experiments.  
 

B 
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Table 8 Variability of B cell differentiation from iPS-CD34+ cells in MS-5 co-culture with IL-7, IL-3, 
SCF and Flt3L, using the same serum batch.  
 Mean Standard Deviation Number of 

independent 
experiments 

CD19+ cells (% of total 
population) 

3.68 

 

0.59 5 

CD19+ cells (% of CD45+ 

cells) 
4.70 

 

0.98 

 

3 

Total CD45+ cells/5x104 
CD34+ cells seeded 

1,011,428 

 

197,942 

 

7 

iPS-CD34+ cells were generated by the co-culture of C18 or C19 iPS cell colonies 
with OP9 stromal cells for a period of 10 days. Cells were then harvested and MACS 
enriched for the CD34+ fraction before being reseeded onto MS-5 stroma in 
Differentiation media supplemented with IL-3, IL-7, SCF and Flt3L. After 21 days of 
culture, cells were harvested, stained with mAbs and analysed by flow cytometry.  
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3.3.3 Gene expression profiling of iPS-derived B cells reveals high 

similarity with UCB-HSC/HPC-derived B cells 

3.3.3.1 Isolating CD19+CD10+ B cells from iPS, fetal and adult sources 

Cell identity is frequently attributed by assessing the presence and/or absence of cell 

surface markers either in isolation or corroborated with expression data for a limited 

number of genes. Whilst the expression of key transcription factors clearly has a 

significant impact upon the phenotype of a cell, identity can more accurately be 

described by a global analysis of gene expression, when used in combination with protein 

markers. Genome-wide arrays produce data on the expression of known and candidate 

genes as well as splice variants and are therefore a powerful tool. It was hypothesised 

that iPS-derived B cells might be fetal-like and demonstrate major differences when 

compared to HSC-derived B cells.  

Four different iPS cell lines were used to generate iPS-B cells. These were kindly provided 

by Dr. Lee Carpenter and Cheng-Tao Yang in our laboratory or Dr. Pollyanna Goh from 

UCL and were: i) C19, a cell line produced from dermal fibroblasts using the retroviral 

delivery of the Yamanaka factors, ii) OPM2, generated from peripheral blood MNCs, iii) 

OC3, generated from umbilical cord blood MNCs. Both OC3 and OPM2 lines were 

reprogrammed using episomal plasmids with the Thomson factors, and iv) PA, a cell line 

generated from donor dermal fibroblast cells was generated using episomal plasmids 

containing OCT3/4, SOX2, KLF4, TP53, LIN28 and MYCL1 as described by Okita et al. (Chou 

et al., 2011) (described in 2.2.3.1). iPS lines were therefore generated from a diverse 

range of cell types using a broad range of integrating and non-integrating reprogramming 

techniques and range of factors.  
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CD19+CD10+ pre-B cells were generated from iPS cell lines by a two-step co-culture 

system (Figure 23). Initially, iPS cells were co-cultured with OP9 stroma for 10 days, 

whereupon the CD34+ population was enriched. In the second stage, CD34+ cells were 

reseeded onto MS-5 cells and cultured with IL-7, IL-3, SCF and Flt3L as previously 

described for a further 21/22 days (as described in 2.6.2). Cells were then enriched for 

CD19 expression by MACS, before being FACS sorted to isolate the CD19+CD10+ fraction 

(Figure 24). B cells derived from iPS cell lines, OC3, C19 and PA ,were all generated and 

isolated on the same day, using the same FACS and sorting gates (Figure 24). Within the 

CD19+ MACS isolated sample, these three cell lines contained a similar proportion of 

CD19+CD10+ cells (Figure 24). In comparison, B cells derived from the OPM2 iPS cell line 

were generated and isolated on a different day using a different FACS machine and 

voltage settings. OPM2-derived B cells contained a smaller proportion of CD19+CD10+ 

cells in the CD19+ MACS enriched population (Figure 24).  However, in comparison to 

controls, and, as CD19+ cells were mainly CD10+, the sorted populations were broadly 

comparable. RNA was then extracted from iPS-derived B cells and stored at -20°C.  
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Figure 23 Schematic of B cell generation for gene array comparison. 
B cells were generated from iPS cell lines (1.) by differentiation on OP9 stromal 
cells, isolation of the CD34+ fraction and subsequent co-culture with MS-5 stroma 
to yield CD19+ B cells. UCB-CD133+ HSC/HPCs (2.) were FACS sorted and 
differentiated on MS-5 stroma, using the same protocol as applied to iPS cell 
differentiation, to generate CD19+ cells. B cells were also isolated from UCB MNCs 
(3.) and PB MNCs (4.). CD19+ cells were enriched by MACS from the 4 different cell 
types described (with 4 biological replicates) before being FACS isolated for the 
CD19+CD10+ fraction. RNA was then isolated for gene array analysis. RNA was also 
isolated from undifferentiated iPS cell colonies (5.).   
 

 

 

 



Chapter 3 

- 122 - 
 

As a comparison to iPS-B cells, HSC/HPCs were differentiated to the B cell lineage using 

the same culture system, MS-5 stroma supplemented with IL-7, IL-3, SCF and Flt3L (Figure 

23). This would therefore allow a dissection of the impact of either environmental or cell 

intrinsic properties on the transcriptional landscape. UCB is a rich source of HSCs that 

provide long-term and serially transplantable reconstitution (Broxmeyer et al., 1991, 

Broxmeyer, 2008, Ito et al., 2010). Moreover, UCB is frequently used as an alternative to 

bone marrow HSCs in the clinic (Gluckman et al., 1989, Wagner et al., 1995, Li and Sykes, 

2012, Liao et al., 2011). CD133 is a cell surface glycoprotein that is expressed on a range 

of cell types including haematopoietic stem and progenitor cells (Yin et al., 1997, Ito et 

al., 2010). CD133+CD34+ cells have been shown to be enriched for long-term repopulating 

potential, in comparison to CD133-CD34+ cells, and therefore potentially described the LT-

HSC pool more accurately than CD34 alone (de Wynter et al., 1998, Gallacher et al., 2000, 

Gorgens et al., 2013). CD133+ cells were enriched by MACS from the MNC fraction of UCB 

(as described in 2.5.2.3). After storage by cryopreservation, CD133+ cells were thawed, 

cultured overnight in Stemspan media with Flt3L, SCF, TPO and IL-6 before being FACS 

isolated for CD133+CD19- cells to ensure the exclusion of residual B cells (Figure 25). 

CD133+CD19- cells were isolated from 4 different UCB donors and cells were always 

subsequently cultured separately to generate biological replicates. A purity check was run 

on FACS-sorted cells after isolation, which were 100% CD133+CD19- (Figure 25). 

CD133+CD19- UCB-HSC/HPCs (hereafter referred to as UCB-CD133+ or HSC) were then 

seeded into co-culture with MS-5 stroma, supplemented with cytokines as previously 

described (as described in 2.6.2). After 21/22 days, cells were harvested and isolated by 

FACS for the CD19+CD10+ fraction (Figure 26). The sorting gate set clearly distinguished 

CD19+CD10+ cells from the negative population and in relation to FMO controls. The gate 
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was set to include the entire CD19+CD10+ population which, in the case of Sample 4, 

appeared to contain two subpopulations (Figure 26). The CD19+/highCD10+/high population, 

comparable in fluorescence intensity to iPS-derived B cells, and a second 

CD19+/midCD10+/mid population (Figure 26). This CD19+/midCD10+/mid population was 

observed in Sample 4 and, to a lesser extent, the other three UCB-CD133+ derived B cells. 

Purity check of sorted B cell populations revealed 100% purity of CD19+CD10+ cells (Figure 

26).  RNA was then extracted from UCB-CD133+ derived B cells and stored at -20°C. UCB-

CD133+ cells produced a greater number of CD19+ B cells than iPS-CD34+ cells in the same 

in vitro culture system. This can be partially explained by the heterogeneity of the iPS-

CD34+ population which contains endothelial and mesenchymal progenitors in addition to 

progenitors of the haematopoietic lineage (Vodyanik et al., 2006). In comparison, the 

UCB-CD133+ population is generally considered to be a haematopoietic stem/progenitor 

cell pool.   

UCB and peripheral blood (PB) were also collected as a source of neonatal and adult B 

cells that had been generated without in vitro manipulation. Here UCB, and PB, from 4 

different donors were collected and the MNC fraction was isolated by density 

centrifugation. B cells were then enriched by MACS selection for CD19+ cells before FACS 

isolation of the CD19+CD10+ population (Figure 26). Both UCB and PB CD19+ cells had a 

range of CD10 expression. Cells were therefore sorted that were CD19+CD10high. In the 

UCB B cell samples this gate was equivalent to around 30% of the MACS enriched CD19+ 

fraction (Figure 26). In comparison, this gate only included around 5% of PB MACS 

enriched CD19+ cells (Figure 26). RNA was then extracted from UCB and PB B cells and 

stored at -20°C.  
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Ideally, B cell populations from the different sources would have been FACS isolated on 

the same day, using the same machine and applied gates. This however was not 

achievable due to the availability of primary cells and limitations with equipment 

availability. However, overall, clearly distinct CD19+CD10+/high cells were FACS isolated 

from all samples described.   

As a non-B cell comparison, RNA was also isolated from iPS lines in their pluripotent, 

undifferentiated state. Here, iPS cell lines were cultured in mTesR until colonies were 

large but distinct and undifferentiated, lysis buffer was then added directly to the 

adherent cells and RNA was extracted. 
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Figure 24 FACS gating approach taken for the isolation of iPS-derived B cell populations. 
CD34+ cells were generated following co-culture of iPS colonies (C19, OPM2, OC3 
and PA iPS cell lines) with OP9 stroma. CD34+ cells were enriched by MACS and 
seeded into co-culture with MS-5 cells and cultures were supplemented with IL-7, 
IL-3, SCF and Flt3L. Cultures were maintained for 21/22 days and harvested by 
collagenase IV/trypsin incubation. Cells were then enriched by MACS using CD19-PE 
and anti-PE microbeads before being stained with mAbs to CD10 for FACS isolation. 
FMO controls were run using whole cell fractions as MACS enrichment involved the 
usage of fluorescently labeled antibodies (CD19-PE and anti-PE microbeads). FMO 
controls for the OPM2 sample can be seen in Figure 26. CD19+CD10+ cells were 
isolated from iPS-derived B cell populations using the gates shown.  
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Figure 25 FACS gating approach taken for the isolation of CD133+CD19- cells from UCB MNCs. 
The MNC fraction was isolated from UCB, CD133+ HSC/HPCs were enriched by MACS. 
Cells were then FACS isolated to eliminate CD19+ B cells. CD133+CD19- cells were 
seeded into co-culture with MS-5 stroma supplemented with IL-7, IL-3, SCF and 
Flt3L to promote B cell differentiation. Sorted cells were checked for purity and 
were demonstrated to be 100% pure. Representative image from 4 different donor 
samples.  
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Figure 26 FACS gating approach taken for the isolation of UCB- derived B cell populations. 
CD133+CD19- cells were FACS isolated from UCB MNCs and seeded into co-culture 
with MS-5 cells, cultures were supplemented with IL-7, IL-3, SCF and Flt3L. Cultures 
were maintained for 21/22 days and harvested by collagenase IV/trypsin 
incubation. Cells were then enriched by MACS using CD19-PE and anti-PE 
microbeads before being stained with mAbs to CD10 for FACS isolation. FMO 
controls were run using whole cell fractions as MACS enrichment involved the usage 
of fluorescently labeled antibodies (CD19-PE and anti-PE microbeads). CD19+CD10+ 
cells were isolated from UCB-derived B cell populations using the gates shown. A 
purity check was run, a representative sample of cells were 100% CD19+CD10+.  
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Figure 27 FACS isolation of UCB and PB B cell populations. 
MNCs were isolated from 4 UCB and 4 PB donors. Cells were then enriched by MACS 
using CD19-PE and anti-PE microbeads before being stained with mAbs to CD10 for 
FACS isolation. FMO controls were run using whole cell fractions as MACS 
enrichment involved the usage of fluorescently labeled antibodies (CD19-PE and 
anti-PE microbeads).CD19+CD10+ cells were isolated from UCB and PB B cell 
populations using the gates shown. Four UCB and PB samples from different donors 
were isolated, figures are representative of two UCB and PB donors.  
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3.3.3.2 iPS-B cells demonstrate high levels of similarity in gene expression 

with UCB HSC/HPC- derived B cells  

RNA from iPS cells, iPS-derived B cells (iPS-B), UCB HSC/HPC-derived B cells (HSC-B), UCB 

B cells (UCB) and PB B cells (PB), as described in 3.3.3.1, was taken for gene array profiling 

using the Illumina Human-HT-12v4 expression BeadChip system. Briefly, quality controls 

were analysed and RNA was converted to biotin-labelled cRNA for hybridisation. Samples 

were loaded, scanned and analysed. Sample number 3 of the PB group failed in the assay 

and was therefore not included in further analysis. Data were then normalised using the 

lumi bioconductor package and the 767 statistically significant differentially expressed 

genes were analysed by SAM (Significance Analysis of Microarrays) using MeV software 

(Du et al., 2008). Data were visualised as a heat map with hierarchical clustering (Figure 

28). All biological replicates clustered within sample type/cell source. Within biological 

groups, strong similarity in gene expression could be observed. One sample (HSC-B 1) 

showed observable differences within the group and variation within the PB group 

appeared to be higher than within other biological cell type groups. As expected the 

greatest difference could be observed between undifferentiated iPS and the four B cell 

groups. Broadly the heat map could be seen to be made up of three regions: 1) high 

expression in iPS samples and low in all B cell samples 2) high expression in B cell samples 

and predominantly low expression in iPS samples and 3) high expression in iPS samples, 

generally low expression in UCB and PB samples and intermediate expression in iPS-B and 

HSC-B (Figure 28). To look at relatedness between groups, Principal Component Analysis 

(PCA) was run using the same 767 gene data set. PCA simplifies complex data sets, 

reducing dimensionality by analysing covariance. The majority of the variance in 
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expression was described by principal component 1 (PC1) which accounted for 44.9% of 

the variation within the data described. PC2 contained 30.1% and PC3 11.6% of the 

spread of data. Summary of expression data by PCA, plotted by with each sample as a 

single point, demonstrated close similarity between samples in a group. In the 

dimensions of PC1, iPS-B, PB and HSC-B were positioned most closely with overlap of iPS-

B and PB (Figure 29 A). MNC samples are then the next most closely plotted points, with 

iPS samples showing the highest separation in PC1. When PC2 is considered, iPS-B, HSC-B 

and PB sub segmented, with iPS-B and HSC-B being more closely positioned (Figure 29 B). 

Of the three PB samples, one sample demonstrated large differences in PC2 as well as 

PC3 and can potentially be considered to be an anomaly. In PC2, PB and iPS were closely 

clustered with marginally more distant positioning of UCB. Analysis of PC3 revealed the 

close relatedness of iPS-B (with one sample showing more diffuse positioning in this 

parameter) and HSC-B (Figure 29 C).  In PC3, iPS samples were more closely related to 

iPS-B than UCB.  When PC1, PC2 and PC3 were considered in conjunction, iPS-B and HSC-

B clustered most closely. Two of the PB samples then had the most similarity to iPS-B and 

HSC-B samples with greater differences in UCB. Of all five groups, undifferentiated iPS 

cells demonstrated the greatest differences, as would be expected.  
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Figure 28 Heat map representation of 767 significantly expressed genes. 
Gene array data was normalised and then analysed by SAM (Significance Analysis of 
Microarrays). Columns represent array comparisons between different samples and 
replicates. 4 biological replicates of iPS, iPS-B, HSC-B and UCB with 3 biological 
replicates of PB are shown. Rows represent genes. Red indicates a high expression 
level with green indicating low expression levels.  
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Figure 29 Correlation of 767 significantly expressed genes mapped onto the first three principal 
components. 
PC1 accounts for 44.9% of the variance in the data described, PC2 for 30.1% and 
PC3 11.6%. (A) X axis= PC1, Y axis = PC2 (B) X axis= PC1, Y axis = PC3 (C) X axis= PC2, 
Y axis = PC3. Overall samples in biological groups cluster together. Within the 3 PB 
samples that passed the quality control assessment, 1 sample demonstrates large 
differences in PC2 and can be considered to be anomalous. iPS-B clusters most 
closely with HSC-B, with overlap between these two groups in PC3 and proximal 
positioning in PC1 and PC2. In PC1, the PB samples overlap with the outer iPS-B 
value. iPS cells are clustered away from in PC1 as well as PC2 and PC3. PC3 
positions UCB far from iPS-B, HSC-B and PB. PC1 and PC2 show a smaller degree of 
difference in PC1 and PC2 of UCB in relation to the remainder of the groups than 
with iPS.  Red= iPS-B, Purple= HSC-B, Blue= PB, Green= UCB, Yellow= iPS. 
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To assess the small number of differences between iPS-B and HSC-B at the single gene 

level, expression profiles were directly compared. Normalised genes were filtered based 

on significance with adjusted P values of ˂0.05 and empirical Bayes log odds of 

differential expression >3. Genes with a logF fold change of ˃1.0 (Table 9) or ˂-1.0 (Table 

10) were considered. In a comparison of iPS-B and HSC-B samples, there were 52 genes 

fitting these criteria (21 genes logF ˃1.0 and 31 logF ˂-1.0). The number of genes 

described by these parameters in a comparison of HSC-B and UCB was 544 (251 genes 

logF ˃1.0 and 293 logF ˂-1.0).  

The group of 21 genes that were upregulated in iPS-B cells in relation to HSB-B cells 

included PDGFRA, Lin28B, and CCR7 (Table 9). The differential expression of Lin28b is of 

interest due to recent data supporting a role for this RNA-binding protein in conveying a 

fetal-like potential to adult HSCs (Yuan et al., 2012). The potential relevance of the 

differential expression of Lin28b and PDGFRA are discussed further in section 3.4. CCR7 

expression levels were higher in iPS-B than HSC-B.  CCR7 is a chemokine receptor that 

binds CCL21 and CCL19, having a role in lymphocyte migration (Copley et al., 2013).  CCR7 

has been reported to be expressed at low levels in human B cells until they reach the 

IgM+ immature cell stage (Honczarenko et al., 2006). It is therefore possible that iPS-B 

cells are more mature than HSC-B cells in this assay.  Notably, CCR7 was differentially 

expressed in UCB B cells, with higher expression observed in comparison to HSC-B cells.   

When the 20 genes upregulated in iPS-B (in comparison to HSC-B) were analysed using 

DAVID (Database for Annotation, Visualization and Integrated Discovery) (Table 9), 10 of 

the genes encoded membrane proteins (P=0.065), 11 were phosphoproteins (P=0.064) 

and 9 were glycoproteins (P=0.022). The list also included 5 genes involved in nucleotide-
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binding (P=0.056), specifically, purine ribonucleotide binding. 4 of the enriched genes are 

known to be involved in the immune response (P=0.028) (Huang da et al., 2009b, Huang 

da et al., 2009a).   

Analysis, using DAVID, of the 27 genes downregulated in iPS-B in relation to HSC-B (Table 

10) revealed the following associations: 4 genes involved in the positive regulation of 

(macromolecular) biosynthesis (P= 0.053), 4 genes that are positive regulators of 

molecular function (P= 0.041), 3 genes involved in the regulation of protein modification 

(P=0.058) and 2 transcription elongation factors (P= 0.0086). (Huang da et al., 2009b, 

Huang da et al., 2009a). This suggests that HSC-B cells are more metabolically active than 

iPS-B cells. Of interest, the differential expression of the myosin light chain regulatory 

gene, MYL10/PLRLC, has been demonstrated to distinguish fetal from adult pre-B cells 

(Oltz et al., 1992). MYL4, a structural myosin light chain but not MYL10 was differentially 

expressed. Previously MYL4 has been associated with expression in embryonic muscle 

and adult cardiac tissue (Price et al., 1980, Kurabayashi et al., 1988).  

544 genes were significantly differentially expressed between HSC-B and UCB. Of these 

genes, the 20 with the greatest and lowest expression values within the pair-wise 

comparison were analysed further. Of the 20 genes that showed the greatest positive 

differential expression between HSC-B and UCB (Table 11), 9 genes are involved in cell 

cycle/cell division (P= 0.0000049). Of these 9, 7 genes are involved in M phase (P= 

0.0000041), 4 genes are involved in the regulation of apoptosis (3 anti-apoptotic) 

(P=0.033).  HSC-derived B cells therefore appear to be undergoing a greater rate of 

proliferation than isolated UCB B cells. This could be due to differences in heterogeneity 

as well as extent of differentiation in the two populations. IgLL1, which encodes λ5, a 
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surrogate light-chain was highly expressed in HSC-B cells in comparison to UCB. This gene 

is part of the pre-BCR that is expressed on pre-B cells and does not contribute to the 

antibody structure (Herzog et al., 2009).  

Of the 20 genes that showed the greatest negative differential expression between HSC-B 

and UCB (Table 12), 14 genes are associated with polymorphism (P=0.066)- proteins that 

are variant within the population. 6 genes are membrane proteins (P=0.093), 4 are 

involved in chemokine signalling (P=0.0024) and 3 are Immunoglobulin-like genes 

(P=0.082). This could suggest that the isolated UCB B cell population is more mature than 

the HSC-derived B cell population.  
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3.3.4 Serum and feeder- free assays for promoting haemato-

endothelial differentiation of iPS cells.   

3.3.4.1 Defining conditions to promote haematopoietic differentiation of iPS 

cells in the absence of feeder cells or serum. 

Co-culture of iPS colonies with OP9 stroma in the presence of serum-containing media 

robustly and efficiently promotes haemato-endothelial differentiation. However, as a 

system to understand the mechanism of haematopoietic development and identify 

critical factors, the OP9 co-culture is limited. Mouse stromal cells express  a whole range 

of cell surface molecules and secreted soluble factors that have not been defined. 

Furthermore, the range of components within serum is both variable and not fully 

defined. In addition to the restrictions that such a assay places on a precise 

understanding of mechanisms, it is also true that for the differentiated cells to be used 

clinically protocols must be cGMP (current Good Manufacturing Practices) compliant. 

Therefore, the aim of this section of research was to describe a serum and feeder-free 

system which promotes haematopoietic differentiation of iPS cells.  

Work within the laboratory has built on the findings of both Keller and colleages and 

Murray and colleages to demonstrate that AA, BMP-4 and bFGF are able to drive the 

formation of beating cardiomyocytes from iPS cells under serum and feeder-free 

conditions (Laflamme et al., 2007, Carpenter et al., 2012, Yang et al., 2008). As both 

cardiomyocytes and haematopoietic progenitors are of mesodermal orgin, it seemed 

likely that the initial stages of the iPS- cardiomyocyte protocol might be relevant for 
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haematopoietic differentiation. Other factors that have been identified to play a role in 

haematopoietic differentiation include VEGF, SCF, Flt3L and TPO, cytokines known to play 

a critical role in ontogeny of the blood system (Fina et al., 1990, Kabrun et al., 1997, 

Murray, 1932, Sabin, 1920, Young et al., 1995, McKenna et al., 2000, Solar et al., 1997, 

Besmer et al., 1993). The starting point therefore was to introduce these seven factors in 

different combinations and stages to determine whether haematopoietic progenitors 

could be generated from iPS cell colonies. To change from ‘maintenance’ to 

‘differentiation’ conditions, C18 or C19 iPS colonies that had been allowed to grow 

maximally (without spontanous differentiation) were switched from mTeSR medium to 

supplemented Stem Pro-34 media containing cytokines as described in Table 13 and this 

time point was thus designated day 0. Cultures were then fed every two days with 

supplementation as described in Table 13 before being harvested on day 10 of culture by 

incubation with accutase. The total population was then stained with mAbs to 

haematopoietic and endothelial markers and analysed by flow cytometry. The protocol is 

shown schematically in Figure 30.  

In preliminary experiments, all six protocols tested generated CD34+CD43+ cells indicative 

of successful haematopoieitc differentiation, however the percentage of cells produced 

within the total population ranged from 0.1- 1.1%. Conditions 1 and 4 protocols resulted 

in the highest number of CD43+ cells, these differentiation protocols were therefore 

repeated. The condition 1 protocol generated the highest but overall very low proportion 

of CD43+ cells (0.67% ± 0.3 mean ± SD) (Figure 31). Similarly, CD41a+ cells could be 

detected, in the absence of CD45+ cells (Figure 31). CD34+CD43-, CD144+CD41a- and 

CD31+CD45- cells could be detected, which may represent an endothelial-like population, 



Chapter 3 

147 
 

with a higher differentiation efficiency than CD43/CD41a+ haematopoietic cells (Figure 

31).  Morphologically, endothelial-like cells, phase dark sac-like and cord-like structures 

could all be observed (Figure 32).  
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Table 13 Cytokine regime included in serum and feeder-free defined cultures to promote 
haemato-endothelial differentiation of iPS colonies.  

 

iPS colonies were cultured in Stempro-34+ supplemented with recombinant 
cytokines as indicated at the following concentrations- High AA= 50ng/ml, Low AA= 
5ng/ml, BMP-4= 10ng/ml, bFGF= 5ng/ml, SCF= 100ng/ml, Flt3L= 100ng/ml, TPO= 
20ng/ml, VEGF= 10ng/ml. High AA was included where indicated for 4 hours and 
then replaced with medium containing Low AA plus indicated cytokines.  
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Figure 30 Schematic representation of the feeding regime in serum-free and feeder-free defined 
differentiation cultures. 
Representation of condition 1 protocol. High concentrations (50ng/ml) of Activin A 
(AA) was added for 4 hours before total replacement with media containing low 
(5ng/ml) AA, BMP-4 (10ng/ml) and bFGF (5ng/ml). Cultures were then fed every two 
days. On day 4, the cytokine regime was changed and cells were cultures in VEGF 
(10ng/ml), Flt3L (100ng/ml), SCF (100ng/ml) and TPO (20ng/ml). On day 10 cells 
were harvested and analysed by flow cytometry.  
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Figure 31 Haematopoietic differentiation from iPS colonies in the absence of feeder cells and 
serum. 
C19 or C18 iPS colonies grown on matrigel in mTesR were switched to Stempro-34+ 
media, supplemented with cytokines as described in Table 13. Cultures were 
maintained for 10 days and were harvested, stained with mAbs and analysed by 
flow cytometry. Condition 1 protocol generated CD43+ and CD41a+ with the highest, 
albeit low, efficiency (0.7% ± 0.3, mean ± SD). CD34+, CD31+ and CD144+ cells were 
also generated, in the absence of CD45+ cells. Representative image n=3 
independent experiments.   
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Figure 32 Day 8 brightfield images of C19 cultures differentiated as monolayers in the presence 
of cytokine cocktails condition 1 and 4. 
Representative images of cord-like structures could be observed which may be 
indicative of haematopoietic differentiation. Cells with a pebblestone morphology 
were also present that are typically associated with an endothelial identity (x4 
magnification).  Representative images n=3 independent experiments.   
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To determine whether haematopoietic progenitor cells generated from iPS colonies as a 

monolayer culture with serum-free media were functional, MACS enriched CD34+ cells 

were seeded into the CFU assay as previously described (2.6.4). CFU-G/GM colonies were 

observed, demonstrating that this population had myeloid potential, but no other colony 

types could be detected (Figure 33). The potential of CD34+ cells to produce endothelial-

like cells was also addressed by morphology and live cell staining. CD34+ cells cultured in 

EGM-2 media on collagen differentiating into CD31+ passagable cells, although further 

phenotypic and functional assays would have been required to ascribe endothelial 

identity (Figure 33). 

Overall, haematopoietic differentiation was achieved in the absence of feeder cells and 

serum-containing media, however, differentiation efficiencies were extremely low and 

not amenable for downstream applications. Therefore, these experiments were not 

considered further.  
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Figure 33 CD34+ cells harvested from iPS directed differentiation cultures demonstrate 
restricted haematopoietic potential. 
CD34+ cells were enriched from day 10 C19 iPS cell cultures differentiated in the 
presence of condition 4 cytokine regime. Cells were seeded into a CFU assay to 
assess haematopoietic (myeloid) potential (A, x4 magnification). CFU-G/GM 
colonies could be observed in the absence of all other colony morphologies. CD34+ 
cells were also cultured in EGM-2 on collagen-I coated plates (B, x20 magnification). 
Cells with a endothelial-like morphology that stained CD31+ could be detected, live 
cell staining with CD31 PE. n=2 independent experiments.   
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3.4 Discussion 

In establishing the iPS/OP9 co-culture system it was apparent that the media components 

and splitting regime were highly important to ensure efficient differentiation of HPCs 

capable of lymphopoiesis. In ‘sub-optimal’ conditions, OP9 stroma was observed to 

become increasingly undergo adipogenesis. This is in agreement with a reported negative 

impact on haematopoiesis of increasing numbers of adipocytes in the bone marrow 

(Naveiras et al., 2009).   

The first haematopoietic cells identified in iPS/OP9 co-cultures express CD41a and CD43. 

Analysis of the CD43 population revealed CD41a+ and CD41a- populations. It has been 

suggested that CD43+CD41a- cells may have a broader myeloid potential with the 

CD43+CD41a+ population being erythro-megakaryocyte restricted (Rafii et al., 2013, 

Vodyanik et al., 2006).  

Co-culture of iPS-CD34+ cells with MS-5 stroma, and to a lesser extent with OP9 cells, 

supplemented with either IL-7, IL-3, SCF and Flt3L or VEGF resulted in the production of B 

lymphocytes as well as monocyte/macrophages and endothelial-like cells. B cell 

differentiation from pluripotent stem cells has typically proven difficult to achieve, 

possibly because of the greater transcriptional differences between B cells and the 

remainder of the hematopoietic pool (Laurenti et al., 2013b, Wada et al., 2011, Martin et 

al., 2008). The ability of the pre-circulation YS to generate B cells has been described, this 

potential therefore cannot be used to as a readout for HSC capacity (Sugiyama et al., 

2007, Yoshimoto et al., 2011). An in vitro assay to investigate multilineage potential in 

haematopoietic progenitors, such as that described here, is an informative and accessible 

laboratory tool. Indeed, if cell types that broadly represent the haematopoietic repertoire 
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can be generated simultaneously then questions of lineage potential can be asked more 

rigorously than when the clonogenic expansion of a cell is required to permit parallel 

assays of different lineage potentials.  The observation that a bipotent B cell/macrophage 

progenitor is present in the mouse indicated that the simultaneous demonstration of T 

cell capacity might also be valuable to assay for multilineage potential (Montecino-

Rodriguez et al., 2001). Furthermore, whether such a mouse-human hydrid culture 

system is biologically relevant and/or whether cells are experiencing near-physiological 

levels of soluble and membrane factors is debatable.  

As OP9 co-culture continued towards the day 22 time point, a large number, but not all, 

of CD45+ cells began to acquire myeloid lineage markers such as CD14. The CFU assay 

however revealed a gain in haematopoietic multipotentiality following continued culture 

as demonstrated by CFU-GEMM potential. This bears resemblance with the yolk sac 

where multilineage potential is detected at E8.25 in the mouse embryo, following the 

emergence of first emergence of blood cells at E7.0 (Palis et al., 1999, Palis et al., 2001). 

The CFU frequency described here was low at ~100 colonies/1x105 cells. In an iPS/OP9 co-

culture system, Slukvin and colleagues assessed the CFU potential of numerous iPS cells 

lines and demonstrated the production of ~100-2500 colonies/1x105 cells (Choi et al., 

2009). The findings in this thesis therefore are at the very lower end of this diverse range. 

Choi et. al., reported no correlation with the reprogramming strategy, or tissue of origin, 

with haematopoietic differentiation efficiency (Choi et al., 2009). The iPS lines used in the 

CFU study described here were derived using retroviral introduction of the 

reprogramming factors, is it possible that integration may impact upon differentiation 

efficiency and therefore CFU potential.  
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Analysis by SAM and PCA of gene array data revealed a close similarity between iPS-B and 

HSC-B. Both B cell types were generated using the same co-culture assay over the same 

time period. Whilst haematopoietic progenitor cells from iPS cells (iPS-CD34+ cells) and 

those isolated from UCB (UCB-CD133+ cells) were generated in different conditions, the 

signals experienced during subsequent differentiation to the B cell lineage had great 

similarity. One limitation of this is that human progenitors with endothelial potential, and 

reported mesenchymal potential were included in the iPS-CD34+ cultures (Vodyanik et al., 

2006). This diversity was most likely lacking in UCB-CD133+ cultures. Purification on day 

10 of iPS/OP9 co-cultures for CD43+ cells would have addressed this problem, however 

the required scale for generating CD19+ cells from FACS isolated CD43+ cells was 

prohibitory. Other than the potential effect arising from the heterogeneity of iPS 

progenitors, the conditions and factors used to promote B cell lymphopoiesis in iPS-B and 

HSC-B cultures were identical. A difference in the efficiency of iPS differentiation to the B 

cell lineage, in comparison to populations derived from UCB HSC/HPCs, was observed. iPS 

cell cultures yielded fewer and lower proportions of B cells but this difference in CD19+ 

cell number was also observed in long term cultures, as described in Chapter 5.  The data 

described here may suggest that the differential expression of a small number of genes 

distinguish iPS-derived B cells from HSC-derived B cells. Of particular interest was the high 

expression levels of PDGFRA and Lin28b in iPS-B when compared to HSC-B. PDGFRA 

encodes a transmembrane receptor tyrosine kinase which is activated by the binding of 

its ligand, PDGF (Andrae et al., 2008). PDGFR-α is expressed in a broad range of normal 

and cancer cell types (Andrae et al., 2008). Deletion of this receptor results in embryonic 

lethality in half of the embryos, with survivors having major defects in connective tissues 

(Schatteman et al., 1992). PDGFR-α is expressed in the mesoderm, absent in endoderm 
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and expressed in ectoderm at late stages (Schatteman et al., 1992). In pluripotent stem 

cell cultures, PDGFR-α has been reported to be expressed on paraxial mesoderm 

progenitors which form connective tissue, skeletal muscle and endothelium (Sakurai et 

al., 2006, Sakurai et al., 2012). Flk-1+PDGR-α+ primitive mesoderm differentiated to Flk-

1+PDGR-α- and Flk-1-PDGR-α+ populations which possess vascular mesoderm and paraxial 

mesoderm potential respectively (Sakurai et al., 2006, Kataoka et al., 1997). However, a 

number of reports in both mouse and human have demonstrated the presence of PDGR-

α on cardiac progenitors, which suggests a border expression profile of this receptor 

within mesodermal tissues than just the primitive mesoderm (Kattman et al., 2011, 

Evseenko et al., 2010). In one report, Keller and colleagues distinguished cardiac and 

haematopoietic progenitors in a mouse ES cell system with a Flk-1+PRDGR-α+ (cardiac) 

and a Flk-1+PRDGR-α- (haematopoietic) phenotype (Kattman et al., 2011). Moreover, the 

capacity of PDGFRα+ cells to give rise to haemato-endothelial lineages, including HE and 

fetal liver B cells has been recently described in a transgenic mouse embryo (Ding et al., 

2013). PDGFRα+ cells from human ES cells were also described to have haematopoietic 

potential (Davis et al., 2008, Choi et al., 2012). High expression of PDGFR-α has been 

reported in hES-derived progenitors with primitive haematopoietic potential and low or 

negative expression on HE precursors (Choi et al., 2012). Of note, some pre-B acute 

lymphocytic leukaemia (ALL) cell lines have been described to express PDGFR-α (Tsai et 

al., 1994b).  

Interestingly, iPS-B cells showed a higher expression of Lin28b than HSC-B cells. Lin28 was 

used as part of the reprogramming cocktail to generate OPM2 and OC3 iPS cell lines. 

However, loss of transgenes was demonstrated and lines were characterise as bona fide 
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iPS cells. Therefore, this observation of high Lin28b expression is likely to be independent 

of the introduction of the exogenous factor. Lin-28 proteins are RNA binding proteins that 

repress let-7 microRNAs and influence translation (Van Wynsberghe et al., 2011, Winter 

et al., 2009). A role for Lin28 in the regulation of ES cell self-renewal has been described, 

which was supported by the use of Lin28 as a reprogramming factor for the generation of 

iPS cells (Yu et al., 2007). Notably, Lin28b knockout mice are viable and fertile. Work by 

Muljo and colleagues demonstrated that Lin28b mRNA was abundant in mouse fetal liver 

B cells and HPCs but not in the adult bone marrow equivalents (Yuan et al., 2012). This 

difference was also observed in human tissues (Yuan et al., 2012). The authors went on to 

demonstrate that adult mouse HSC/HPCs transduced with Lin28b switched potential to a 

fetal B cell program, preferentially generating B-1a B cells and MZ B cells (Yuan et al., 

2012). Knockdown of Lin28b has also been described to reduce the expression of fetal 

globins in UCB red blood cells (Lee et al., 2013).  Furthermore, a role for Lin28b in the 

self-renewal potential of fetal HSCs, which exceeds that of adult HSCs, has been reported 

(Copley et al., 2013). Interestingly, Sox17, that has been described as a fetal-adult 

haematopoietic switch (Kim et al., 2007), was not differentially expressed between iPS-B 

and HSC-B cells (logFC <0.01, adj.p value=0.99). Low expression of SOX17 in  human ES-

derived HPCs has however been described (Nakajima-Takagi et al., 2013). 

A large volume of evidence supports the concept that HSCs are generated intra-

embryonically (Medvinsky and Dzierzak, 1996, Kumaravelu et al., 2002). It is however 

possible that yolk sac-derived progenitors may also be found in the bone marrow of the 

adult, a concept that has been indirectly supported by Nishikawa and colleagues 

(Samokhvalov et al., 2007). CD133 expression defines a population that includes HSCs, 
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however the frequency of HSCs defined by this criteria is low. No unique marker has been 

found, or indeed is perhaps likely to be found that can be used to identify an HSC with the 

exclusion of all other cells. A cell surface phenotype of 

Lin−CD34+CD38−CD45RA−Thy1+RholoCD49f+ has been described by Dick and colleagues and 

was used to demonstrate the reconstitution ability of single UCB cells with frequencies of 

14-28% (Notta et al., 2011). Suggesting that up to 1 in 4 cells isolated by this criteria may 

be true HSCs. As expected, after freeze thawing UCB, (using media with high FCS content) 

cells with this phenotype could not be easily detected and therefore this level of 

stringency was not achievable for the experiments described herein. An alternative 

explanation for the close similarity between iPS-B and HSC-B cells could be that UCB-

CD133+/HSC-B cells were not derived from an HSC-like population. In these cultures, B 

cells could have been produced from more differentiated populations. It is possible that 

the MS-5 co-culture system may preferentially promote B cell lymphopoiesis from the 

non-HSC compartment in the CD133+ pool.  

CD19+CD10+ B cells were also isolated from peripheral blood and umbilical cord blood. 

Analysis of gene array data revealed greater differences between these two populations 

than was seen with iPS-B and HSC-B, obtained by in vitro co-culture with MS-5 cells. 

Furthermore, greater similarity was generally observed between PB and iPS-B than UCB 

and iPS-B. This could however be due to experimental design. CD10 is known to be 

expressed on the CLP in human haematopoiesis, with cell surface CD19 expression 

occuring from the early-B/pro-B cell stage (Galy et al., 1995, LeBien, 2000). In the MS-5 

co-culture system, B cell development from either iPS or UCB HSC/HPCs appears to be 

relatively synchronous. By day 21, the majority of CD19+cells express CD10 and lack CD34 
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or IgM expression, thus the population resembles pre-B cells. Isolation of B cells based 

purely on CD19 and CD10 expression however would, in general include, pro-B, pre-B and 

immature B cells. The lower fluorescent intensity of CD10 in UCB and PB B cells than iPS-B 

and HSC-B indicates that the isolated B cells from blood sources are likely to be more 

developmentally mature. B cells isolated from UCB will have been a heterogeneous mix 

of pro-B, pre-B and immature B cells. As B cell development from the HSC to the 

immature B cell stage occurs in the bone marrow, the likelihood of these cell types being 

present in non-mobilised peripheral blood is low. As described here, CD10+CD19+ cells 

have been reported in non-mobilised peripheral blood (Hoffkes et al., 1996). Peripheral 

blood CD10+CD19+ cells are likely to be immature B cells that express cell surface 

antibodies. This experiment could therefore have been improved by including CD34-and 

IgM- in the FACS isolation strategy. Indeed, UCB B cells differentially expressed 

immunoglobulin-related genes and had a lower rate of cell division than HSC-B cells. It is 

well known that pre-B cells go through a highly proliferative stage, pre-B I, before cell 

division rates are reduced in the pre-B II population (Hess et al., 2001, Hardy et al., 1991). 

Therefore, it would be expected that CD19+CD10+ B cells from UCB would contain an 

immature B cell population which could account for these differences.  

Whilst the defined serum and feeder-free differentiation system described generated 

haematopoietic cells, this assay was inefficient and showed large variability that impacted 

upon reproducibility. Furthermore, as research in the field has failed to demonstrate 

lymphocyte development in such defined systems, it was deemed prudent to move 

forward with the OP9 co-culture system to promote the generation of iPS-HPCs with B 

cell potential.  
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In conclusion, iPS cells can be differentiated to produce haematopoietic progenitor cells 

with B lymphocyte potential. iPS-derived B cells and HSC-derived B cells demonstrated a 

high number of similarities at the transcriptional level.  
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 Chapter 4.  

Identifying iPS-derived haemogenic endothelium with B 
cell potential. 

 

4.1 Aims and objectives 

The aim of this chapter was to establish whether haemogenic endothelium (HE), arising 

from iPS co-cultures, was capable of differentiating into B lymphocytes. The main 

objectives were to: 

1) Understand the temporal dynamics and identity of haematopoietic and 

endothelial progenitors arising in an iPS/OP9 co-culture system and their 

relationship therein.  

2) Assess the capacity and possible dichotomy of endothelial-like and 

haematopoietic populations to generate B cells prior to, during and after the 

emergence of haematopoietic cells in iPS/OP9 co-culture. 

3)  Determine the potential of FACS purified iPS-derived HE to produce B cells. 

4) Assess the potential of iPS-derived haemato-endothelial progenitors to generate 

functional endothelium. 
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4.2 Background 

The observation of cells, that label with haematopoietic markers, budding from the 

endothelium of the dorsal aorta in both chick and mouse embryos gave support to the 

principle of haemogenic endothelium (Jordan, 1917, Jaffredo et al., 1998, Pardanaud et 

al., 1987). Haemogenic endothelium (HE) is described as a cell that is characteristically 

endothelial but capable of differentiating to generate haematopoietic progeny. 

Additional support came from studies where endothelial cells were labelled with Dil-

AcLDL which subsequently marked haematopoietic cells (Jaffredo et al., 1998, Sugiyama 

et al., 2003). It was also demonstrated that (pre)-HSCs in the AGM co-express CD144 and 

CD45 prior to the downregulation of CD144 (North et al., 2002, Taoudi et al., 2008). This 

CD144+CD45+ population was also transiently observed in the fetal liver (Kim et al., 2005). 

How HE cells relate to the remainder of the phenotypically similar endothelial cell pool 

(that lack haematopoietic potential) is relevant to the understanding of haematopoietic 

ontogeny. Elegant studies in the chick demonstrated the independent origin of cells in 

the dorsal aorta wall, those cells of splanchnopleural origin exclusively possessing 

haematopoietic potential (Pardanaud et al., 1996). Interestingly, a remodelling phase 

may occur during development in which the haemogenic cells of the aorta are replaced 

by the endothelium lacking this potential (Pouget et al., 2006). Additional data in line 

with this concept was demonstrated by a reduction in the diameter of the dorsal aorta 

following haematopoietic differentiation (Kissa and Herbomel, 2010). Support for the 

presence of HE in the developing human embryo has also been described with the 

visualisation of intra-aortic clusters and by ex vivo culture methods (Oberlin et al., 2002, 

Tavian et al., 1996).  
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Whilst the data supporting the existence of HE was strong, conclusive evidence was not 

demonstrated until 2009/2010 when the use of timelapse imaging technologies enabled 

the direct visualisation of haematopoietic cells budding from endothelium, both in vitro 

and in vivo (Eilken et al., 2009, Boisset et al., 2010, Bertrand et al., 2010, Kissa and 

Herbomel, 2010). Here, the authors illustrated that haematopoietic emergence from 

endothelium occurred via an endothelial to haematopoietic transition (EHT). EHT 

describes a process where, in contrast to differentiation by asymmetric cell division, a cell 

directly changes identity. This process was demonstrated to require Runx1 expression, a 

transcription factor that is necessary for definitive haematopoiesis (Chen et al., 2009, 

Okuda et al., 1996, Wang et al., 1996, Kissa and Herbomel, 2010, North et al.,1999). 

Inversely, a role for HoxA3 in the maintenance of the endothelial programme has also 

been described (Iacovino et al., 2011).  

During ontogeny multiple, potentially autonomous waves of haematopoiesis occur. A 

primitive wave that generates erythro-megakaryocyte restricted progenitors is initially 

observed followed by successive waves of definitive haematopoiesis. The first that 

produces a multilineage progenitor and the second the HSC (Lassila et al., 1978, Muller et 

al., 1994, Medvinsky and Dzierzak, 1996, Tavian et al., 2001, Dieterlen-Lievre, 1975). If 

these populations do indeed have independent origins, and if they both develop via a 

haemogenic endothelial intermediate, it would seem logical that there are multiple 

subtypes of HE in the developing embryo. Support for such a concept was described by 

Speck and colleagues, who reported two independent populations of endothelium which 

generated the erythoid/myeloid progenitor and HSC respectively (Chen et al., 2011, 

Miller et al., 2002).  Additionally, Yoder and colleagues demonstrated that YS-derived HE 
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preferentially generated B-1 B cells, which may be reminiscent of the first wave of 

definitive haematopoiesis (Yoshimoto et al., 2011). Suggestions of distinct populations of 

HE with erythro-megakaryocyte and erythroid/myeloid potentials from human ES cells 

have also been proposed (Rafii et al., 2012). 

As demonstrated by Schroeder and colleagues in the context of HE, and by numerous 

other groups in the field, pluripotent stem cells are an accessible and adaptable system to 

interrogate biologically relevant developmental questions (Eilken et al., 2009, Nishikawa 

et al., 1998a). This is even more poignant in the context of human ontogeny due to the 

inaccessibility of human embryos. Once such question that may be advanced with in vitro 

pluripotent stem cell cultures is whether a unique marker for haemogenic endothelium 

can be identified. Such a cell surface marker has eluded the scientific community thus far. 

HE can be distinguished from endothelium by the expression of the transcription factor 

Runx1 (North et al., 1999). However, the identification of cell surface markers that can be 

monitored in live cells, without the need for the genetic modification of the population of 

interest, is desirable for multiple applications. CD144 is an adhesion molecule that is 

required for vascular integrity that is expressed on endothelial cells and haematopoietic 

progenitors (Kim et al., 2005, Oberlin et al., 2010a). Expression of CD144 in the absence 

of haematopoietic markers therefore should identify endothelium and HE. It was 

hypothesised that the presence of CD144+haem+ cells would mark a haematopoietic 

population that has recently emerged from HE. However, by the time CD144+ cells 

express haematopoietic markers this population has become committed to the 

haematopoietic lineage. Recently, and as this research was being completed, Slukvin and 

colleagues used the absence of CD73 expression to distinguish HE from endothelium in a 
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human PSC/OP9 co-culture system (Choi et al., 2012). There have been multiple reports 

of HE generation from human PSCs however, evidence relating to whether these cells are 

able to contribute to the lymphoid lineages has frequently been lacking (Rafii et al., 2012, 

Choi et al., 2012). Keller and colleagues did recently demonstrate that hPSC-derived 

CD34+ cells lacking CD43 and CD45, that expressed high levels of Sox17, were capable of 

differentiating to the T cell lineage, the first such demonstration of this kind (Kennedy et 

al., 2012). B lymphocytes represent one of the main cell types of the differentiated 

haematopoietic system and therefore serve as an important readout for multilineage 

potential. Whether B cell potential is possessed by hPSC-derived HE has not been 

demonstrated.  

Despite numerous attempts to expand HSCs in vitro, this has not been successfully 

achieved. Indeed it is plausible that such an accomplishment might be unachievable when 

considering the ‘normal’ biological behaviour of this population. Whilst it is true that HSC 

expansion in the AGM and fetal liver is rapid and large scale, once HSCs have homed to 

the bone marrow, and have passed the post-natal period, they are found to be relatively 

quiescent (Yahata et al., 2008, Oguro et al., 2013, Bowie et al., 2007). To generate HSCs 

for clinical transplantation, an alternative strategy may be to expand HE cells or their 

progenitors, derived from pluripotent stem cells. The generation of hPSC-derived HE with 

lymphocyte potential moves the field one step closer to attaining this endeavour.  

The generation of stable, expandable and functional endothelium from pluripotent stem 

cells also has numerous applications. Clinically, endothelium could be used for improving 

revascularisation and aiding haematopoietic engraftment. As CD144+CD45- cells could be 

detected in long term cultures seeded with iPS-CD34+ cells (Chapter 3), it seems probable 
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that endothelial progenitors cells might be present. Endothelial cell colonies have been 

succesfully cultured from umblical cord and peripheral blood using VEGF containing 

media. At the time when this aspect of the project was being undertaken, a limited 

number of studies had described efficient endothelial generation from human 

pluripotent stem cells (Li et al., 2007, Taura et al., 2009, Yamashita et al., 2000). 

Functional assessment of endothelial cells is typically undertaken using in vitro tubule-

forming cultures such as the matrigel and stromal co-culture assay, as well as the in vivo 

hindlimb ischaemia or matrigel implantation models (Ponce, 2009, Limbourg et al., 2009, 

Roubelakis et al., 2013).    
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4.3 Results 

4.3.1 B lymphocyte potential is transiently observed in the 

CD144+haemneg population.  

4.3.1.1 Mapping the co-expression of cell surface VE-cadherin (CD144) and 
haematopoietic markers during iPS/OP9 co-culture. 

It was hypothesised that haematopoietic progenitors generated from differentiating iPS 

cells arise via a haemogenic endothelial (HE) intermediate, such has been identified for 

some haematopoieitic cells in vivo and, in vitro from murine ES cells (Boisset et al., 2010, 

Bertrand et al., 2010, Eilken et al., 2009). To demonstrate this in vitro, the precursor 

population must be characterised as HE and then, either by direct visualisation or by 

single cell assays, should be demonstrated to produce haematopoieitic cells. The aim was 

therefore to get closer to such an understanding by identifying a time window for EHT 

and to identify the phenotype of emerging haematopoietic cells. The transient 

observation of cells co-expressing endothelial-associated and haematopoietic markers 

could be indictive of recent EHT events and could be used as a temporal signpost for the 

possible presence or absence of HE as has been described for emerging pre-HSCs in the 

AGM (Taoudi et al., 2008). 

To this end, and following on from the observations made in Chapter 3, the expression of 

the endothelial-associated CD144 and haematopoieitic marker CD41a was assessed over 

time in the iPS/OP9 co-culture (Figure 34B). C18 or C19 iPS colonies were seeded onto 

overconfluent OP9 cells and maintained as previously described without the addition of 

cytokines (as described in 2.6.1). The whole cell fraction, both adherent and non-

adherent cells, was harvested daily from day 5-10 and then on alternate days from day 
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10-22 of co-culture. The first CD41a+ cells arising, observed from day 6 were CD144+. By 

day 7, CD41a+CD144- cells were present with a progressively large increase in cell number 

(Figure 34B). By day 12, the number of double positive (CD41a+CD144+) cells had reduced 

dramatically, with both CD41a+CD144- and CD41a-CD144+ populations still present (Figure 

34B). This pattern of population change was also reflected when the expression of CD34 

and CD43 was compared, although CD34+CD43+ cells were detected throughout the 

timeperiod assessed (Figure 35A). CD34 is a molecule that is expressed on a more diverse 

range of cell types than CD144 (De Francesco et al., 2009, Vodyanik et al., 2006, Drew et 

al., 2005, Oberlin et al., 2010b, Kim et al., 2005). CD34+CD43+ cells were detectable on day 

6. By day 8, CD43+CD34- cells could be observed (Figure 35A). 

As has been described above and by others, CD45 is a haematopoietic marker that is 

expressed later on in PSC/OP9 co-cultures than both CD41a and CD43 (Vodyanik et al., 

2006). Interestingly, the first CD45+ cells, observed on day 10, were CD41a- (Figure 36). In 

contrast, whilst CD45+CD43-/low cells were present on day 12, a CD45+CD43+ populations 

was also observed (Figure 36). The analysis of CD144 and CD45 expression revealed an 

interesting sub-segmentation of populations. Whilst both CD144lowCD45+ and CD144-

CD45+ cells were present, this may not be a sequential acquisition. On day 10, when 

CD45+ cells were first observed, a significant CD45+CD144- population was already 

apparent (Figure 35). This is potentially of interest as pre-HSCs arising in the AGM have a 

CD144+CD45+ phenotype (Rybtsov et al., 2011). 

In summary, the first cells expressing haematopoietic markers co-expressed endothelial-

associated molecules such as CD144 and CD34. At later time points, the number of 

double positive cells was reduced and cells expressing haematopoietic markers in the 
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absence of endothelial-associated makers were present. This suggests, but does not 

prove, that haematopoietic cells might be arising, and then diverging from a population 

with an endothelial-like phenotype. A hypothesis driven by these data is that EHT might 

be occurring between day 5-6.  
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Figure 34 Mapping the temporal expression of haematopoietic and endothelial cell surface 
markers. 
C18 or C19 iPS colonies were co-cultured with OP9 stroma and harvested at 
indicated time points where whole cell fractions were stained with mAbs and 
analysed by flow cytometry. (A) Representative isotype control staining of co-
cultures throughout iPS/OP9 timecourse. (B) CD41a+ cells arising in culture initially 
co-expressed CD144 before CD41a+CD144- populations could be observed. At later 
timepoints CD144+CD41a+ cells were predominantly absent. (Statistical analysis of 
key populations and timepoints is described in Appendix Table 18). Representative 
images n=3.  
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Figure 35 Mapping the temporal expression of haematopoietic and endothelial cell surface 
markers. 
C18 or C19 iPS colonies were co-cultured with OP9 stroma and harvested at 
indicated time points where whole cell fractions were stained with mAbs and 
analysed by flow cytometry. (A) CD34+CD43- cells were observed prior to a 
CD34+CD43+ population. From day 8, a CD34+CD43- fraction was also detectable. (B) 
When CD45 expression was assessed in conjunction with CD144, CD45+CD144- cells 
were present prior to, and at the same timepoints as CD144+CD45+ cells. (Statistical 
analysis of key populations and timepoints is described in Appendix Table 
18).Representative images n=3. 
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Figure 36 Mapping the temporal expression of early and late haematopoietic cell surface 
markers. 
C18 or C19 iPS colonies were co-cultured with OP9 stroma and harvested at 
indicated time points where whole cell fractions were stained with mAbs and 
analysed by flow cytometry. (A) The earliest detectable CD45+ cells were CD41a-, 
with the majority of the population remaining negative for CD41a over the time 
assayed. (B) Both CD43+CD45+ and CD43intCD45+ cells were observed. (Statistical 
analysis of key populations and timepoints is described in Appendix Table 
19).Representative images n=3 with the exception of (B) where n=1.  
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4.3.1.2 Day 10 B cell potential in iPS/OP9 co-cultures is restricted to the 

CD43+ fraction.  

The day 10 CD34+ population isolated from C18 or C19 iPS/OP9 co-cultures, as described 

in Chapter 3, were capable of generating B cells, red blood cells (RBCs), 

monocyte/macrophages and an endothelial-like population. The CD34+ population 

however was heterogeneous when analysed for cell surface expression. The CD34+ 

fraction included cells that were positive for haematopoietic markers (CD43 and CD41a) 

as well as CD43/CD41a- cells. The CD43 cell surface marker has previously been used to 

discriminate haematopoietic (haem) from endothelial (endo) cells in a hES/OP9 co-

culture setting (Vodyanik et al., 2006). The first question addressed here was whether B 

cell potential is restricted to CD34+CD43+ haem and/or CD34+CD43- endo populations in 

day 10 cultures. C18 or C19 iPS colonies were differentiated on OP9 stroma for 10 days, 

as previously described, and then harvested. CD34 and CD43 populations were enriched 

by MACS using CD34 and CD43 microbeads respectively (Figure 37 A). The CD34+CD43- 

enriched population was generated using a CD34 multisort kit. Briefly, cells were initially 

isolated using CD34 multisort beads, the microbeads were then released using the 

Multisort Release Reagent and then cells were selected with CD43 microbeads (Figure 37 

A). Due to the limitations of the MACS technique CD34+CD43- fractions contained a small 

population (<1%) CD43+ cells (Figure 37 A). Cells were then seeded onto MS-5 stroma 

with IL-7, IL-3, SCF and Flt3L to promote B cell differentiation. Pebblestone-like colonies 

that have been associated with B cell development were observed in CD34+ and CD43+ 

but not CD34+CD43- cultures (Figure 37 B). After 21 days, cultures were harvested and 

stained with mAbs to CD19, CD10 and CD45 for analysis by flow cytometry. B cells could 



Chapter 4 

175 
 

be identified in the CD34+ and CD43+ but not in CD34+CD43- cultures (Figure 37 C). This 

suggests that by day 10 B cell potential is restricted to the haematopoietic fraction.  
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Figure 37 B cell potential in day 10 iPS/OP9 co-cultures is restricted to the CD43+ 
haematopoietic fraction. 
(A) iPS colonies were differentiated in OP9 co-culture for 10 days, cells were then 
harvested and enriched for the CD34+, CD43+ or CD34+CD43- fractions by MACS. 
Cells were seeded into conditions that promote B cell differentiation. (B) In CD34+ 
and CD43+ cultures, colonies with a pebblestone-morphology that have been 
associated with B cell development were observed (magnification x40). (C) Cultures 
were harvested after 21 days and stained with mAbs to CD19 and CD10 for analysis 
by flow cytometry. (D) CD34+ and CD43+ cultures yielded a significant CD19+ 
population that was absent in CD34+CD43- cultures. n=4 (independent experiments), 
unpaired t-test. *=P ˂0.05, NS= P >0.05.  
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4.3.1.3 The CD144+haemneg population transiently demonstrates B cell 

potential. 

In iPS/OP9 co-cultures, the day 10 endothelial-like population lacked B cell potential 

when assayed by the MS-5 co-culture described. Haematopoietic cells first appeared in 

this culture system on day 6 when a CD144+haem+ phenotype was transiently observed. 

By day 12, this population was significantly reduced. It was hypothesised that a 

subpopulation which is phenotypically endothelial (CD144+haemneg), as observed on day 

5 of co-culture, may have the potential to either differentiate into haematopoietic cells or 

to maintain endothelial characteristics. In this hypothesis, whether the HE population is 

capable of producing B cells may be dependent on the point along the endo→HE→haem 

continuum at which the cells are assayed and the conditions of the assay itself. It was also 

hypothesised that once HE had been generated and subsequently differentiated to 

produce haematopoietic cells that the endothelial-like population would then lack 

haematopoietic potential. If this hierarchy exists then the smaller the temporal period 

between the presence of cultures containing an endothelial-like populations, but not 

haematopoietic cells, and the presence of a cultures containing both endothelial-like and 

haematopoietic cells, the greater the likelihood of HE being found in cultures.  

To assess whether endothelial-like cells, described as a CD144+haemneg population, were 

capable of yielding B lymphocytes, a pilot study was carried out whereby cells were 

enriched at three time points during C19 iPS/OP9 co-culture.  Days 5, 8 and 22 were 

selected as, day 5 represents a time point at which haematopoietic cells were 

predominantly absent. Day 8 was chosen as CD144+CD41a/CD43+ cells were present as a 

significant population and day 22 when CD144+CD41a/CD43+ were mainly absent. The 
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ability of the haematopoietic populations present on day 8 and 22 to generate B cells was 

also assessed. Following co-culture of iPS cells with OP9 stroma for 5, 8 or 22 days, cells 

were harvested and enriched by MACS to yield CD144+CD43/45- endothelium or 

CD43/45+ haematopoietic cells (Figure 38). Due to the limitations of MACS day 5 

endothelial populations contained 3.8% CD144+CD43+ cells, although they lacked CD144-

43/45+ cells (Figure 38). Day 8 endothelium had 0.6% CD43+ cells and day 22 endothelium 

around 10% CD43/CD45+ cells (Figure 38).  

Enriched populations were seeded into MS-5 co-cultures with B cell cytokines and into 

CFU assays, cultures were maintained as previously described. After 21 days cells were 

harvested and analysed by flow cytometry. CD19+ B cells could be detected in cultures 

seeded with day 8 and day 22 haematopoietic cells (Figure 39). Day 5 and day 22 

endothelial populations did not yield B cells, however, endothelial cells enriched on day 8 

were capable of contributing to the B cell lineage (Figure 39).  CD144+haemneg cells were 

present in all day 21 cultures with the exception of those seeded with day 22 

haematopoietic populations (Figure 39).  

When cells were seeded into the CFU assay, both day 8 and 22 haematopoietic 

populations generated CFU colonies (Table 14). A limited number of colonies were also 

detectable in wells seeded with day 8 and day 22 endothelial cells. However, owing to the 

impurity of MACS enriched samples and the low number of colonies detected, this result 

was not conclusive  (0.33 colonies/well and 1 colony/well respectively) (Table 14).  

An alternative explanation for the data described, is that day 8 but not day 5 endothelium 

can differentiate to form B cells, and that this potential is only found after day 5, and that 

the contaminating 0.6% of CD43+ cells could be responsible for the lymphocytes 
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produced. It was therefore necessary to FACS isolate the day 8 endothelial population to 

exclude contaminating cells expressing haematopoietic markers.  
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Figure 38 Analysis of MACS enrichment strategy implemented to segregate haematopoietic and 
endothelial populations on days 5,8 and 22 of iPS/OP9 co-culture. 
iPS colonies were differentiated on OP9 stroma for 5 (A),8 (B) and 22 (C) days 
before being harvested. Cells were then enriched by MACS, haematopoietic cells 
were initially selected from day 8 and 22 co-cultures using CD43 or CD43/CD45 
microbeads. The negative flow through was then enriched for CD144 using CD144-
PE and anti-PE beads. Due to the limitations of MACS all endothelial populations 
contained a small number of contaminating cells. WCF= whole cell fraction, Endo= 
endothelium and Haem= haematopoietic cells. Pilot study, n=1.  
 

 

 

 



Chapter 4 

182 
 

 

 

 

 

Figure 39 Assessing B cell potential of endothelial and haematopoietic enriched populations 
from day 5, 8 and 22 of iPS/OP9 co-culture. 
Cell fractions were enriched by MACS from harvested populations cultured for 5, 8 
and 22 days. Cells were seeded into co-culture with MS-5 stroma and supplemented 
with IL-7, IL-3, SCF and Flt3L before being harvested after 21 days. Cells were then 
stained for analysis by flow cytometry. CD19+ B cells could be detected in day 8 and 
22 haem populations as well as day 8 endothelial cultures but not in day 5 or 22 
endothelial cell cultures. Pilot study, n=1. 
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Table 14 CFU potential of endothelial and haematopoietic populations over time.  
Cell Fraction CFU colonies/1000 cells 

D5 endothelium 0 

D8 endothelium 0.33 
D8 haematopoietic 8.33 
D22 endothelium 1 

D22 haematopoietic 9.66 

 
Cells were harvested on day 5, 8 and 22 of iPS/OP9 co-culture, MACS enriched for 
the endothelial or haematopoieitic markers and seeded into the CFU assay. After 14 
days colonies were scored. Endothelial populations generated low numbers of 
colonies with a larger number being detected in wells seeded with haematopoietic 
cells. Pilot study, n=1. 
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4.3.2 FACS isolated CD144+haemneg putative haemogenic 

endothelium is capable of B cell lymphopoiesis  

4.3.2.1 Assessing the presence of CD144+CD43/CD235a-CD73- cells during 

haematopoietic differentiation. 

CD144+haemneg describes the phenotype of a population that includes both endothelium 

and haemogenic endothelium. To date, no cell surface markers has been described that 

can prospectively identify HE from amongst the endothelial cell pool. Recently, a report 

by Slukvin and colleagues demonstrated that the absence of CD73 could be used to 

distinguish endothelium from HE in pluripotent stem cell co-cultures with OP9 stroma 

(Choi et al., 2012). They demonstrated that a transient CD144+CD43/235a-CD73- 

population was exclusively capable of producing red blood cells that expressed adult β-

globins (Choi et al., 2012). The authors however did not describe the lymphoid potential 

of this population.  

To assess the presence of a CD144+CD43/235a-CD73- population at day 5, 8 and 22 of C19 

iPS/OP9 co-culture, cells were harvested and stained with mAbs for flow cytometry. On 

day 5, CD73- cells were the major population in the CD144+CD43/235a- fraction (Figure 

40). By day 8 this population had decreased and was only a minor fraction in the 

CD144+CD43/235a- population (Figure 40). On day 22 of co-culture, the 

CD144+CD43/235a-CD73- population was completely absent, whilst the 

CD144+CD43/235a-CD73+ population could still be detected (Figure 40). The aim was to 

develop this work by FACS isolating prospective HE cells to assay for B cell potential. 

Although, based on these results, the percentage of the population with a 

CD144+CD43/235a-CD73- phenotype was low on day 8, in general, cells at this timepoint 
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were demonstrated to be capable of B cell lymphopoiesis (Figure 39). This potential may 

not be found prior to day 8. Furthermore, on day 8 the overall number of cells expressing 

haematopoietic and endothelial markers was much greater than on day 5, which has 

practical importance for downstream assays.  

To exclude OP9 stroma and enrich the haemato-endothelial population prior to FACS 

isolation, cells were selected on CD34 by MACS. On average, 374,524 ± 75,513 CD34+ cells 

(mean ± SD) were harvested on day 8 from one 10cm dish culture of iPS colonies 

differentiated on OP9 stroma. CD34+ cells contained, on average, 19.7% ± 3.4  

CD43/CD235a+ haematopoietic cells, 32.3% ± 11.3 CD43/CD235a-CD144+CD73+ 

endothelial cells and 9.1% ± 6.2 CD43/CD235a-CD144+CD73- putative haemogenic 

endothelial cells (mean ± SD) (Figure 41).  
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Figure 40 Assessing the presence of a CD144+CD43/CD235a-CD73- population on day 5, 8 and 22 
of iPS/OP9 co-culture. 
Cells were harvested and analysed by flow cytometry. CD144+CD43/CD235a-CD73- 
cells have been reported to describe an HE population with CD144+CD43/CD235a-

CD73+ cells described as endothelium. CD144+CD43/CD235a-CD73- cells were 
present on day 5, a small population was observed on day 8, with an absence of 
these cells on day 22.  
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Figure 41 Proportion of day 8 CD34+ cells with a haematopoietic, endothelial or haemogenic 
endothelial phenotype. 
Day 8 iPS/OP9 co-cultures were harvested and enriched by MACS using CD34 
microbeads. Analysis of cell surface phenotype was undertaken by flow cytometry. 
The CD34+ population was composed of, 19.7 ± 3.4 CD43/CD235a+ haematopoietic 
cells; 32.3 ± 11.3 CD43/CD235a-CD144+CD73+ endothelial cells; 9.1 ± 6.2 
CD43/CD235a-CD144+CD73- haemogenic endothelial cells. n=4 independent 
experiments, mean (% of total CD34+ fraction) ± SD.  
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4.3.2.2 CD144+CD43/CD235a-CD73- haemogenic endothelium gives rise to B 

lymphocytes. 

Initial experiments, described is this thesis using MACS enrichment, suggested that day 8 

CD144+haemneg cells may have B cell progenitor potential. This result, however, was not 

conclusive as cell isolation by MACS does not result in 100% purity. The aim therefore 

was to demonstrate this potential with FACS purified populations. Experiments described 

here show that, at the day 8 timepoint, CD45 is not expressed in iPS/OP9 co-cultures 

(Figure 16). Furthermore, that CD41a+ cells co-expressed CD43 (Appendix Figure 74). 

Therefore, nucleated haematopoietic cells on day 8 homogeneously express CD43. 

Therefore, to assess the potential of putative iPS-HE to give rise to B lymphocytes, day 8 

cells were harvested from C19 iPS/OP9 co-culture and isolated by FACS for the following 

populations, i) CD43/CD235a+ haematopoietic (haem) cells, ii) CD43/CD235a-

CD144+CD73+ endothelial (endo) cells and iii) CD43/CD235a-CD144+CD73- haemogenic 

endothelium (HE) (population phenotypes as described in (Choi et al., 2012)). Harvested 

cells were initially enriched for CD34 by MACS and then stained for FACS. Sorting gates 

were set using FMO controls (Figure 42). 

When purity checks were performed, endo, HE and neg fractions were >99% pure (Figure 

43). The haem fraction however, contained up to 5% of CD43/CD235a- cells (Figure 43). 

Cells were then seeded either to permit B cell differentiation (MS-5 stoma with IL-7, IL-3, 

SCF and Flt3L) or into the CFU assay. After 21 days, B cell condition cultures were 

harvested and analysed by flow cytometry. Cultures seeded with endothelial cells did not 

generate any haematopoietic cells, the expression of CD45 or CD14 could not be 

detected. CD45-CD144+ cells were observed in endothelial-derived cultures (Figure 44). 
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Both HE and haematopoietic cells generated CD45+ and CD14+ populations in addition to 

a very low number of CD45-CD144+ cells (Figure 44).  As predicted by the lack of CD45+ 

cells, endothelial cultures did not generate CD19+ B cells (Figure 45)(Table 15). B cells 

could be detected in both HE and haem cultures (Figure 45).  
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Figure 42 FMO staining controls for FACS sorting of day 8 iPS/OP9 co-cultures. 
C19 iPS colonies were differentiated on OP9 stroma for 8 days. Cells were 
harvested, enriched for the CD34+ fraction by MACS and stained with mAbs for FACS 
isolation. (A) FMO controls used to set gates for FACS isolation of CD43/CD235a+ 
(Haem) cells. Additionally, cell gates were also set on the CD43/CD235a- fraction 
and then either CD144+CD73+ (endo), CD144+CD73- (HE) or CD144-CD73- (neg). (B) 
Checking the validity of the CD43/CD235a+ vs. CD43/CD235a- gate. CD43+ cells form 
a distinct population that is included in the CD43/CD235a+ gate. Representative 
image, n=4 independent experiments.  
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Figure 43 FACS isolation of haem, HE, endo and neg populations from day 8 iPS/OP9 co-
cultures. 
C19 iPS colonies were differentiated on OP9 stroma for 8 days. Cells were 
harvested, enriched for the CD34+ fraction by MACS and stained with mAbs for FACS 
isolation. (A) Gates set for FACS sorting, based on FMO controls (described in Figure 
42) for the isolation of haem (CD43/CD235a+), HE (CD43/CD235a-CD144+CD73-), 
endo (CD43/CD235a-CD144+CD73+) and neg (CD43/CD235a-CD144-CD73-) 
populations. (B) Purity check of FACS isolated populations, all  populations were 
>99% pure with the exception of the haem fraction. Representative image, n=4 
independent experiments.   
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Figure 44 Haematopoietic and endothelial output of day 8 endo, HE and haem cultures. 
Day 8 endothelial (endo) (CD43/CD235a-CD144+CD73+), haemogenic endothelium 
(HE) (CD43/CD235a-CD144+CD73-) and haematopoietic (haem) (CD43/CD235a+) cells, 
purified by FACS, were cultured for 21 days with MS-5 stroma supplemented with 
IL-7, IL-3, SCF and Flt3L. Harvested cells were analysed by flow cytometry. HE and 
haem populations generated CD45+ and CD14+ haematopoietic cells with very low 
numbers of CD45-CD144+ cells. Conversely, endo populations did not generate 
haematopoietic cells but did produce larger numbers of CD45-CD144+ cells. 
Representative images, n=4 independent experiments.  
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Figure 45 B cell potential of day 8 endothelium, HE and haematopoietic populations. 
Day 8 endothelial (endo) (CD43/CD235a-CD144+CD73+), HE (CD43/CD235a-

CD144+CD73-) and haematopoietic (haem) (CD43/CD235a+) cells were cultured for 
21 days with MS-5 stroma supplemented with IL-7, IL-3, SCF and Flt3L. Harvested 
cells were analysed by flow cytometry. Endo populations did not generate B cells. 
CD19+ B cells were detected in haem-derived cultures. HE populations were also 
capable of B cell differentiation. Representative images, n=4 independent 
experiments.  
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HE cultures generated a greater proportion and total number of CD19+ cells than 

haematopoietic cultures (HE, 94,748 ± 30,998; Haem, 1,141 ± 567; mean ± SD) 

respectively when 5,000 cells were seeded (Figure 46). This difference amounted to over 

a 80-fold enrichment for B cell generation potential in the HE fraction when compared to 

the potential of the haem population. When day 10 CD34/43+ populations were typically 

seeded at 50,000 cells per well, the number of B cells generated was of a similar 

magnitude to the day 8 haematopoietic fraction (16,542 ± 6,023 SD) when accounting for 

a difference in starting cell number. HE cultures that generated B cells also yielded a 

greater number of total CD45+ cells than the haematopoietic fractions (Figure 46). 

269,435 ± 63,291 (mean ± SD) CD45+ cells were detected in wells seeded with HE cells, 

over a 6-fold increase in comparison to the CD45+ cells generated in haematopoietic 

cultures (43,198 ± 9,331 (mean ± SD)) (Figure 46). Whilst the number of B cells generated 

in HE cultures was many magnitudes higher than observed with any haematopoietic 

fraction assayed, the frequency of wells in which CD19+ cells could be detected was low 

(Table 15). This assay was not performed with a single cell input; therefore, the frequency 

of progenitors with B cell potential could not be accurately determined.  

An additional observation made during the course of these experiments was that a 

proliferative burst of non-adherent cells occurred in a number of, and depending on the 

population seeded, the majority of cultures. When this proliferative burst was not 

observed, CD19+ cells were never detected. However, this proliferative burst could be 

observed in cultures that did not contain CD19+ cells. To investigate this observation 

further, the number of CD45+ cells generated was compared between HE seeded cultures 

that did or did not contain B cells. In cultures where B cells could be detected, the 
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number of CD45+ cells was 272,962 ± 69,091 (mean ± SD) when 5,000 HE cells/well were 

seeded (Figure 47). In contrast, when B cells were not detected in HE seeded cultures (at 

5,000 cells/well), the number of CD45+ cells generated was 45,522 ± 36,655 (mean ± SD) 

(Figure 47).  

The CFU potential of the isolated FACS populations was also assessed. As expected 

endothelial populations did not generate CFU colonies (0.0 ± 0.0, colonies/1000 cells 

seeded mean ± SD) (Figure 48). HE populations did generate a limited number of CFU 

colonies (2.3 ± 0.7, colonies/1000 cells seeded mean ± SD), but a larger number were 

observed when haematopoietic cells were seeded (11.8 ± 3.2, colonies/1000 cells seeded 

mean ± SD) (Figure 48). All colonies scored were CFU-GM.  
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Table 15 Frequency of haematopoietic and B cell potential in day 8 FACS isolated populations.  

Population  Experiment number CD45+ CD19+ 
HE 1 

2 
3 
4 

2/2 
2/4 
3/3 
3/3 

1/2  
1/4   
1/3 
0/3 

Haem 1 
2 
3 
4 

2/2 
4/4  
3/3 
3/3 

2/2 
0/4 
0/3 
1/3 

Endo 1 
2 
3 
4 

0/2 
0/4 
0/3 

0/3* 

0/2 
0/4 
0/3 
0/3 

Neg 2 
3 
4 

0/4 
0/3 
0/3 

0/4 
0/3 
0/3 

Haemogenic endothelium (HE), haematopoietic (haem), endothelial (endo) and 
negative (neg) cells were FACS sorted from day 8 C19 iPS/OP9 co-cultures. Cells 
were seeded at 5,000 cells/well in experiment 1, 3 and 4 and 2,500 cells/well in 
experiment 2, into culture with MS-5 cells, IL-7, IL-3, SCF and Flt3L. After 21 days of 
culture, cells were harvested, stained with mAbs and analysed by flow cytometry. 
*<60 cells detected in 2/3 wells. Numbers indicate; wells containing 
population/total wells seeded.   
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Figure 46 The HE fraction yields a greater number of CD19+ and CD45+ cells than the 
haematopoietic population. 
CD34+ cells from day 8 C19 iPS/OP9 co-cultures were harvested and FACS isolated to 
generate HE, haem and endothelial populations. After 21 days on MS-5 stroma, 
CD45+ haematopoietic cells, including CD19+ B cells could be detected in HE and 
haem cultures. The number of CD19+ and CD45+ cells was determined using the 
total gated event number by flow cytometry analysis. (A) HE generated over 80-fold 
more CD19+ cells with a (B) 6-fold increase in total CD45+ cells in comparison to 
haematopoietic cultures. n=4 independent experiments (HE is data from 3 wells 
from 3 independent experiments. Haem is 3 wells from 2 independent experiments. 
Mean ± SD, ** P= ≤0.01 
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Figure 47 A high number of CD45+ cells correlates with the generation of CD19+ cells from HE. 
HE cells, FACS isolated from day 8 C19 iPS/OP9 co-cultures, were seeded at 5,000 
cells/well into co-culture with MS-5 cells. After 21 days cultures were harvested, 
stained with mAbs and analysed by flow cytometry. The number of CD45+ cells 
generated was compared between cultures that also contained CD19+ cells 
(present) and cultures that lacked this population (absent). Present 272,962 ± 
69,091; Absent 45,522 ± 36,655; mean ± SD. n=3 independent experiments. *** P= ≤ 
0.001 
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Figure 48 CFU potential of day 8 endothelial, haematopoietic and HE populations. 
Day 8 endothelial (endo) (CD43/CD235a-CD144+CD73+), haemogenic endothelium 
(HE) (CD43/CD235a-CD144+CD73-), haematopoietic (haem) (CD43/CD235a+) cells 
were seeded into the CFU assay at 1000 cells/well and maintained for 14 days 
before colonies were scored. (A) Brightfield images of CFU colonies from i) HE and 
ii) haem populations. B) Scored CFU-G/GM CFU colonies. All colonies detected were 
CFU-G/GM type. Endothelial cells did not generate colonies (0.0 ± 0.0), HE 
populations did at a low frequency (2.3 ± 0.4) and a larger number of colonies being 
produced in haematopoietic cultures (11.8 ± 1.9). n=3 independent experiments, 
mean ± SD colonies/1000 cells seeded. ** P= ≤0.01 
 

 



Chapter 4 

200 
 

4.3.2.3 The impact of in vitro conditions on perceived cellular potentials.   

Co-culture with MS-5 stroma supplemented with appropriate cytokines was exploited as 

a system to probe B lymphocyte potential of iPS-derived HPCs. This was because CD19+ 

cell numbers were higher using this co-culture system than when this population was 

reseeded into OP9 co-culture with the same factors (Figure 21). However, there may be 

additonal differences between OP9 and MS-5 stroma. Whilst endothelial cells isolated 

from day 8 iPS/OP9 co-cultures may not display haematopoietic potential on MS-5 cells, 

this does not necessarily mean that these cells were lacking such a differentiation 

capacity. Therefore, to assess whether CD144+CD43/235a-CD73+ cells were truely lacking 

haematopoietic protential, cells were isolated from day 8 cultures by FACS as described 

above and reseeded onto OP9 stroma. After 21 days, cultures were harvested and 

analysed by flow cytometry. The CD43/235a+ haematopoietic fraction yielded CD45+ cells 

and less than 1% CD45-CD144+ cells (Figure 49). The endothelial population consistently 

generated CD45-CD144+ cells but also CD45+ cells (Figure 49). This demonstrated that the 

CD144+CD43/235a-CD73+ population may still have haematopoietic potential and 

therefore is not homogeneously endothelial. 

Additionally, the impact of cell seeding density on culture populations was investigated, 

initially intended to address the finding of low frequency B cell potential in the HE 

fraction when cells were seeded at 5,000/well. Haem, HE, endo and neg populations 

were FACS purified, as illustrated in 4.3.2.2, and seeded at 25,000 cells/well in the MS-5 

co-culture assay. After 21 days of culture, cells were harvested and stained with mAbs for 

analysis by flow cytometry. As observed when HE and haem cells were seeded at the 

lower density, both fractions generated CD45+ cells (Table 16). B cells were also 
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generated in both HE and haem cultures, although the frequency of B cell detection was 

much lower in haem than HE cultures. Across two independent experiments B cells could 

be detected in 5/6 HE cultures, but only 1/6 haem cultures (Table 16). However, in 

contrast to cultures initiated with the lower seeding density, all endo cultures generated 

CD45+ cells (Table 16). B cell potential was never detected in endo or neg cultures, even 

when cells were seeded at a high density (Table 16). In one of two independent 

experiments, the neg fraction also generated CD45+ haematopoietic cells (Table 16).  

Seeding density also had an impact on the number of CD19+ cells generated from the HE 

fraction. When day 8 HE cells were seeded at 5,000 cells/well, the number of B cells 

generated was higher (94,748 ± 30,998, mean ± SD) than observed with the haem 

fraction at any time point assayed. However, when HE cells were seeded at 25,000 

cells/well, although the proportion of total culture wells that contained B cells was 

increased in relation to the lower seeding density (Table 16), the total number of CD19+ 

cells generated was significantly lower (13,922 ± 14,595, mean ± SD) (Figure 50A). When 

the number of CD19+ cells detected was expressed as a ratio of B cells generated:HE cells 

seeded this difference was even more striking. At a low seeding density, 18.9:1 ± 6.2 

(mean ± SD) B cells are generated per HE cell seeded (Figure 50B). Comparably, when HE 

cells were seeded at a high density, the number of B cells generated per HE cell was 0.6:1 

± 0.6 (mean ± SD) (Figure 50B).  
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Figure 49 CD144+CD43/235a-CD73+ populations seeded onto OP9 stroma generate 
haematopoietic cells. 
Day 8 endo (CD43/235a-CD144+CD73+) and haem (CD43/235a+) cells were reseeded 
with OP9 stroma and cultured for 21 days. Cells were then harvested and analysed 
by flow cytometry. Endo populations gave rise to CD45+ cells in addition to CD45-

CD144+ cells. Haem fractions generated CD45+ cells but a very low number of CD45-

CD144+ cells. Representative image, n=3 independent experiments.   
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Table 16 The effect of seeding density on differentiation potential.  
Population  Experiment number CD45+ CD19+ 

HE 3 
4 

3/3 
3/3 

2/3 
3/3 

Haem 3 
4 

3/3 
3/3 

0/3 
1/3 

Endo 3 
4 

3/3 
3/3 

0/3 
0/3 

Neg 3 
4 

0/3 
3/3 

0/3 
0/3 

Haemogenic endothelium (HE), haematopoietic (haem), endothelial (endo) and 
negative (neg) cells were FACS sorted from day 8 C19 iPS/OP9 co-cultures. Cells 
were seeded at 25,000 cells/well into culture with MS-5 cells, IL-7, IL-3, SCF and 
Flt3L. After 21 days of culture, cells were harvested, stained with mAbs and 
analysed by flow cytometry. Numbers indicate; wells containing population/total 
wells seeded. n=2 independent experiments.  
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Figure 50 The effect of seeding density on the total number of B cells generated from 
haemogenic endothelium. 
HE cells, FACS isolated from day 8 C19 iPS/OP9 co-cultures, were seeded at 5,000 
cells/well (low) or 25,000 cells/well (high) into co-culture with MS-5 cells. After 21 
days cultures were harvested, stained with mAbs and analysed by flow cytometry. 
(A) Cultures seeded with low numbers of HE cells generated a higher total number 
of CD19+ cells. Low density; 94,748 ± 30,998 and high density 13,922 ± 14,595, 
mean ± SD. Low density, n=3; high density n=2 independent experiments. (B) 
Number of CD19+ cells generated in cultures seeded with HE cells at 5,000 cells/well 
(low) and 25,000 cells/well (high) expressed as a ratio of B cells generated:HE cells 
seeded. ** P= ≤ 0.01, *** P= ≤ 0.001 
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4.3.3 Functional assessment of endothelial progenitor cells derived 
from iPS cells. 

4.3.3.1  iPS- derived endothelial-like cells have limited functional capacity to 
form tubule network and appear to retain a degree of plasticity 

The presence of CD144+ cells lacking haematopoietic markers during late stages of 

culture, established from a heterogenous day 10 CD34+ population, suggests that 

endothelial progenitor cells may be present.  Endothelial cells are involved in 

vasculogenesis and play a role in haematopoietic engraftment (Gerber et al., 1999, 

Hooper et al., 2009, Watt et al., 2010). Therefore, endothelial cells could be a valuable 

tool in a variety of transplantation settings To determine whether functional endothelial 

cells could be differentiated from iPS colonies, day 10 CD34+ cells were seeded onto 

collagen-I coated plates in EGM-2 media at 5x103 cells/ml, a culture system optimised for 

endothelial cell growth within our laboratory (Ingram et al., 2005, Benny et al., 2008, 

Zhang et al., 2009, Roubelakis et al., 2013). Cultures were then maintained for 14 days 

and wells were stained for CD31 and CD90; culture wells with a predominant CD31+ 

population and endothelial-associated morphology that lacked CD90+ fibroblast-like cells 

were identified (Figure 51). Culture wells that fulfilled this criterion were harvested by 

trypsinisation and replated in EGM-2 media on collagen-I to expand, and were 

subsequently referred to as endothelial outgrowth colonies (EOC) (termed P1 at this 

stage). At P2, a sample of cells was taken for analysis by flow cytometry, >99% of cells 

were positive for endothelial-associated markers CD31, CD146 and CD105, while being 

negative for the haematopoietic markers CD45 and CD14, 7.4% of cells expressed CD90 

(Figure 52A). Continued expansion of this population, and analysis at P4, revealed that 

>99% of cells retained the expression of endothelial-associated markers and lacked the 

expression of haematopoietic markers. However, CD90 positivity had increased 
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substantially up to 36.0% of the population (Figure 52 B). It is possible that cells with this 

phenotype were not committed to the endothelial lineage or that a process referred to as 

endothelial-to-mesenchymal transition (EMT) could be occuring. Alternatively, human 

cells with this CD31+CD90+CD45- phenotype have been postulated to be activated 

endothelium or recently proposed to be vascular stem cells (Wetzel et al., 2004, Wandel 

et al., 2012, Zimmerlin et al., 2010, Lin and Lue, 2013). 

A functional readout of endothelial potential is the ability to form tubule networks. One 

common assay for tubule- forming capacity involves using matrigel (an extracellular 

matrix) as the support (Khoo et al., 2011). While there are advantages to this functional 

test, studies suggest that this assay may detect more mature endothelial cells rather than 

early endothelial precursors. An alternative methodology for assessing vascular tubule 

potential involves the co-culture of endothelial cells with human dermal fibroblasts, 

which provide the support and signals for endothelial networks to form (Zhang et al., 

2009). CD34+ cells from day 10 iPS/OP9 culture, iPS- endothelial outgrowth colony (EOC) 

cells at passage 4 or primary HUVECS cells at passage 4 were co-cultured with hDFs. After 

two weeks cultures were fixed and stained with anti-CD31 mAb and then visualised using 

the HRP system (described in 2.6.6). Both iPS-CD34+ cells and iPS-EOC performed poorly 

in the co-culture tubule assay in comparison to HUVECS (Figure 54).  iPS-EOCs cultures 

showed a small increase in the total number of tubules in comparison to iPS-CD34+ cells, 

but the total tubule length and number of junctions formed was highly similar. Time 

constraints did not permit this to be investigated further. 
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Figure 51 Immunofluorescent live cell staining of day 14 endothelial cultures generated from 
iPS-CD34+ cells. 
iPS-CD34+ cells were seeded onto collagen-I coated plates in EGM-2 media to 
promote the outgrowth of endothelial cells. After 14 days of cultures cells were 
stained for CD31 and CD90 to enable the selection of wells with a predominant 
CD31+CD90- phenotype. Selected cell populations were then reseeded onto 
collagen-I coated plates in EGM-2 media for continued growth and expansion. 
Images at x20 magnification. Representative images.  
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Figure 52 Cell surface phenotype of P2 and P4 endothelial outgrowth colonies. 
(A) Cells were expanded in EGM-2 media on collagen-I coated plates and harvested 
at P2. A sample was taken for analysis by flow cytometry. 99.7% of cells were 
CD146+CD31+, 90.5% CD105+CD90- (7.4% CD105+CD90+) and 99.9% CD14-CD45-. (B) 
EOCs cultured to P4 were 99.8% of cells were CD146+CD31+, 63.6% CD105+CD90- 
(36.0% CD105+CD90+) and 99.6% CD14-CD45-. Representative image, n= 2 
independent experiments.  
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Figure 53 Brightfield image of P2 endothelial outgrowth colony cells. 
iPS-CD34+ cells were cultured on collagen-coated plates in EGM-2 media. Cultures 
that stained homogenously CD31+CD90- with a typical endothelial morphology were 
harvested to expand. Representative image of cultured cells morphologically 
resembled endothelium. Brightfield image, x10 magnification.  
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Figure 54 Comparison of the functional capacity of iPS-derived endothelial progenitor cells to 
form tubule networks in vitro. 
(A) CD34+ cells from day 10 iPS/OP9 co-culture (ratio cells:hDFs 1:2), (C)iPS-EOCs at 
P5 (ratio cells:hDFs 1:5) and (B and D) HUVECS (ratio cells:hDFs 1:5) were seeded 
with hDFs to assess tubule forming potential. After 14 days cultures were fixed and 
stained with CD31 and visualised using avidin/biotin labeling and horseradish 
peroxidase activity. Analysis of tubule network formation was performed using 
Angiosys software (TCS Cellworks). (E)HUVECS outperformed iPS-CD34+ and iPS-EOC 
cells in all parameters measured. iPS-EOC formed a greater number of tubules than 
iPS-CD34+ but demonstrated little improvement in the number of junctions formed 
and the total tubule length measured. Values are mean ± SEM, n=2 independent 
experiments 
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4.4 Discussion 
The first haematopoietic cells identified in iPS/OP9 co-cultures expressed CD41a and 

CD43. Analysis of the CD43 population revealed CD41a+ and CD41a- populations. 

Expression of CD41 has been identified prior to CD45 expression in budding intra-aortic 

cultures of the dorsal aorta as well as on multilineage progenitors in the yolk sac (Boisset 

et al., 2010, Mikkola et al., 2003, Ferkowicz et al., 2003). The T cell potential of CD41+ 

cells arising in the zebrafish AGM has also been described (Bertrand et al., 2008). It has, 

however, been suggested that CD43+CD41a- cells may have a broad myeloid potential, 

with the CD43+CD41a+ population being erythro-megakaryocyte restricted (Rafii et al., 

2013, Vodyanik et al., 2006). Indeed, the data here demonstrates that the first emerging 

CD45+ were uniformly CD41a- with at least a fraction of CD45 cells emerging via a 

CD45+CD43+ phenotype. Additionally, cells co-expressing CD144 and CD41a are 

transiently present in iPS/OP9 co-cultures. Comparisons between this simple co-culture 

system and population dynamics in the midgestation mouse embryo can be made as 

CD144+CD41lowCD45- cells, demonstrated to be precursors of definitive HSCs, are 

observed transiently in the E11.5 AGM (Rybtsov et al., 2011). However, in the AGM CD41+ 

cells quickly co-express CD45, with cells even displaying a CD144+CD45+ phenotype 

(Rybtsov et al., 2011).  This differs from the population dynamics described here in the 

OP9 co-culture system. E9.5 mouse yolk sac (in circulation deficient mice) may also 

contain a limited number of cells with this CD144+CD45+ phenotype (Yoshimoto et al., 

2011). Co-expression of CD41a and CD144 was used here to identify hypothetical 

timepoints before, during and after HE had undergone EHT. Day 5 CD41+CD144+ cells 

(from PSC/OP9 co-cultures) have been described as erythroid-megakaryocyte restricted 

(Choi et al., 2012). The authors described day 5 CD43+ cells as primitive, whilst this 
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population on day 8 had multipotent myeloid potential (Choi et al., 2011a). Using a 

different culture system with defined factors and an absence of OP9 cells, Keller and 

colleagues described the restricted differentiation potential of CD41a+ and CD43+ that 

arose at earlier timepoints (Kennedy et al., 2012). At this initial stage, when 

haematopoietic markers are first detected, T lymphocyte potential was restricted to the 

CD34+haem- population (Kennedy et al., 2012). Therefore, the analysis of CD41a and 

CD144 expression may be inappropriate for predicting the generation of progenitors with 

lymphocyte potential.  

By day 10, B cell potential was restricted to the haematopoietic population. However, on 

day 8 of co-culture the potential to generate B cells could be found in a fraction of the 

population with a CD43/235a-CD144+CD73- phenotype. This population lacked expression 

of the haematopoietic marker CD45 (which is not expressed until day 10), CD43 and 

therefore CD41a, as well the red blood cell marker CD235a. Two main alternative 

theories that relate to the identity of progenitors which give rise to the haematopoietic 

lineage are prevelant, one describes the haemangioblast and the other haemogenic 

endothelium. The haemangioblast is a bipotent progenitor whilst HE is a phenotypically 

endothelial population with haematopoietic potential. Work by Lacaud and colleagues 

using a mouse ES cell system demonstrated a progenitor-progeny relationship of these 

two populations, with the haemangioblast generating HE (Lancrin et al., 2009). The 

authors described the expression of the mesoderm marker, Brachyury, in the 

haemangioblast in addition to the lack of c-kit and Tie-2, which discriminates the 

haemangioblast from HE (Lancrin et al., 2009). Slukvin and colleagues also reported the 

intracellular expression of CD144 in haemangioblast-like cells, whilst HE cells express cell 
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surface CD144 (Choi et al., 2012). Therefore, HE can be distinguished from 

haemangioblast-like cells by the expression of endothelial-associated cell surface markers 

and from haematopoietic cells by the absence of haematopoietic specific markers. Thus, 

with the work detailed here and the supporting data in the report described by Slukvin 

and colleagues, where Dil-AcLDL uptake and the expression of Tie-2 (CD202B) and c-kit 

(low expression) was assessed, the CD43/235a-CD144+CD73- population can be described 

as a putative haemogenic endothelium population (Choi et al., 2012).  

Although not fully investigated, MS-5 stroma did not appear to be capable of supporting 

the generation of haematopoietic cells directly from iPS cells. Whether the MS-5 

conditions described are capable of supporting EHT and therefore the generation of 

haematopoietic cells from haemogenic endothelium was also not determined. The 

impact therefore of transferring cells from the OP9 environment to MS-5 co-culture 

should be considered. The MS-5 culture system was capable of supporting B cell 

differentiation from haematopoietic populations that can be isolated from as early as day 

8 of OP9 co-culture. B cell differentiation from haematopoietic progenitors isolated from 

day 22 iPS/OP9 co-cultures was also observed. When cells of a 

CD144+CD73+CD43/CD235a- phenotype, that has been proposed to describe an 

endothelial population, were seeded into the MS-5 culture, haematopoietic cells were 

not generated. However, when this same population was seeded back onto OP9 stroma, 

a limited number of haematopoietic cells could be observed. This therefore suggests that 

OP9 cells are capable of revealing haematopoietic potential in a way that MS-5 cells do 

not. Furthermore, the day 8 CD144+CD73+CD43/CD235a- population is not entirely a 

homogenous endothelial population devoid of haematopoietic potential. This finding was 
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confirmed in supplemental figures of the paper published by Slukvin and colleagues (Choi 

et al., 2012). Whether CD144+CD73+CD43/CD235a- ‘endothelial’ cells could generate B 

cells was not assessed as the OP9 cultures were not supplemented with B cell 

differentiation promoting cytokines. Additionally, while CD144+CD73+CD43/CD235a- 

‘endothelial’ cells did not generate haematopoietic progeny in the MS-5 co-culture when 

cells were seeded at 5,000 cells/well, haematopoietic progeny was consistently detected 

when ‘endothelial’ cells were seeded at a higher density. This implies either that, there 

are ‘contaminating’ haematopoietic progenitor cells present in the cells isolated with the 

CD144+CD73+CD43/CD235a- profile which are only revealed when a sufficient number of 

cells are present. Alternatively, that factors secreted by the endothelial cells are sufficient 

to drive haematopoietic differentiation when present at critical levels. It has recently 

been demonstrated that the underlying aortic mesenchyme controls the expression of 

Runx1, and therefore the generation of haematopoietic cells from the aortic endothelium 

(Richard et al., 2013). If this control also applies to the MS-5 iPS-derived endothelial cell 

cultures, then it would be interesting to determine which factors, that, when produced by 

the endothelium at a sufficient level, stimulate haematopoiesis.  

The observation that CD144+CD73-CD43/CD235a- cells, switched from OP9 co-culture on 

day 8 to MS-5 co-cultures were capable of differentiating to the B cell lineage can be 

interpreted in a number of different ways. In scenario A), MS-5 cultures are capable of 

supporting EHT and subsequent B cell differentiation, while in scenario B), MS-5 cultures 

are not capable of supporting EHT, only the B cell differentiation of a committed 

haematopoietic population. If scenario A is true, then the data described within this 

chapter supports the hypothesis that haemogenic endothelium is capable of B cell 
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differentiation. However, if scenario B is true, then the results from the assay are reliant 

on a subfraction of CD144+CD73-CD43/CD235a- cells that have already committed to the 

haematopoietic lineage. This could possibly be dissected by using reportor genes for the 

expression of haematopoietic-associated genes, perhaps even for CD43, alongside 

continuous live cell imaging. Runx1 is a required factor that is expressed during EHT; 

Runx-1 is also expressed in putative HE (Richard et al., 2013, Chen et al., 2009, North et 

al., 2002). A reporter for Runx1 enhancer activity may however be informative within this 

context (Nottingham et al., 2007). An alternative way in which this experiment could be 

performed, would involve the replating of the candidate HE population back onto OP9 

stroma with B cell-associated cytokines which would permit both EHT and B cell 

differentiation. The reason that this approach was not initially adopted was because B 

cell differentiation in OP9 co-culture occurred with lower efficiencies than in MS-5 co-

cultures.  

The observation that day 21 B cells numbers were 80- fold higher in HE seeded cultures 

than in haematopoietic cultures, suggests that the B cell potential of the HE population is 

not caused by a contaminating number of CD43/CD235a+ cells. Furthermore, a hypothesis 

that this finding results from the shorter lag in HE than haem populations of a cell 

becoming haematopoietic before being switched to B cell conditions, and therefore 

having a reduced chance for lineage potential to be skewed, is not supported, as day 22 

haematopoietic cells have B cell potential.  

When HE cells were seeded at a higher density (25,000 cells/well vs. 5,000 cells/well) into 

the MS-5 co-culture, the total number of CD19+ cells generated in any given well was  
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largely reduced. There are numerous contributors to the pool of cytokines that are 

present in an assay such as the MS-5 co-culture described. Firstly, recombinant cytokines 

are added to promote B cells differentiation. Secondly, stromal cells express and secrete 

a range of factors to which the iPS-derived cells respond. Thirdly, serum, which is a 

component of the culture media, contains a largely undefined range of factors. A further 

source of factors is the iPS-derived cells themselves. Endothelial and haematopoietic cells 

form part of the niche in the bone marrow and express or secrete a host of factors which 

impact upon haematopoietic differentiation. The identity and impact of inhibitory cells 

and factors on B cell differentiation should be investigated. A permutation on this 

hypothesis is that progenitors with B cell potential require a period of time to mature 

before these cells are able to differentiate to the B cell lineage. If haematopoietic 

differentiation from the HE pool occurs before these progenitors are able to mature, and 

if these haematopoietic cells then secrete factors which impact upon maturation, then 

this potential could be lost. 

Irrespective of the potential implications of cell transfer from OP9 to MS-5 co-culture, 

another factor as to whether HE has B cell potential might relate to maturation state of 

the HE population. The differentiation of iPS cells in the conditions described, as well as 

the in vivo situation, are that of a developing system; a continuum of cell potentials may 

be present over a specific time scale. For example, the paired dorsal aorta is formed 

around E8.0 in the mouse embryo, which fuses to form the dorsal aorta at E9.0 (Drake 

and Fleming, 2000, Walls et al., 2008, Garcia-Porrero et al., 1995). The endothelial cells 

that line the paired dorsal aorta are of splanchnopleural origin, and are the endothelial 

cells with haemogenic capacity (Pouget et al., 2006, Pardanaud et al., 1996). The 
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splanchnopleural endothelial cells then are partially replaced by somite endothelial cells 

before the onset of haematopoiesis (Pouget et al., 2006). At E9.5 intraaortic clusters are 

observed, before HSC activity can be detected at E10.5 (Garcia-Porrero et al., 1995, 

Rybtsov et al., 2011). As the HE cells of the dorsal aorta endothelium are presumably 

formed by E8.0/E8.5, the reason for the delay in the formation of intraaortic clusters until 

E9.5 could relate to new environmental signals, created by cells of the remodelled aorta, 

or factors carried in the circulation. Alternatively, the time taken could be required for HE 

cells to be able to respond to such signals. Whether cells characterised with the 

CD144+CD73-CD43/CD235a- phenotype, that are present before day 8 in the iPS/OP9 co-

culture, are able to generate B cells remains to be determined.  

The frequency of B cell progenitors in the CD144+CD73-CD43/CD235a- population appears 

to be low as, when cells were seeded at 5,000 cells/well, only 25% of culture wells (n=4 

independent experiments) contained B cells. In comparison, when HE cells were seeded 

at 25,000 cells/well, 83% of culture wells generated B cells (n=2 independent 

experiments). This methodology provides a broad insight into B cell progenitor frequency, 

however if assays are not performed at a single cell level the difference between one or 

the additive potential of numerous cells can not be distinguished. Due to time 

constraints, single cell assays were not attempted. This would be an important next series 

of experiments. The observation that a proliferative burst, which is seen between day 7 

and 14 of MS-5 co-culture, correlates with B cell capacity. Inversely, cultures which lacked 

CD19+ cells on day 21 of MS-5 culture, did not appear to have undergone this same cell 

expansion phase. These observations have implications for a single cell study. 

Furthermore, there was a high positive correlation between the total number of CD45+ 
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cells on day 21 of the MS-5 co-culture, with the presence of B cells within these cultures. 

If these observational findings are caused by paracrine effects, due to the requirement 

for a large intermediate population secreting active factors, then it may not be possible 

to conduct this experiment at a single cell level. Instead a labelling strategy might need to 

be applied. Alternatively, the generation of a significantly higher number of CD45+ cells in 

correlation with the presence of B cells could be caused by the presence of different 

progenitor populations in the two settings that both fall within the HE phenotype. For 

example, if B cell potential is a readout for the presence of a multipotent progenitor, this 

progenitor could have the capacity to generate a much larger number of haematopoietic 

cells than a more lineage-restricted progenitor cell. In the report by Slukvin and 

colleagues, the investigators followed a single cell approach and assessed the potential of 

these cells, when reseeded into OP9 co-culture, to form a CD43+ population. Around 15% 

of the CD144+CD73-CD235a- population had the ability to generate CD43+ cells (Choi et 

al., 2012). If follow-up experiments support the hypothesis that a limited number of HE 

cells and their progeny have an extremely high capacity to yield large numbers of B cells, 

then the identity and multilineage potential of this population would be of great interest 

to the field. Keller and colleagues also recently demonstrated the capacity of a 

haemogenic endothelial-like population to generate T lymphocytes, although cells were 

selected using a less stringent CD34+CD43/45-(CD144+) criteria (Kennedy et al., 2012).  

The presence of CD144+haem- cells in long term cultures, in addition to the report by 

Kaufman and colleagues demonstrating the potential of PSC-derived CD34+ cells to form 

endothelium in vivo, suggests that differentiated iPS cells from OP9 co-culture might have 

endothelial potential (Tian et al., 2009). Attempts to promote endothelial differentiation 
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from progenitor populations were relatively unsuccessful when assessed for tubule-

forming potential. This could be because CD34+ and EOC cells have more lineage plasticity 

than HUVECs, or that they are potentially differ in maturity. Alternatively, the factors and 

support produced by hDFs maybe more suitable for supporting tubule formation from 

HUVECs than from iPS-derived cells. Indeed, tubule-like networks were routinely 

observed from iPS progenitors when co-cultured with MS-5 stroma by colleagues in the 

laboratory (personal communication). The increased expression of CD90 in EOC cultures 

with continued passage, whilst maintaining a highly homogenous CD31+CD146+ 

phenotype, may represent plasticity in cell identity. This has been described by others, 

with the occurrence of EMT in hES-endothelial cultures (James et al., 2010). However, 

CD90 is expressed highly on the majority of day 10 iPS-CD34+ cells, and has been detected 

on multiple cell types including HSCs, activated endothelium and MSCs. Expression levels 

of CD90, therefore, may be an inappropriate indicator in this context. The derivation of 

endothelium, including identified subtypes such as blood-brain barrier endothelium, from 

PSCs has progressed with improved differentiation efficiencies (Lippmann et al., 2012, 

Kusuma et al., 2013, James et al., 2010, Prado-Lopez et al., 2010). More recently, the 

capacity for these PSC-derived endothelial cells to self-organise into 3D vessel structures 

revealed functional potential with a number of similarities to in vivo vasculogenesis 

(Kusuma et al., 2013).   

In conclusion, the data described here demonstrates, for the first time, that putative 

haemogenic endothelium, as described with the most stringent current criteria, is 

capable of undergoing B cell lymphopoiesis.   
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 Chapter 5. 

Assessing the capacity of iPS- B cells to express cell 
surface antibodies in vitro and in vivo. 

 

5.1 Aims and objectives 

The purpose of this chapter was to determine whether iPS pre-B cells could mature to 

express cell surface IgM, a developmental process that requires DNA recombination of 

V,D and J gene segments.  The specific aims were to: 

1) Define in vitro conditions for the differentiation of iPS pre-B cells to an IgM+ 

phenotype. 

2) Confirm VDJ recombination in iPS-IgM+ cells derived in vitro. 

3) Assess the capacity of iPS pre-B cells to differentiate and expand in vivo. 
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5.2 Background 

During development, haematopoiesis is thought to occur in distinct waves, initially from 

haematopoietic precursors and subsequently from the HSC (reviewed in (Cumano and 

Godin, 2007)). Postnatally, HSCs are multipotent, giving rise to a broad range of lymphoid 

and myeloid cells. However, T, B and myeloid cells have been detected prior to the 

generation of HSCs (Yoder et al., 1997a, Yoder et al., 1997b). In the mouse, 

developmentally and functionally distinct B cell populations have been described, termed 

B-1 and B-2 B cells (reviewed in (Montecino-Rodriguez and Dorshkind, 2012)). Evidence 

thus far, from mouse models, has described a possible HSC autonomous production of B-

1a and MZ cells (Ghosn et al., 2012). However, B-2 B cells, the major B cell population 

that is found in the spleen and peripheral blood, are generated continuously from HSCs 

that reside in the bone marrow (Ghosn et al., 2012). B-2 B cells play an important role in 

the adaptive immune response (reviewed in (Allman and Pillai, 2008).  

Stages of B cell differentiation, typically described in relation to HSC-derived (B-2) B cells, 

have been distinguished using a panel of cell surface markers, the expression of stage-

restricted genes and the configuration of the immunoglobulin heavy and light chain loci 

(Hardy et al., 1991). Cell surface expression of immunoglobulins is first observed in 

immature B cells (reviewed in (Hardy and Hayakawa, 2001, Ikuta et al., 1992). The pro-B 

to immature B cell stage can be dissected in mouse B cell populations by assessing CD34, 

CD43 and IgM expression. CD19+CD34+ cells are pro-B cells, CD34 is then downregulated 

in the subsequent pre-B cell stage, with continued expression of CD43 (Hardy et al., 

1991). As B cells transit from pre-B-I to pre-B-II cells, proposed sub-stages of the pre-B 

cell, cell surface CD43 is no longer detected (Hardy et al., 1991). In human B cell 
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development, CD34 and CD10 expression has been used to order differentiation (Ghia et 

al., 1996, Davi et al., 1997, Blom and Spits, 2006). CD10 is expressed from the CLP to the 

immature B cell stage and continues to be detected until B cells leave the bone marrow 

to develop further in the periphery, when cell surface CD10 expression is predominantly 

downregulated (Loken et al., 1987). CD34 is expressed in human pro-B cells and is 

downregulated by the pre-B-II stage (Ghia et al., 1996). However, whether CD43 

expression patterns in the early stages of human B cell differentiation mimic patterns in 

the mouse, has not been determined.  

In vivo studies in the mouse have revealed the identity of numerous critical factors in B 

cell lymphopoiesis. For example, Flt3L is required for lymphoid progenitor development 

and SDF-1/CXCL12 is necessary for the commitment of CD19- progenitors to the B cell 

lineage (Sitnicka et al., 2002) (Egawa et al., 2001). Stimuli that promote B cell 

development from committed CD19+IgM- cells to immature B cells (IgM+) have been 

difficult to identify in vivo. Whilst B cell lymphopoiesis displays many commonalities 

between mouse and human, there are notable differences.  A disparity in the expression 

of markers such as CD10, CD45RA and CD38 between human and mouse B cells highlight 

phenotypic differences (Kee et al., 1992, Hao et al., 2001). Therefore, an in vitro model of 

human B cell development from lymphoid progenitor to immature B cell, or even plasma 

B cell, would have wide ranging applications. In vitro culture systems to promote human 

B cell development (from bone marrow HSC or UCB-HSC) to the immature B cell stage 

have been infrequently described. This has been achieved in a limited number of reports 

using murine stromal cells, MS-5, AFT024, S17 or transfected fibroblastic-L cells, to 

support the generation of human IgM+ cells (Ohkawara et al., 1998, Fluckiger et al., 1998, 
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Barker and Verfaillie, 2000). Sekiguchi and colleagues generated IgM+ cells from human 

UCB-CD34+ cells using a co-culture system with MS-5 stroma supplemented with G-CSF 

and SCF (Ohkawara et al., 1998). In this system, CD19+IgM+ cells could be observed after 4 

weeks of culture (Ohkawara et al., 1998). UCB-CD34+ cells cultured on S17 stroma yielded 

IgM+ cells between week 6 and 8 of culture, at 3-10% of the CD19+ population (Fluckiger 

et al., 1998). Subsequent isolation of CD19+ cells from week 8 CD34+/S17 cultures, and 

transfer onto murine fibroblasts transfected with CD40L in the presence of IL-4, resulted 

in a large increase in the proportion of B cells expressing IgM (Fluckiger et al., 1998). 

Verfaillie and colleagues differentiated human pro-B cells to the immature IgM+ cell stage 

over a 3 week period in co-culture with AFT024 cells (Barker and Verfaillie, 2000). In the 

work by Verfaillie and colleagues, cells were cultured for two weeks with a cocktail of 

cytokines, including IL-7 and Flt3L, prior to the addition of CD40 antibody, IL-4, IL-5, IL-6 

and IL-10 for the remaining 7 days (Barker and Verfaillie, 2000). In addition to CD40L, 

lipopolysaccharide (LPS), phosphorylcholine (PC), BAFF (B cell activating factor), APRIL (a 

proliferation inducing ligand), poke-weed mitogen (PWM), CpG DNA, heparan sulphates, 

TSLP (thymic stromal lymphopoietin) and a wide range of interleukins (IL-4, IL-5, IL-10, IL-

13) have all been described to promote B cell differentiation in vitro (Fluckiger et al., 

1998, Andersson et al., 1972, Ray et al., 1998, Haas et al., 2005, Claudio et al., 2002, 

Belnoue et al., 2008, Bekeredjian-Ding et al., 2012, Krieg et al., 1995, Reijmers et al., 

2011). B-1 B cells, which are thought to be the major source of natural antibodies, have 

been demonstrated to react to common bacterial antigens that include PC and LPS (Haas 

et al., 2005, Seidl et al., 1999, Andersson et al., 1972). The capacity of APRIL (a 

proliferation-inducing ligand) to promote expansion of the B-1 B cell pool has also been 

reported (Planelles et al., 2004).  
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For B cell development to progress to the IgM+ stage, where cell surface antibodies are 

first expressed, cells must undergo VDJ recombination. This is a process that requires the 

expression of RAG (Recombination Activating Gene) recombinase, which uniquely occurs 

in T and B lymphocytes (Oettinger et al., 1990). In B cells, V,D and J gene segments at the 

IgH locus and, V and J segments at the IgK and IgL loci, are rearranged to generate 

antibody diversity. Recombination at the IgH locus occurs first, which results in the 

expression of the pre-BCR. Light chain loci are then rearranged prior to the appearance of 

IgM/BCR on the cell surface (Tonegawa, 1983). The human IgH locus is composed of 56 V, 

23 D and 6 J genes, in addition to numerous pseudogenes (Lefranc et al., 2009). Indeed, 

the greatest contribution to antigen specificity occurs at the IgH locus where VDJ 

segments form the CDR3 region (complementarity determining region 3) (Ohno et al., 

1985). Recent estimates using high throughput screening have suggested that there are 3-

9 million unique CDR3s in the blood of an adult human (Arnaout et al., 2011). The total 

number of B cells found in the body is many magnitudes lower than the hypothetical total 

number of possible unique antibodies. One research question that has frequently been 

addressed therefore, is what determines utilisation of specific V, D or J gene segments? 

Preferential utilisation of segments has been indicated following infection or 

immunisation (Lucas and Reason, 1999, Throsby et al., 2008, Scheid et al., 2009). 

Moreover, there have been indications that the propensity for utilisation of specific gene 

segments may change with developmental age in both mouse and human (Schroeder et 

al., 1987, Marshall et al., 1997, Perlmutter et al., 1985). Overall, it can be observed that 

the frequency in which IgH locus genes are found in recombined DNA is not equal 

(Arnaout et al., 2011, Weinstein et al., 2009). Further investigation is required to 

elucidate the mechanisms involved in the preferential selection of segments. In addition 
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to diversity by recombination of individual V, D and J genes, variability in sequence is also 

increased by the addition of random nucleotides at junctions. This process is at least 

partially controlled by the expression of TdT (terminal deoxynucleotidyl transferase) 

which appears to be differentially expressed during haematopoietic ontogeny (Li et al., 

1993). Numerous questions remain with regard to the regulation and control of VDJ 

recombination. An in vitro iPS to IgM+ B cell differentiation system that could be used to 

compare iPS cells with a germline configuration, to those that retain a rearranged IgH 

locus, may permit new insights.  

In vitro differentiation is limited directly by experimental conditions. The postnatal 

anatomical location of development from the HSC to immature B cells is the bone 

marrow. B cells then move into the periphery for further development. Therefore, the in 

vitro culture system required to produce large numbers of immature B cells and their 

terminally differentiated progeny are likely to be different from the earlier stages of B cell 

differentiation. The adoptive transfer of populations in vivo, as an alternative method for 

promoting B expansion and maturation, may prove effective. Immunodeficient mice that 

lack T, B and NK cells have been demonstrated to support both short term repopulation 

of human lymphocytes, as well as long term reconstitution of the major populations of 

the human immune system (McCune et al., 1988, Mosier et al., 1988, Shultz et al., 2005, 

Shultz et al., 2012). These studies indicated that haematopoietic niches in mice have 

sufficient and at least minimum similarity to human niches to enable the support of 

human haematopoiesis.  

At the time of writing, and to the author’s knowledge, there have only been two reports 

of B cell generation from human ES or iPS cells, one of which originated from this 
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laboratory (Carpenter et al., 2011, Vodyanik et al., 2005). The differentiation of human ES 

cells to the B cell lineage in vitro has been described; although the CD19+ cells generated 

were not further characterised and maturation ability was not assessed (Vodyanik et al., 

2005). The differentiation of human iPS cells to the B cell lineage, to which work in this 

thesis contributed, yielded pre-B cells that were positive for Pax5, IL7Rα and VpreB 

transcripts and had undergone D-J recombination (Carpenter et al., 2011). Whether these 

iPS-B cells are capable of maturing to stages where cell surface antibodies are expressed, 

represents an important functional assay. Furthermore, it has been demonstrated that 

reprogrammed T lymphocytes, that maintain their rearranged genomic VJ configuration 

at the iPS cell stage, can be differentiated to express their original T cell receptors (TCRs) 

(Wakao et al., 2013). The technical capability therefore to generate antibody expressing B 

cells from an iPS cell source would describe a model to investigate rare B cell populations 

associated with pathologies such as acute lymphoblastic leukemia (ALL).  Additionally, if 

B-1 B cell identity in humans is more convincingly described, the classification of B cells 

arising from pluripotent stem cells, either as B-1 or B-2 B cells, may provide a readout to 

discriminate YS-like HPCs from AGM-like HSCs in differentiating pluripotent stem cell 

populations. 

One question addressed within the context of this thesis was, whether iPS-B cells 

resembled innate B-1 B cells or adaptive B-2 B cells, if indeed these two populations exist 

in humans. A number of attempts were made to address this question with functional 

assays, but, due to the lack of convincing controls, this work was not progressed. Another 

way in which the B-1 versus B-2 B cell question could be addressed is by the preferential 

reconstitution of B cell compartments in vivo. It is known that B-1 B cells are primarily 
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found in the peritoneal cavity, with a minor fraction in the spleen (Berland and Wortis, 

2002, Hardy and Hayakawa, 2001). This propensity to occupy distinct anatomical 

locations therefore may describe an assay to discriminate human B-1 B cells from B-2 B 

cells in the absence of unique markers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 

228 
 

5.3 Results 

5.3.1 iPS-derived B cells differentiate to express cell surface IgM in 
vitro. 

5.3.1.1 iPS-B cells continue to develop with increasing time in culture. 

B cell differentiation from C19 iPS cells was described by seeding CD34+ cells, from day 10 

iPS/OP9 co-culture, onto MS-5 stroma with IL-3, IL-7, SCF and Flt3L (Figure 37). After 21 

days of culture, cells were harvested and stained with mAbs for analysis by flow 

cytometry. CD19+ cells were gated using the approach outlined in Figure 55. 

Autofluorescence in the APC channel was observed with both long-term iPS-derived and 

UCB-derived cultures. Autofluorescent cells also stained positively for CD45. To enable 

accurate identification of CD19+ B cells, the signal from the CD19-conjugated flurochrome 

was analysed in conjunction with an APC signal, when APC-labelled antibodies were not 

included. Alternatively, the CD19 signal could be detected in conjunction with DAPI 

staining as, autofluorescent cells also demonstrated a high fluorescence intensity in the 

UV range of the emission spectra. Fidelity of the CD19 signal was determined with FMO 

and biological controls. Furthermore, CD19+ cells had a low side scatter profile, as 

expected for lymphocytes, and were observed as a contiguous population (Figure 55). 

 CD19+ iPS-B cells were predominantly CD34-CD43+CD10+ on day 21 (Figure 56A). Work in 

this laboratory has revealed the identity of this population as a pre-B cell population 

(Carpenter et al., 2011). When UCB-CD133/34+ cells were cultured for an equivalent 

duration, in the same conditions, the CD34-CD43+CD10+ phenotype was also observed 

(Figure 56A). In comparison, B cells present in non-cultured UCB MNCs were 

predominantly CD43- and contained both CD10+ and CD10- populations (Figure 56A). This 
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suggests that the UCB MNC B cell fraction contains populations which are generally more 

developmentally mature than B cells generated from either iPS or UCB-HSC/HPCs at day 

21 of the MS-5 co-culture assay. Statistical analysis of B cell populations demonstrated 

the lack of variability in the phenotypes described (Appendix Table 20).  

iPS-B cell cultures were then maintained for a longer duration. Day 21 iPS-CD34+/MS-5 

co-cultures were harvested and selected by MACS for the CD45+ fraction (as outlined in 

2.5.2.4). CD45+ cells were reseeded onto new MS-5 stromal cells and maintained as 

summarised in Figure 57. Cells were harvested after day 42/43 days of co-culture and 

stained with mAbs for analysis by flow cytometry. CD19+ iPS-B cells had downregulated 

expression of CD43, but cells remained CD10+ (Figure 56B). This suggests that CD43 may 

be a marker that is differentially expressed during human B cell differentiation. 

Furthermore, that iPS-B cells may have matured with continued culture.  
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Figure 55 Gating approach and FMO control for analysis of CD19+ cells by flow cytometry. 
CD19+ B cell populations were identified and analysed by flow cytometry using the 
following gating strategy; (A) Viable cells were gated based on low DAPI staining 
(P2) which were then gated to exclude possible doublets (P3). (B) CD19+ cells were 
identified using DAPI versus CD19 or APC versus CD19 as appropriate. This approach 
was required as autofluorescent cells at c. 680-700 nm were frequently observed in 
long-term co-cultures. FMO control demonstrates fluorescence attributed to the 
CD19+ population. CD19+ cells (highlighted in pink in panel (A) from positive 
population in panel (B) have low SSC as expected for lymphocytes and form a 
contiguous population. The same gating approach was used for all B cell types 
(depicted are iPS-B cells in MS-5 co-culture). Numbers expressed as a percentage of 
parent gate.  
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Figure 56 Assessing iPS-B cell development through the expression of CD34, CD43 and CD10. 
CD34, CD43 and CD10 are cell surface markers that can be used to distinguish 
stages of human B cell development. Populations shown were gated on CD19+ cells 
using the approach depicted in Figure 55. (A) Day 21 iPS-B cells were predominantly 
CD34-CD43+CD10+ (>95% of CD19+ cells), describing a pre-B cell identity. UCB-
CD133+ cells on day 21 also displayed this CD34-CD43+CD10+ phenotype (>90% of 
CD19+ cells). Comparably, B cells in the UCB MNC fraction were predominantly 
CD43- (CD43+ 5.8% ± 3.2) and contained both a CD10+ (CD10+ 27.6% ± 11.9) and 
CD10- population. (B) Following a further 3 weeks in culture to day 42, iPS-B cells 
downregulated CD43 with CD10 expression remaining high. Different intensities of 
CD19 staining were observed with UCB MNC staining due to the use CD19-FITC 
antibody, in comparison to the CD19-PerCPCy5.5 antibody, used to stain iPS and 
UCB-CD133+ B cells. PerCPCy5.5-conjugated antibodies produce a higher 
fluorescence intensity than FITC-conjugated antibodies. Numbers expressed as a 
percentage of total CD19+ population. Representative images n=3.  



Chapter 5 

232 
 

5.3.1.2 In long term cultures iPS- B cells express IgM in the absence of 

supplementation with additional cytokines 

Pre-B cells differentiate in the bone marrow to the immature B cell stage, where they 

express cell surface IgM (Hardy and Hayakawa, 2001, Ikuta et al., 1992). With the aim of 

promoting this development from iPS pre-B cells, CD45+ cells, enriched by MACS from day 

21 iPS-CD34+/MS-5 co-cultures, were seeded onto fresh MS-5 stroma. The approach 

taken is summarised in Figure 57. CD45+ cells were cultured in Differentiation media at 

5x104 cells/ml either a) without the addition of cytokines or with the inclusion of the 

following factors, b) IL-7/SCF/Flt3L, c) CD40L/IL-4/IL-5, d) PC or e) APRIL. Cultures were 

initially seeded into 1ml of media per well (12 well plate format), fed with an additional 

1ml/well on day 28 and then a half media change on day 35. Both adherent and non-

adherent cells on days 29, 36 and 43 were harvested by incubation with collagenase 

IV/trypsin and stained with mAbs for flow cytometry analysis. 

On day 21, the CD19+ population was negative for IgM (Figure 59). On day 29 and 36 the 

population remained IgM- (Figure 59). By day 53, a significant difference could be 

observed with iPS-B cells that were cultured in the absence of cytokines, an average of 

3.74% (mean 3.74% ± 1.47 SD) of CD19+ cell expressed cell surface IgM (Figure 59). This 

production of IgM was not observed in cultures containing IL-7/SCF/Flt3L (Figure 59). In 

initial experiments, in the absence of IL-7/SCF/Flt3L but presence of PC or APRIL, similar 

proportions of the CD19+ population expressed IgM (Appendix Figure 76). Furthermore, 

when CD40L, IL-5 and IL-4 were added from day 21, in the absence of IL-7/SCF/Flt-3L, a 

large decrease in total CD19+ cells numbers was observed (Appendix Figure 76). The 
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assessment of the impact of CD40L/IL-4/IL-5, PC or APRIL on iPS pre-B cell maturation was 

therefore not continued.  

Attempts to expand iPS-B cell or UCB-derived B cells in the absence of MS-5 stroma, 

either in Differentiation media or in RPMI media containing 10% serum, were 

unsuccessful. In initial experiments, a vast reduction in CD19+ cells was observed such 

that meaningful data could not be acquired (UCB B cells: 12.4% CD19+ in the presence of 

stroma and 0.1% CD19+ in the absence of stroma and iPS-B cells: 2.3% CD19+ in the 

presence of stroma and 0.4% CD19+ in the absence of stroma) (Appendix Figure 78).  
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Figure 57 Schematic representation of protocol for long-term B cell cultures. 
CD34+ cells were isolated by MACS from day 10 iPS/OP9 co-cultures and seeded 
onto confluent MS-5 stroma in Differentiation media supplemented with IL-3, IL-7, 
SCF and Flt3L. Cultures were fed after 7 and 14 days with the same media, excluding 
IL-3 from this timepoint onwards. On day 21 cells were harvested and enriched by 
MACS for CD45+ cells or CD19+ cells and then seeded onto new MS-5 stroma. At this 
point cells were either cultured in Differentiation media without cytokine 
supplementation or with media plus cytokines. Cultures were then fed after a 
further 7 or 14 days and generally harvested on day 42/43 of culture.  
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Figure 58 Gating approach for flow cytometry analysis of CD19 and IgM expression. 
Analysis of iPS-B cell populations in MS-5 co-culture. (A) Cells were gated based on 
low FSC and SSC profile, then for the viable cell fraction (DAPIlo w/-). A doublet 
exclusion gate was also applied. (B) Identification of CD19 and IgM positivity. The 
CD19+ fraction was gated based on negative APC autofluorescence and a positive 
CD19 signal, which was not present in the relevant FMO control. IgM positivity was 
also determined with FMO gates set ≤0.3% of the CD19+ population. Numbers 
expressed as a percentage of the parent gate. 
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Figure 59 iPS-B cells differentiate to produce CD19+IgM+ cells with extended co-culture. 
Day 21 CD45+ cells, containing a CD19+ subpopulation, were seeded at 5x104 
cells/ml onto MS-5 stroma. Cultures were harvested after 29 and 36 days, where 
upon significant levels (<0.5%) of IgM expression could not be detected by flow 
cytometry. By day 43, CD19+IgM+ cells were observed in cultures maintained in the 
absence of IL-7/SCF/Flt3L. Number are expressed as a percentage of total CD19+ 
population. Day 29 and 36 timepoints n=2, day 43 and 21 time points n=˃3 
independent experiments.   
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5.3.1.3 iPS-B cells do not persist in long-term culture following  CD19+ 
enrichment. 

Initial studies described the propensity of iPS-B cells to express cell surface IgM, when 

enriched for the CD45+ fraction on day 21, and after continued time in culture. 

Concurrently, CD19+ cells were isolated by MACS from day 21 of CD34+/MS-5 co-culture 

and reseeded onto fresh MS-5 stroma, in the absence of cytokine supplementation. 

CD19+ enriched fractions were seeded at 1x104 cells/ml, of which cells had a purity of 

>90% (as described in Table 6). Comparatively, CD45+ fractions were seeded at 5x104 

cells/ml (>95% purity), of which 5-10% of cells were also CD19+ (2.5.2.4). Therefore, 

cultures seeded with CD45+-enriched fractions contained around 50% less B cells at 

seeding than cultures with CD19+-enriched cells.  Cultures were maintained as 

summarised in Figure 57, before cells were harvested on day 42/43 cells and analysed by 

flow cytometry. Analysis revealed a large reduction of CD19+ cells on day 42/43 from 

CD19-enriched cultures (Figure 60 A). To quantify this difference, the number of CD19+ 

cells detected on day 42/43 was expressed as a proportion of CD19+ cells seeded at day 

21, either in CD19 or CD45-enriched cultures, onto MS-5 cells. CD45-enriched cultures 

demonstrated an average ratio of 4.86:1 (mean 4.86 ± 3.02 SD) of CD19+ cells recovered 

on day 42/43 to CD19+ cells seeded (Figure 60 B). When cells were enriched for CD19, the 

ratio of CD19+ cells recovered on day 42/43 to CD19+ cells seeded was 0.01:1 (mean 0.01 

± 0.004 SD) (Figure 60). These data revealed that there was, on average, a 4-fold increase 

in total CD19+ cells with continued culture from CD45 enriched populations but that a 

large significant decrease in total B cells was observed when cells were enriched by CD19 

selection.   
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Figure 60 B cells enriched by CD19 selection from day 21 cultures persist in low numbers in long 
term culture. 
On day 21 of iPS-CD34+/MS-5 co-cultures cells were enriched by positive selection 
for CD45 or CD19 expression. Cells were reseeded with MS-5 stroma in the absence 
of cytokine supplementation. On day 42/43, cultures were harvested and analysed 
by flow cytometry (A). Following CD45 enrichment, total CD19+ cells increased from 
day 21 to day 42/43 at a ratio of 1:4.86 (mean 4.86 ± 3.02 SD) (B). In contrast, when 
CD19 selection on day 21 was used as a purification step the ratio of CD19+ cells on 
day 21 to day 42/43 was 1:0.01 (mean 0.01 ± 0.004 SD), demonstrating a large 
reduction in the B cell pool. P= 0.0248. *= P≤0.05. n=3 independent experiments.  
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5.3.1.4 The addition of IL-7 to iPS-B cell co-cultures prevents differentiation 

to the IgM+ stage 

IgM+ cells were not produced when day 21 CD45+ cells were cultured in the presence of 

IL-7,SCF and Flt3L for the duration of the assay. It therefore could be hypothesised that 

one or multiple of these cytokines were preventing the development of IgM+ cells. To this 

end, CD45+ cells were selected from day 21 cultures and reseeded as described in Figure 

57, in the absence of cytokines, the presence of IL-7, or SCF, or Flt3L, or with all three 

cytokines. Cultures were maintained until day 42/43, harvested and analysed by flow 

cytometry for cell surface IgM expression. As previously described, IgM+ cells could be 

detected in the absence but not presence of IL-7/SCF/Flt3L. The presence of Flt3L had no 

significant impact upon the percentage of CD19+ cells expressing IgM (media alone 3.7 ± 

1.5; Flt-3; 3.0 ± 1.4, mean(%) ± SD. P=0.377). Cultures with IL-7 supplementation showed 

a vast reduction of IgM+ cells both when the cytokine was included singularly, and in 

combination with SCF and Flt3L (media alone 3.7 ± 1.5; IL-7 0.4 ± 0.1, mean(%) ± SD. 

P=0.0005. IL-7/SCF/Flt3L 0.3 ± 0.2, mean(%) ± SD. P=<0.0001 ) (Figure 61).  

Phenotypically, it was observed that cultures maintained in the presence of IL-7 had a 

larger number of non-adherent cells. Brightfield images demonstrate the lack of colonies 

with a pebblestone morphology that has been associated with B cell populations in this 

assay (Figure 63 A). To dissect the role of IL-7 on the production of IgM+ cells, broad 

analysis of the size of the B cell population, the number of total cells produced and the 

viability of cultures was undertaken. The total number of CD19+ cells on day 42/43 

showed a large degree of variability (media alone 2980 ± 2014; IL-7 2113 ± 1288; Flt3L 

4087 ± 2447; IL-7/SCF/Flt3L 2265 ± 1327. Mean ± SD number of CD19+ cells/5x104 CD45+ 
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cells seeded) within and between independent experiments but there was no significant 

difference between any of the culture regimens assessed (Figure 63 C). The addition of IL-

7 therefore, did not appear to have a direct effect on B cell numbers. When the viability 

of the harvested cultures was analysed by the percentage of the population that was 

DAPI positive, a significant effect of IL-7 was demonstrated (Figure 63 B). Cells cultured in 

the presence of Flt3L and media alone showed no significant difference in non-viable 

cells. Cells cultured in the presence of IL-7 alone had a greater proportion of DAPI+ non-

viable cells (Media alone 1.2 ± 0.1; IL-7  4.1 ± 0.1, mean(%) ± SD). The viability of cultures 

with IL-7/SCF/Flt3L was greater than that of IL-7 alone, but still significantly different from 

media alone (IL-7/SCF/Flt3L 2.7 ± 0.5, mean(%) ± SD) (Figure 63 B). When the total cell 

number was analysed, there was no significant difference between media alone, IL-7 and 

Flt3L groups (Figure 63 D). Cultures in the presence of IL-7/SCF/Flt3L had a greater total 

number of cells in comparison to cultures with media alone, which suggests expansion of 

a non-B cell haematopoietic population(s) (Media alone 121,627 ± 34,176; IL-7/SCF/Flt3L 

226,559 ± 79,095, mean ± SD).  

In conclusion, the addition of IL-7 either alone or in combination with SCF and Flt3L 

resulted in the absence of IgM+ cells. This was not due to an effect on total B cell 

numbers. An impact upon the proportion of non-viable cells in culture could be seen 

when IL-7, either alone or in combination, was added to cultures. However, as a total 

percentage of the culture population, this difference was minor.  
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Figure 61 The inclusion of IL-7 results in the absence of CD19+IgM+ cells. 
Cultures seeded with day 21 CD45+ cells on MS-5 stroma in the absence of cytokines 
(media alone), IL-7, SCF, Flt3L or all three cytokines in combination (IL-7,SCF,Flt3L) 
were harvested on day 43 of culture and analysed by flow cytometry (A). IgM+ cells 
could be detected in media alone cultures, in the presence of SCF and with Flt3L. In 
both IL-7 and IL-7/SCF/Flt3L cultures, IgM+ cells were absent (B).  NS= P>0.55, *= 
P≤0.05, **= P≤0.01, ***= P≤0.001, ****= P≤0.0001. Unpaired t-test, mean ± SD. 
Number expressed as a percentage of total CD19+ population. n= 3 independent 
experiments.  
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Figure 62 The effect of IL-7 on long-term B cell cultures. 
iPS-CD45+ cells in co-culture with MS-5 stroma with, or without cytokines as 
indicated. Brightfield images (x20 magnification) of day 37 cultures. Pebblestone-
like colonies can be observed in the absence of IL-7.  
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Figure 63 Dissecting the effect of IL-7 on day 42/43 cultures. 
Cells were harvested for flow cytometry analysis on day 43 and stained with 
antibodies to CD19, IgM, and with the viability marker DAPI. (A) The number of 
DAPI+ non-viable cells is expressed as a percentage of the total cell population. IL-7 
and IL-7/SCF/Flt3L have a significant impact on the number of non-viable cells, in 
comparison to media alone. (B) Total number of CD19+ cells present on day 43 per 
5x104 CD45+ cells seeded on day 21. While large variation could be seen between 
groups; there is no significant difference between different conditions. (C) The total 
viable cell number was determined by flow cytometry. Both IL-7 and Flt3L showed 
no significant difference in terms of total cell number in comparison to media 
alone. An increase in total cell number was observed with the inclusion of IL-
7/SCF/Flt3L when compared to media alone.  NS= P>0.5, *= P≤0.05, **= P≤0.01, 
***= P≤0.001, ****= P≤0.0001. Mean ± SD. n= 3 independent experiments.   
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5.3.1.5 UCB-B cells derived in the same conditons express IgM with 

comparable efficiencies and temporal kinetics 

iPS-derived B cells, when cultured in the appropriate conditions, were found to express 

IgM after continued periods in culture. The proportion of the CD19+ population that 

expressed IgM however was low. To assess whether the efficiency of IgM expression 

related to the cell of origin or to limitations of the culture conditions, the process was 

repeated with a non-iPS HSC/HPC population. Human CD133+/CD34+ cells (UCB-HPCs) 

that are known to contain HSCs were isolated from fresh UCB by MACS separation. UCB-

HPCs were seeded onto MS-5 stroma in the presence of IL-3, IL-7, SCF and Flt3L and 

maintained for 22 days. The resulting population contained CD19+IgM- cells comparable 

to iPS-derived pre-B cell populations at the same timepoint (Figure 64B).  The CD45+ 

fraction was then enriched and reseeded onto fresh MS-5 stroma in the absence of 

cytokine supplementation. On day 43, cultures were harvested and stained for CD19 and 

IgM, and analysed by flow cytometry. Although the total CD19+ fraction was of a greater 

magnitude than detected in iPS-B cell cultures, the proportion of CD19+ cells expressing 

IgM was comparable to that observed with iPS-derived cultures (Figure 64B). It can 

therefore be assumed that the low efficiency of IgM+ cell generation from iPS cells was 

due to the culture conditions, rather than to a restriction with iPS-B cells per se.  
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Figure 64 UCB-B cells express IgM at similar efficiencies to iPS-derived B  cells. 
UCB-CD133+ cells were differentiated towards the B cell lineage by co-culture with 
MS-5 stroma supplemented with IL-3, IL-7, SCF and Flt3L. After 22 days cultures 
were harvested and enriched based upon CD45 expression and cultured in the 
absence of cytokine supplementation. (A) Gating strategy in flow cytometry analysis 
of UCB-derived B cell populations. Cells were gated based on low SSC, viability 
(DAPI-) and doublets were excluded. CD19+ cells were gated based on positive 
expression and lack of autofluorescence in the APC channel. (B) Day 22 UCB-B cells 
were negative for cell surface IgM expression. CD45+ cells were then seeded at 
5x104 cells/ml onto fresh MS-5 cells in the absence of cytokine supplementation. 
After 43 days cultures were harvested and assessed for the expression of CD19 and 
IgM by flow cytometry. UCB-B cells expressed IgM at comparable efficiencies to iPS-
B cells at the same time points. (A) Numbers expressed as a percentage of the 
parent gate. (B) Number expressed as a percentage of the total CD19+ population. 
n=2 independent experiments. 
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5.3.2 Assessment of VDJ status in iPS IgM+ B cells 

To demonstrate VDJ recombination in iPS-B cells, genomic DNA (gDNA) was isolated from 

day 43 CD45+ cells following MS-5 co-culture with iPS-CD34+ cells (as described in 5.3.1.2). 

For comparison, gDNA was also obtained from day 43 CD45+ cells generated from UCB-

CD34/CD133+ cells (designated UCB-B).  This UCB-derived population contained B cells 

that express IgM in similar proportions to iPS-B cells (5.3.1.5). As negative controls, gDNA 

was isolated from hDFs and undifferentiated iPS cells. Clonal controls from InVivoScribe 

were also obtained for use as a positive control. The VDJ region was amplified using JH 

consensus primers, which recognise a conserved sequence in the J gene segment, in 

addition to three different primers, FR1, FR2 and FR3, that anneal in the V gene region 

(depicted in Figure 65). PCR products were then separated by electrophoresis on a 2% 

agarose gel in TBE buffer with gel red to visualise DNA bands using UV lights.  

Using FR1 and FR2 primers, recombination of VDJ regions at the IgH locus was 

demonstrated in both iPS-derived B cells and UCB HSC/HPC-derived B cells (Figure 66 and 

Figure 67). This was validated by the absence of bands of the relevant size in hDF and 

undifferentiated iPS samples (Figure 66 and Figure 67). Bands within the 69-129 base 

pairs (bp) range could also be identified in PCR products from iPS and UCB HSC/HPC-

derived B cells when FR3 primers were used ( Appendix Figure 79). However, although 

hDF samples did not produce a band within this region, this was observed in 

undifferentiated iPS cell samples (Appendix Figure 79). However, the production of non-

specific flanking PCR products at 69 and 130 bp when the FR3 primer is used is detailed in 

the manufacturer’s guide. Furthermore, as relevant bands had not been produced from 
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undifferentiated iPS cells when FR1 and FR2 primers were used, which produced longer 

products, it is unlikely that this band is representative of a recombined IgH gene.  
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Figure 65 Schematic of PCR approach to VDJ recombination analysis. 
Following recombination V, D and J gene segments are brought into proximity at 
the heavy chain locus. V(D)J configuration status can be assessed using the FR1, FR2 
and FR3 primers which bind to the V segment, recognising a conserved sequence. 
The JH consensus primer binds to the J segment and the intervening DNA is 
amplified.  
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Figure 66 iPS-B cells have a recombined VDJ region at the IgH loci, as assessed using FR1 
primers. 
Genomic DNA was isolated from day 43 iPS-CD34+/MS-5 co-cultures (iPS-B) and day 
43 UCB-CD34+/MS-5 co-cultures (UCB-B) that contained IgM+ cells. hDFs and 
undifferentiated iPS cells (iPS) were also included in addition to the no template 
control (NTC).The 0030 clonal control was also included which should produce a 317 
bp product when FR1 primers are used for amplification. PCR reactions were run 
using FR1 and JH consensus primers for 37 cycles. PCR products were run on a 2% 
agarose-TBE gel with gel red and visualised with UV light. Recombined VDJ regions 
are expected to produce 290-360 bp products. Bands within this region could be 
observed in both iPS-B and UCB-B, as well as the 0030 positive control. hDF and 
undifferentiated iPS (iPS) samples, as expected, did not produce a band in this 
region.  
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Figure 67 iPS-B cells have a recombined VDJ region at the IgH loci, as assessed using FR2 
primers. 
Genomic DNA was isolated from day 43 iPS-CD34+/MS-5 co-cultures (iPS-B) and day 
43 UCB-CD34+/MS-5 co-cultures (UCB-B) that contained IgM+ cells. hDFs and 
undifferentiated iPS cells (iPS) were also included in addition to the no template 
control (NTC).The 0030 clonal control was also included which should produce a 258 
bp product when FR2 primers are used for amplification. PCR reactions were run 
using FR2 and JH consensus primers for 37 cycles. PCR products were run on a 2% 
agarose-TBE gel with gel red and visualised with UV light. Recombined VDJ regions 
are expected to produce 235-295 bp products. Bands within this region could be 
observed in both iPS-B and UCB-B, as well as the 0030 positive control. hDF and 
undifferentiated iPS (iPS) samples, as expected, did not produce a band in this 
region.  
 
 

 

 

 



Chapter 5 

251 
 

5.3.3 iPS-B cells when injected into neonatal immunodeficient mice 

do not expand in vivo, a pilot study. 

5.3.3.1 iPS-B cells when injected intrahepatically or intra-peritoneal into 

neonatal BALB/c Rag2-/-cγ-/- mice are not detectable at week 12 

Previous attempts to perform reconstitution assays with HPCs derived from pluripotent 

stem cells in OP9 co-culture have proven ineffective (Tian et al., 2009). It therefore 

seemed unlikely that iPS-HPCs derived with the methodologies described herein would 

differentiate in vivo to produce B cell populations. Recent work in mice lacking circulation 

(Ncx1-/-) demonstrated that YS B-1 cell progenitors, that were generated following co-

culture with OP9 stroma, could repopulate the peritoneal cavity (Yoshimoto et al., 2011). 

This experimental set up involved injecting progenitors into the peritoneal cavity of sub-

lethally irradiated neonatal mice, an assay which Yoder and colleagues have also 

employed to ask similar developmental questions (Yoshimoto et al., 2012, Yoder et al., 

1997b). In the absence of a more equivalent model, this strategy was adopted to assess 

the maturation and repopulation capabilities of iPS-B cells.  

 iPS-CD34+ cells were differentiated on MS-5 stroma with IL-3, IL-7, SCF and Flt3L to 

generate CD19+CD10+ pre-B cells. On day 23 of culture, cells were harvested by 

collagenase IV/trypsin incubation and enriched for CD45+ cells by MACS. A CD19 

enrichment was not performed as previous in vitro results could not exclude an apoptotic 

effect of CD19 engagement. BALB/c Rag2-/-cγ-/- that are deficient in T, B and NK cells were 

irradiated within 24 hours of birth, with 2 doses of 2 Gy separated by 4 hours. Neonates 

were then injected 6-12 hours later with 5x105 CD45+ cells, in 50μl of PBS-1% (w/v) BSA.  
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2 mice were injected intrahepatically and 2 mice intraperitoneally, as it was not known 

whether the cells would be able to home from the circulation. Intrahepatic injection was 

undertaken to permit comparison with UCB-HSCs as a positive control for reconstitution. 

The injected CD45+ population contained 7.8% CD19+ B cells, as well as 1.7% CD56+ NK 

cells, and 37.1% CD14+ monocyte/macrophages (Figure 68).  

After 4 and 8 weeks, 20-25μl of blood was obtained from the tail vein. The red blood cells 

were lysed using Red Blood Cell Lysis Buffer and the MNC fraction was blocked (blocking 

buffer) prior to incubation with mAbs.  No human CD45+ cells were detected in the 

peripheral blood at week 4 or 8 (Figure 70). At 12 weeks, when the mice were sacrificed, 

cells were extracted from the peritoneal cavity and splenocytes were harvested by 

mashing spleens. To harvest bone marrow cells, the muscular and fibrous tissue was 

dissected from the femur, the femoral heads were removed using surgical scissors and 

the bone marrow flushed using a 26g needle and PBS-5% BSA at 4°C. Red blood cells in all 

harvested fractions were lysed, cells were filtered and a sample was taken to assess the 

total cell number.  2x106 splenocytes, 2x106 peritoneal cavity cells and 5x106 bone 

marrow cells per individual were taken for analysis by flow cytometry. Human CD45+ cells 

could not be detected in the spleen, peritoneal cavity or bone marrow (Figure 70).  

 

 

 

 

 



Chapter 5 

253 
 

 

 

 

 

 

 

Figure 68 Phenotype of iPS-CD45+ population injected into neonatal immunodeficient mice. 
iPS-CD34+ cells were cultured with MS-5 stroma and IL-3,IL-7,SCF and Flt3L for 23 
days. Harvested cultures were enriched for CD45 expression and 5x105 cells were 
introduced via an intraperitoneal or intrahepatic injection into sublethally 
irradiated neonatal BALB/c Rag2-/-cγ - /-  mice. CD19+ B cells made up 7.8% of the 
CD45+ population with NK cells (1.7% CD56+) and monocytes/macrophages (37.4% 
CD14+) also detected. n=4 mice, injected with the aliquots of the same cell 
population.  
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Figure 69 Analysis of week 4 and 8 peripheral blood reveals the lack of human CD45+ cells. 
Neonatal BALB/c Rag2- /-cγ - /-  mice were injected with iPS-CD45+ cells and peripheral 
blood samples were taken via the tail vein after 4 and 8 weeks. Red blood cells 
were lysed, cells were blocked and then incubated with antibodies to mouse and 
human antigens. Human CD45+ cells could not be detected. I.P= intraperitoneal 
injection I.H= intrahepatic injection. n=4.  
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Figure 70 Analysis of week 12 peritoneal cavity cells, splenocytes and bone marrow cells in mice 
injected with iPS-CD45+ cells reveals a lack of a detectable human cell population. 
Neonatal BALB/c Rag2-/-cγ - /-  were injected with iPS-CD45+ cells and mice were 
sacrificed after 12 weeks. Peritoneal cavity cells, splenocytes and bone marrow cell 
preparations were prepared for flow cytometry by lysing red blood cells, blocking 
non-specific binding and were then incubated with antibodies to human and mouse 
antigens. Human CD45+ cells could not be detected in any anatomical compartment. 
n=4, mice depicted. 
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5.3.3.2 UCB-HSC/HPCs when injected intrahepatically into neonatal BALB/c 

Rag2-/-cγ-/- mice result in low levels of reconstitution at week 12 

An appropriate comparison was required for iPS-B cell injected mice. For the research 

questions being investigated, a) whether iPS-B cells would expand/differentiate in vivo 

and b) whether this model could be used to ascribe B-1 or B-2 B cell identity, an ideal 

comparison would be the repopulation of B cell compartments by non-iPS B cells. 

However, there are very few reports on the outcome of injecting B cells into mice, with 

suggestions that I.V. injected B cells do not home to the bone marrow (Johnson, 2008). 

Furthermore, it is not currently possible to accurately discriminate human B-1 from B-2 

cells, if indeed these populations do exist in humans (Griffin et al., 2011, Covens et al., 

2013). The most reliable comparison therefore was the repopulation of B cell 

compartments by UCB HSC/HPCs. I.P administration of UCB-HSCs has been demonstrated 

to result in extremely low levels of engraftment (Liu et al., 2012). To generate meaningful 

data, the inclusion of intrahepatic administration to permit engraftment, and I.P injection 

as a comparison for iPS-B cell administration, seemed appropriate. Intravenous and 

intrafemoral injections could not be attempted due to the small size of newborn mice.  

UCB CD133+ cells that had been frozen on the day of isolation from fresh blood were 

thawed and cultured overnight in StemSpan media supplemented with SCF, Flt3L, IL-6 

and TPO, a cytokine cocktail that has frequently been used to culture HSC/HPCs in the 

laboratory. Cells were then harvested by gentle aspiration and the CD133+ population 

was re-enriched using CD133 microbeads. A sample of the CD133+ population was taken 

for analysis by flow cytometry and the remaining cells were infused I.P (2 mice) or 

intrahepatically (1 mouse) at 1x105 cells/mouse. The same irradiation and infusion 
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strategy was used as for iPS-CD45+ mice. The infused cells were 93.2% positive for CD133 

and CD34 (Figure 71). 

After 4 and 8 weeks, peripheral blood was harvested via the tail vein. At 4 weeks, human 

CD45+ cells could not be detected, with rare events being observed after 8 weeks (Figure 

72). Mice were sacrificed at 12 weeks and peritoneal cavity cells, splenocytes and bone 

marrow cells were isolated. Cells were processed as previously described, by lysing red 

blood cells, enumerating, blocking and staining, for analysis by flow cytometry. Human 

CD45+ cells were detected in the spleen and bone marrow in the recipient that had 

received cells intrahepatically (Figure 73). Neither recipient that had received UCB-

CD133+ cells via an I.P injection contained detectable human CD45+ cells in the any of the 

organs analysed at week 12 (Figure 73). It was possible that the UCB unit infused had 

poor engraftment potential as has been described elsewhere (Ballen et al., 2001). Time 

constraints did not permit repetition of these experiments.  
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Figure 71 Analysis of UCB-CD133+ cells prior to injection into BALB/c Rag2-/-cγ-/- mice. 
UCB-CD133+ cells were thawed following cryopreservation and cultured overnight in 
Stemspan media with SCF, Flt3L, IL-6 and TPO. Cells were then re-enriched using 
CD133 microbeads by MACS. A sample was taken for FACS analysis, and the 
remaining cells were injected I.P. or I.H into neonatal immunodeficient mice at 
1x105 cells/mouse. CD133+ cells were 93.2% CD133+CD34+ and 4.8% CD133-CD34+. 
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Figure 72 Analysis of week 4 and 8 peripheral blood samples reveals a lack of human CD45+ 
cells. 
BALB/c Rag2-/-cγ - / -  neonates were injected with 1x105 UCB-CD133+ cells following 
sublethal irradiation. Peripheral blood was taken via the tail vein after 4 and 8 
weeks. Red blood cells were lysed, cells were blocked and stained with mAbs for 
analysis by flow cytometry. At both 4 and 8 weeks only rare events could be 
observed in the human CD45+ gate.  
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Figure 73 Low levels of human haematopoietic cells were detected at 12 weeks after 
intrahepatic administration into immunodeficient neonates. 
UCB-CD133+ cells were injected I.P or intrahepatically (I.H) into sublethally 
irradiated neonatal immunodeficient mice. After 12 weeks mice were sacrificed and 
cells were harvested from the peritoneal cavity, spleen and bone marrow. Human 
CD45+ cells could not be detected in mice that had received cells via an I.P 
injection. In mice that had been injected intrahepatically human CD45+ cells were 
observed in both spleen and bone marrow. Human CD45+ cells represented 0.1% of 
total splenocytes/bone marrow cells.   
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5.4 Discussion 
Here, the in vitro development of antibody-expressing iPS-B cells was described for the 

first time. CD19+IgM+ cells were generated over a period of 43 days from iPS-CD34+ cells, 

using a co-culture system with MS-5 stroma in the absence of cytokine supplementation. 

This assay was robust and cells could easily be detected by flow cytometry, however 

differentiation efficiencies were low (mean 3.74% ± 1.47 SD). Whether the current assay 

could be adapted by a further increase in culture time or modification of the feeding 

regime to promote an increase in the proportion of CD19+ cells expressing IgM was not 

addressed. However, experiments with UCB-CD34+ cells in co-culture with S17 stromal 

cells, yielded comparable low proportions of IgM+ cells (c. 3% after 6-8 weeks of culture) 

that could only be improved (to c. 12%) upon transfer of B cells to an alternative CD40L-

stromal fibroblast environment (Fluckiger et al., 1998). When conditions permissive for 

the generation of IgM+ cells were introduced, the immature B cell population could not 

be detected until week 3 in culture (cells were analysed every 7 days). It is likely that an 

accumulation of factors and step-wise changes in the development of this population is 

required for expression of the cell surface immunoglobulin. UCB-B cells, generated from 

HPCs, yielded IgM+ cells with comparable efficiencies, in a similar time frame (6 weeks 

from the CD34/CD133+ cell stage) when the same conditions were implemented. The 

production of a substantial numbers (between 1-45% of CD19+ cells) of cell surface IgM+ 

cells was, in contrast, described by Sekiguchi and colleagues when UCB CD34+ cells were 

cultured on MS-5 cells in a biphasic culture system (Ohkawara et al., 1998). In the first 

phase, CD19+ cells were generated, while in the second phase and, after addition of SCF 

and G-CSF, a significant proportion of CD19+ cells expressed surface IgM (Ohkawara et al., 

1998). Our results are consistent with Rawlings et al. and Fluckiger et al. (Rawlings et al., 
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1995b, Fluckiger et al., 1998). These results suggest that immature IgM+ B lymphocytes 

are generated from iPS-CD34+ and UCB-CD34/133+ cells in a comparable temporal 

window.  

Alternative explanations for the low efficiency of immature B cell differentiation from 

both iPS and UCB cells are that factors present in the co-culture are providing inhibitory 

signals that suppress maturation, that IgM+ cells which cannot transit out of the bone 

marrow-like environment undergo apoptosis, or, that earlier stages of B cell development 

in this culture system generate biologically abnormal progenitors. To eliminate a 

potentially deleterious impact of MS-5 cells and their secreted factors on iPS-B cell 

development, initial attempts were made to culture both CD19-selected and CD43-

selected day 21 cells in the absence of stroma. By day 14, CD19+ cells could not be 

detected in the absence of MS-5 support, whilst B cells were observed in parallel cultures 

with MS-5 cells. Similarly, the co-culture of B cells derived from UCB progenitors in the 

absence of stroma, resulted in an absence of lymphocytes as described by Sekiguchi and 

colleagues (Ohkawara et al., 1998). Pro-B cells isolated from human fetal bone marrow 

could be cultured in the absence of stromal cells, albeit at a reduced frequency when 

compared to cultures with stromal support (Namikawa et al., 1996). The issues 

encountered when culturing early stage B cells in the absence of stroma may be due to 

the requirement for cell-cell interactions. Interestingly, it has been suggested that 

contacts made between B cells when cultured at high density, may be sufficient to permit 

the generation of immature B from pro-B cells when stromal cells have been excluded 

(Ray et al., 1998).  
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The addition of soluble CD40L, PC and APRIL had no observable effect on the generation 

of IgM+ cells at the concentrations described. However, whether iPS-B cells are able to 

respond to these factors in alternative conditions is unknown. Recent studies suggest that 

trivalent CD40L is required for B cell activation (Naito et al., 2013). Thus, whether the 

efficiency of immature B cell generation from iPS-CD34+ cells may be improved by 

replating onto L cells transfected with CD40L, as described for UCB-B cells, could be 

investigated (Fluckiger et al., 1998).   

When B cells were isolated from day 21 iPS co-cultures using selection of CD19+ cells by 

MACS, the number of B cells persisting in long term cultures was extremely low. In 

comparison, when a more heterogeneous CD45+ fraction was enriched, a 4-fold increase 

in the B cell population was observed. This could either be due to a direct impact of CD19 

engagement on B cell viability, or potentially because non-B cells in CD45-enriched 

cultures are providing positive survival signals. CD19 is a co-receptor of the BCR. Mice 

deficient in CD19 have a normal bone marrow but abnormal peripheral B cell 

compartment (Engel et al., 1995). If time had been available for further experiments, this 

could have been assessed by the addition of the CD19 antibody to CD45 enriched 

cultures. When B cells were selected from UCB-CD34+/S17 co-cultures by Rawlings and 

colleagues using CD19 selection and reseeded onto S17 stroma, a reduction in B cell 

numbers was also observed (Rawlings et al., 1995a). This reduction however appeared to 

be less dramatic than observed with CD19-selected iPS-derived cells. If, alternatively, this 

UCB-CD19+ population was cultured with CD40L expressing fibroblasts, the number of B 

cells increased fivefold (Fluckiger et al., 1998). When mAbs to CD19 were introduced into 

cultures of mouse fetal liver derived pro-B cells stimulated with LPS, a significant 
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reduction in IgM secretion was observed (Ray et al., 1998). Here, the authors suggested 

that antibody binding to CD19 may inhibit cell-cell interactions (Ray et al., 1998). 

Interestingly, the introduction of a CD19 antibody (1D3) to developing embryos, or to 

adult mice, resulted in a large reduction of B-1a B cells, but had no significant impact on 

B-2 B cells (Krop et al., 1996). When the authors assessed the impact of the CD19 

antibody on B cells in the presence of BrdUrd, the number of cycling B-1a B cells was 

affected, with no impact on non-cycling cells (Krop et al., 1996). 

When cultures were maintained from day 21 to 43 in the presence of recombinant IL-7, 

either alone or in combination with Flt3L and SCF, CD19+IgM+ cells were not observed. 

Pilot studies with the addition of neutralising Ab to human and mouse IL-7 resulted in a 

large reduction in total CD19+ cells (Appendix Figure 77). These assays all involved co-

culture with murine MS-5 stroma. MS-5 cells have been demonstrated to secrete IL-7 to 

which human cells are reactive (Johnson et al., 2005, Parrish et al., 2009). These data 

therefore may suggest a requirement for critical intermediate concentrations of IL-7 for 

the survival and maturation of iPS-B cells. The role of IL-7 in B cell development has 

generally been assumed to differ between mice and humans. IL-7-/- mice have a B-1 and 

MZ B cell compartment but lack the major B-2 B cell population (Carvalho et al., 2001). 

Deficiencies in both IL-7 and Flt3L resulted in the complete absence of B cell development 

(Jensen et al., 2008). In humans, mutations in IL-7Rα are thought to be the third most 

common cause of SCID; these patients have been described to have an increase in 

peripheral B cells (Puel et al., 1998). This, however, does not necessarily mean that B cell 

development is ‘normal’ in humans lacking IL-7Rα.  
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B cells at various stages of the differentiation pathway appear to differ in their response 

to IL-7. In murine pro-B and potentially pre-B cells, IL-7 functions to promote proliferation 

(Claudio et al., 2002, Rolink et al., 2000). Whilst promoting proliferation, high 

concentrations of IL-7 were described to prevent the differentiation of pre-B cells to 

immature IgM+ cells, maturation was observed upon withdrawal of the cytokine (Claudio 

et al., 2002, Rolink et al., 2000). A role for IL-7 in preventing B cell maturation was also 

described in B-1 B cells derived from bipotent macrophage-B cell progenitors isolated 

from the adult mouse bone marrow (Montecino-Rodriguez et al., 2001). In this system, IL-

7 was not required for the commitment of bipotent progenitors to the B cell lineage (Kee 

and Paige, 1996). A mechanism for the role of IL-7 in B cell maturation has been elegantly 

demonstrated in murine cells. High concentrations of IL-7 prevented rearrangement at 

the IgK locus due to antagonism of E2A binding, a transcription factor required for light 

chain recombination (Johnson et al., 2008). The role of IL-7 in the inhibition of Rag 

expression, that may also be E2A-dependent, was also described (Johnson et al., 2008).   

IL-7 was required for B cell differentiation from human bone marrow CD34+ cells, but not 

from UCB-CD34+ cells (Parrish et al., 2009). In agreement with studies in the mouse, IL-7 

independent UCB B cells required the presence Flt3L for their generation (Parrish et al., 

2009). IL-7 also appeared to stimulate pro-B cell proliferation in humans (Johnson et al., 

2005). Interestingly, UCB-CD34+ cultures generated IgM+ cells in the presence of IL-7, 

when this cytokine was included at 5ng/ml (Parrish et al., 2009). However, a role for IL-7 

in preventing rearrangement at the light chain kappa locus was also described in human B 

cell populations (Nodland et al., 2011). It is therefore possible that high concentrations of 
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IL-7 prevent light chain recombination in iPS-B cells and subsequent cell surface 

expression of IgM.  

BALB/c Rag2-/-cγ-/- mice were used for in vivo studies as, in addition to a deficiency in T 

and B lymphocytes, these animals lack NK cells (Ito et al., 2002). It has been 

demonstrated that NK cells can negatively impact upon the reconstitution of human 

haematopoietic cells (Ito et al., 2002). Whilst being technically difficult, the model that 

was chosen was the introduction of cells into neonates within 48 hours of birth. The 

route of administration was either intraperitoneal or intrahepatic. It is generally accepted 

that the major haematopoietic organs change throughout ontogeny. It has also been 

demonstrated that YS-derived HPCs can engraft in embryonic but not adult recipients 

(Yoder et al., 1997b, Yoder et al., 1997a). As iPS-HPCs generated with similar 

methodologies (to the OP9 co-culture system) had failed to engraft in previous studies, 

and as RBCs generated from iPS cells predominantly resemble embryonic/fetal 

erythrocytes, it was hypothesised that haematopoiesis from iPS cells may resemble that 

occurring in the YS. It was therefore suggested that iPS-B cells might have greater 

biological similarity with embryonic/fetal B cells than B cells generated from HSCs. With 

this hypothesis in mind, it seemed appropriate to adopt the approach taken by Yoder and 

colleagues which described the engraftment of YS-derived B-1 B cells in the peritoneal 

cavity and spleen of day 1-3 NOG mice (Yoshimoto et al., 2011). As the peritoneal cavity is 

the major anatomical location for B-1 B cells, intraperitoneal injection was chosen as the 

route of administration.   

iPS-B cells first emerge at around day 12-14 in MS-5 co-cultures, expand, express IgM 

from day 43 of culture and are then are maintained in vitro. For in vivo studies, the aim 
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was to introduce cells that had already become committed to the B cell lineage (assessed 

by the expression of CD19 and therefore Pax5), but that were early in development and 

therefore potentially capable of extended continued proliferation (Horcher et al., 2001). 

The pro-B/pre-B day 21 population was therefore chosen as the CD19+ pool that most 

accurately fulfilled these criteria. As in vitro studies had indicated the potential 

deleterious effect of isolating iPS-B cells by CD19 enrichment, it seemed prudent to 

continue with a CD45 enrichment strategy. As CD19+ cells only represented 5-10% of the 

CD45+ population on day 21, it was therefore desirable to deliver the largest quantity of 

cells possible, recognising the limitations of injecting into newborn pups. A survey of the 

literature suggested that 5x105 cells would relate to a safe dose in neonates.  

Mice receiving iPS-CD45+ cells did not demonstrate detectable human CD45+ cells in the 

spleen, bone marrow or peritoneal cavity at week 12. Nor could CD45+ cells be detected 

in the peripheral blood at weeks 4 or 8. This could have been due to a number of factors. 

Of the injected population, CD19+ cells were only introduced at 40,000 cells per mouse. 

iPS-B cells in culture adhere to the stromal layer, making cell-cell contacts. It is possible 

that when these cells are introduced, either into the circulation or into the volume of the 

peritoneal cavity, that the lack of these cell-cell contacts might result in loss of viability. If 

iPS-B cells do indeed resemble murine B-1 B cells, this population would persist by self-

renewal. The rate of cell cycling in the B-1 B cell population has been demonstrated to be 

low, at around 1.3% per day (Deenen and Kroese, 1993, Deenen and Kroese, 1992). If the 

number of B cells surviving transplantation therefore was low, it is unlikely that a 

population with a slow self-renewal rate would repopulate the animal with sufficient 

numbers to be detected using described methodologies. B-2 B cells, excluding memory B-
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2 B cells, are also estimated to have low proliferation rates (Macallan et al., 2005). 

Therefore, if the injected CD45+ population did not include B cell progenitors, the same 

cell number limitation would also apply. The iPS-CD45+ population included 

macrophage/monocytes (CD14+) and NK cells (CD56+), neither of which could be detected 

in week 12 mice. The life span of primitive macrophages is thought to be long as this 

population is also maintained by self-renewal, whilst monocytes are short-lived (Yona et 

al., 2013). The ability to detect human myeloid cells on week 12 therefore relates to self- 

renewal potential, lifespan, de novo generation, expansion capacity and viability in the in 

vivo environment. All of which are unknown in this iPS-derived population. Amabile et al. 

recently described the generation of B lymphocytes from human iPS cells in vivo (Amabile 

et al., 2012). The approach taken involved the introduction of iPS cells, in their 

pluripotent stem cell state, alongside OP9 stroma which, resulted in teratoma formation 

(Amabile et al., 2012). B cells could be detected in the teratomas and in haematopoietic 

tissues, however, CD19+ cells made up c. 1% of CD45+ cells in teratomas, with less than 

2x104 CD19+ cells detected in the femoral bone marrow (Amabile et al., 2012). Therefore, 

whilst B cell lymphopoiesis from iPS cells is possible in vivo, the number of cells generated 

with the teratoma-forming protocol is extremely low. Furthermore, the applications for 

this approach to model B cell development and disease are limited.  

When considering an appropriate cellular comparison for the iPS in vivo studies and, 

considering the technical difficulty of the model described, it seemed appropriate to use 

a population that is known to reconstitute an animal and therefore repopulate B cell 

compartments. The gold standard in this regard is the HSC. Umbilical cord blood is a rich 

source of HSCs that is frequently used in the clinic in the absence of appropriately 
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matched bone marrow donors. Using UCB as a source of HSCs for research also makes 

use of a material that is otherwise frequently discarded, whilst the collection of HSCs 

from bone marrow is an invasive procedure. Therefore, the injection of UCB-HSC/HPCs 

into sublethally irradiated immunodeficient neonates was chosen as a comparable model 

for iPS animals, with a particular interest in the repopulation of the B cell pool. As the 

unpredictable timings of receiving UCB and that of the birth of newborn pups needed to 

be co-ordinated, transplantations had to be done with UCB cells that had been 

cryopreserved. I.P was the preferential route of administration for iPS-CD45+ cells, this 

route of administration was therefore also repeated with UCB-CD34/CD133+ cells. It has 

been demonstrated that HSC/HPCs, when injected into the peritoneal cavity, did not 

result in significant levels of engraftment (Liu et al., 2012). An alternative route of 

administration to permit reconstitution was therefore required. The small size of 

newborn mice is prohibitory to intravenous or intrafemoral injections so instead, cells 

were introduced into the liver, a highly vascularised organ.  

When UCB-CD34/CD133+ cells were introduced via an intrahepatic injection, human 

CD45+ cells could be detected on week 12. Human cells however, made up only 0.1% of 

total splenocytes and bone marrow cells. 1x105 UCB-CD34/CD133+ cells were introduced 

that had previously been isolated, frozen, thawed and cultured overnight in an 

appropriate cytokine cocktail.  Fewer than 5x103 CD133+CD34+ cells from uncultured or 

cultured UCB were required to permit 0.5% reconstitution following intracardiac injection 

into a similar mouse model (Drake et al., 2011). Similar observations regarding the 

frequency of repopulating cells in UCB CD34/133+ cells have been made, although 

engraftment is not 100% effective (McDermott et al., 2010). The limited size of the 
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experiments described herein prevent the generation of meaningful conclusions. As 

expected, injection of UCB-CD34/CD133+ cells into the peritoneal cavity resulted in a lack 

of detectable human cells at all timepoints assessed. It has been well reported that some 

UCB units fail to engraft, whether this was the case for the experiments described herein 

is unknown (Ballen et al., 2001).  

In summary, the research described demonstrated the capacity of iPS-derived B cells to 

mature and express cell surface IgM. This maturation process appears to be abrogated in 

the presence of recombinant IL-7, when included at the concentrations described.  
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 Chapter 6. 

General Discussion 
 

6.1 Review of the thesis  

The aim of this thesis was to investigate the B cell potential of human iPS cells, as well as 

to determine the origins and potential of the iPS-derived B lymphocytes. The three main 

questions were: 1) does B cell potential arise from a hemangioblast or haemogenic 

endothelium-like intermediate population, 2) how do iPS-B cells compare to adult B cells 

and 3) are iPS-B cells capable of maturing to express cell surface antibodies? 

Initially, the establishment of a robust and efficient in vitro differentiation system to yield 

haematopoietic progenitor cells from iPS colonies was required. The OP9 co-culture 

system has been used by a large number of investigators to promote haematopoietic 

differentiation from PSCs (Nakano et al., 1994, Vodyanik et al., 2005, Timmermans et al., 

2009). Furthermore, Slukvin and colleagues have demonstrated that CD34+ cells from 

hES/OP9 co-cultures had the capacity to generate B cells when differentiated on MS-5 

stroma (Vodyanik et al., 2005). It therefore seemed likely that this culture system would 

successfully permit B cell differentiation from human iPS cells. This objective was 

achieved and the work in this thesis contributed to a paper published in ‘Blood’ which 

was the first, and currently only, description of in vitro human iPS-derived B lymphocytes 

(Carpenter et al., 2011).  Furthermore, iPS-HPCs demonstrated the potential to generate 

red blood cells and monocyte/macrophages in the co-culture system. Additional 
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assessment of the functional capacity of iPS-HPCs in the CFU assay demonstrated that 

continued time in co-culture revealed CFU-GEMM potential, day 9/10 cells lacked this 

mulitpotentiality which was present in day 22 populations. Both early and late iPS-HPCs 

generated CFU-G/GM and CFU-E colonies.  

Whilst haematopoietic differentiation was robust and efficient using the OP9 co-culture, 

the factors present, either produced by OP9 cells or present in the supplemented serum, 

were undefined. Therefore, studies were undertaken to identify a feeder-free and 

defined culture system to promote haematopoietic differentiation from iPS cell colonies. 

Research in our laboratory had combined the work of Keller, Murray and colleagues in 

order to optimise the generation of cardiomyocytes from PSCs in a defined, serum and 

feeder-free culture (Laflamme et al., 2007, Yang et al., 2008, Carpenter et al., 2012). As 

cardiomyocytes and haematopoietic cells are both of mesoderm origin, the initial stage of 

this protocol was adapted and the effect of VEGF, SCF, Flt3L and/or TPO addition was 

assessed, as these factors are known to be involved in haemato-endothelial 

differentiation. iPS cells, cultured with Activin A, bFGF and BMP-4 for 4 days, and then for 

a further 6 days with VEGF, SCF, Flt3L and TPO, generated CD43+ haematopoietic cells. 

Wnt and Notch signalling are known to be important in haematopoiesis, therefore ligands 

to stimulate these signalling pathways could also have been assessed (Ruiz-Herguido et 

al., 2012, Clements et al., 2011, Cerdan and Bhatia, 2010). In the studies described here, 

CD34+ cells from serum and feeder-free cultures displayed myeloid potential, as 

demonstrated by the formation of CFU-G/GM colonies in the CFU assay. However, the 

efficiency of CD43+ cell generation was low, at around 1-2% of the population. 

Furthermore, in a pilot experiment where both the CD43- and CD43+ cells were seeded 
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into the MS-5 co-culture to assay B cell potential, lymphocytes were not generated. As no 

reports had described PSC-derived lymphocytes in the absence of feeder cells, and, 

because of time constraints, this work was not progressed. In the remainder of the 

project, haematopoietic progenitor cells were derived in OP9 co-cultures.  

CD34+ cells, isolated from day 10 iPS/OP9 co-cultures, were heterogeneous, 

subpopulations expressed CD144, tie-2, CD43, KDR and a number of other cell surface 

markers. To better understand haemato-endothelial differentiation, day 5 to day 22 co-

culture populations were analysed. Whilst the proportion of cells expressing a range of 

haematopoietic and endothelial markers did vary between experimental repeats, the 

temporal and relative expression patterns were highly reproducible. The expression of 

CD144, CD34 and CD31 in the absence of haematopoietic markers, was observed first. 

This was followed by the expression of CD43 and CD41a, before CD45 could be detected. 

These findings are in accordance with similar analysis performed by Slukvin and 

colleagues (Choi et al., 2009, Vodyanik et al., 2006). As haematopoietic populations were 

always observed after the expression of haemato-endothelial markers, it was 

hypothesised that there might be a direct progenitor-progeny relationship between these 

two cell types. To assess this further, the expression of haematopoietic markers in 

relation to haemato-endothelial markers over time was plotted. The presence of 

CD144+CD41a+ cells was of interest, as, the expression of CD144 is thought to be 

restricted to endothelial cells and haematopoietic progenitors. Furthermore, this 

population was transient and preceded the appearance of CD144-CD41a+ cells. Of 

additional interest, emerging CD45+ cells appeared to be largely negative for CD41a and 
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CD144 which is in contrast to the described phenotype of cells emerging in the AGM 

(Mikkola et al., 2003, Rybtsov et al., 2011).  

As the data described were illustrative and open to multiple interpretations, it was 

necessary to purify cells to investigate potentiality. CD34+ cells isolated from day 10 co-

cultures generated B cells when assayed in the appropriate conditions. The 

heterogeneous CD34 population was then sub-fractionated based upon CD43 expression, 

B cell potential was predominantly found in the CD43+ haematopoietic population. 

Numerous observations suggest that haemogenic endothelium, in mouse, chick, zebrafish 

and human, may be a transient population (Rafii et al., 2012, Bertrand et al., 2010, 

Boisset et al., 2010, Kissa and Herbomel, 2010). It was therefore possible that B cell 

potential may be present in endothelial-like populations that lack haematopoietic 

markers in co-cultures prior to day 10. The initial pilot experiment to explore this 

hypothesis was performed by MACS separation due to the inaccessibility of FACS 

facilities. MACS separation does not yield the 100% cell purities required and therefore 

the data generated were not conclusive. Day 5, 8 and 22 populations from iPS/OP9 co-

cultures were harvested and separated by MACS to generate CD43/CD45+ 

haematopoietic and CD43/45-CD144+ endothelial-like populations. Day 5 was selected as 

a timepoint prior to the observation of a significant CD144+haem+population, day 8 when 

CD144+haem+ cells could be observed and day 22 a timepoint in which CD144+haem+ cells 

had been significantly reduced. Populations were then assessed for B cell potential which, 

after 21 days in MS-5 co-culture, could be identified in both haematopoietic populations 

but, of the three timepoints assayed, only in the endothelial-like population that had 

been enriched on day 8.  
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To build on this observation, it was necessary to FACS purify populations. During the 

course of these investigations, Slukvin and colleagues published a report describing PSC-

derived HE which was distinguished from endothelium based on CD73 expression (Choi et 

al., 2012). This CD43/CD235a-CD144+CD73- population was clearly present and was the 

predominant ‘endothelial’ population on day 5 of iPS/OP9 co-culture in experiments 

conducted as part of this research. By day 8, the CD43/CD235a-CD144+CD73- population 

was vastly reduced but detectable. When day 22 cultures were assessed, cells with the 

CD43/CD235a-CD144+CD73- phenotype were absent. Day 8 cells from iPS/OP9 co-culture 

were therefore separated into haematopoietic CD43/CD235a+, CD43/CD235a-

CD144+CD73+ endothelial and CD43/CD235a-CD144+CD73- haemogenic endothelium 

fractions (Choi et al., 2012). When these populations were assessed for the potential to 

generate B cells, both the haematopoietic and haemogenic endothelial fractions 

displayed this capacity. Interestingly, whilst the frequency of B cell potential in wells 

seeded with HE cells was low, the number of CD19+ cells generated in B cell containing 

wells was over 80-fold higher for HE than when the equivalent number of haematopoietic 

cells were seeded. The potential of a haemogenic endothelial-like population to generate 

T lymphocytes has been recently reported, although the same strict criteria was not 

applied (Kennedy et al., 2012). This, therefore, represents the first demonstration of B 

lymphocyte potential from PSC-derived putative haemogenic endothelium. Whilst 

CD43/CD235a-CD144+CD73+ endothelial cells did not generate haematopoietic progeny in 

MS-5 co-culture, when cells were alternatively seeded back onto OP9 stroma, a small 

population of CD45+ cells could be detected. Endothelial cells did generate 

haematopoietic progeny when seeded at high density into MS-5 co-cultures, however, B 

cells were never generated from this population.  
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Another main aim of the thesis was to use B cell potential as a tool to assess the adult vs. 

fetal similarities of PSC-derived haematopoietic cells, as well as to identify whether iPS-B 

cells resembled B-1 or B-2 B cells as described in the mouse. Initial attempts were made 

to profile the controversial human ‘B-1’ B cell population from UCB using the 

CD20+CD43+CD27+ criteria described (Griffin et al., 2011). Although cells matching this 

phenotype could be identified, numbers were too low to be used as a comparison to iPS-

B cells in the relevant assays. Furthermore, the identity of the B-1 B cell population, 

based on CD20+CD43+CD27+ cell surface phenotype, has frequently been challenged 

(Covens et al., 2013, Perez-Andres et al., 2011). Therefore, without reliable positive and 

negative controls for the assays established to probe B-1 B cell associated functionality, 

this work could not be progressed. An alternative way in which the fetal vs. adult 

comparison of iPS-B cells could be approached was by the global gene array analysis of 

the transcriptome. Here, FACS purified CD19+CD10+ iPS-B cells were compared to B cells 

with the same expression profile isolated from adult peripheral blood and umbilical cord 

blood. Additionally, CD19+CD10+ B cells were generated by differentiating UCB-HSC/HPCs 

(CD133+CD19-) in the MS-5 co-culture system for an equivalent period of time. Broadly, 

this UCB population is also used clinically for transplantation, although some differences 

in potential have been observed in comparison to bone marrow HSCs. Undifferentiated 

iPS cells were also included in the gene array. The main conclusion from the analysis of 

gene array data was that iPS-B cells showed the greatest similarities with UCB-CD133+-

derived B cells, designated as HSC-B cells, both of which had been generated by co-

culture with MS-5 cells. Of the 767 significantly expressed genes, 3 main regions could be 

observed in the heat map: areas of low expression in iPS cells and high expression in all B 

cell populations. Secondly, regions of high expression in iPS samples with low expression 
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in all B cell populations and areas with high expression in iPS cells with a generally low 

expression in UCB and PB B cell samples. Thirdly, regions of mid to high expression in iPS-

B and HSC-B. Although PCA analysis positioned iPS-B and HSC-B samples in close 

proximity, the populations did not overlap on PC1, the parameter that accounts for the 

majority of variability. However, overlap of iPS-B and HSC-B samples did occur when PC2 

and PC3 were considered. In the comparison of iPS-B and HSC-B there were 52 

statistically significant genes with a logFc expression of ˃1.0 or ˂-1.0 This was 10-fold 

lower than when the same criteria were applied in the comparison of HSC-B and UCB B 

cells. Of the upregulated genes in iPS-B, Lin28b and PDGFRA were notable. 

Downregulated genes indicated a potentially lower metabolic activity of iPS-B when 

compared to HSC-B. Differences between HSC-B and UCB B cells revealed numerous 

genes involved in cell division. As one of the peripheral blood samples failed the quality 

control assessment, and, the positioning of another by PC1 appeared to show low 

concordance with the other two samples, the reliability of the PB samples was low. 

However, both iPS-B and HSC-B clustered more closely to the remaining peripheral blood 

B cells than to umbilical cord B cells. This however is likely to be an artefact of the 

experimental design rather than a true biological difference. This is because the sorting 

strategy employed was insufficient to exclude immature B cells from umbilical cord 

samples which would not normally be present in the circulation and therefore peripheral 

blood. Overall, iPS-B cells showed a high level of similarity with UCB-HSC/HPC-derived B 

cells. 

The third major question in the thesis was whether iPS-derived B cells could mature to 

express cell surface antibodies. This is an important developmental stage in B cell 
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differentiation as maturation requires the recombination of V, D and J gene segments to 

form both heavy and light chains. The aim was to assess this both in vitro and in vivo. On 

day 21 of iPS-CD34+/MS-5 co-culture, CD19+ cells have a pre-B cell phenotype (Carpenter 

et al., 2011). As B cell maturation from non-PSC human B cell populations has been 

infrequently described, there was no obvious culture system to employ. After initial 

experiments to culture iPS-B cells in the absence of feeder cells resulted in the loss of this 

population, the approach taken was to add candidate factors to the MS-5 cultures after 

the generation of pre-B cells. An additional complication that arose during the course of 

these experiments was that iPS-B cells, when isolated based on CD19 expression by 

MACS, appeared to be non-viable as assessed after a further 21 days in co-culture (0.007 

CD19+ cells were recovered after 21 days of culture per CD19+ cell seeded). When the 

heterogeneous CD45+ population, that included CD19+ cells was isolated on day 21 of MS-

5 co-culture and reseeded onto MS-5, the B cell population persisted and expanded (over 

4-fold expansion). IgM is the first antibody to be produced in developing B cells. It is 

expressed on the cell surface of immature B cells which then, in the adult, leave the bone 

marrow environment and undergo class-switching to express alternative Ig isotypes. IgM 

expression was not detected on day 35 of culture, nor was it detected on day 42 when 

recombinant IL-7 was included in the media. However, when recombinant IL-7 was 

excluded from the media in the later stages of B cell cultures, IgM expression could be 

consistently detected on iPS-derived B cells. In an attempt to understand the effect of IL-

7 in these cultures various other parameters were assessed. There was no statistically 

difference in the number of CD19+ cells in the presence of different cytokine regimes. 

Whilst the inclusion of all three factors appeared to increase the total cell number, this 

effect was not observed when IL-7 was added alone. A statistical difference was observed 
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when the number of non-viable cells was assessed, in cultures with IL-7 alone or in 

combination with SCF and Flt3L the number of non-viable cells increased. This non-viable 

population however only represented a small proportion (<5%) of the total population. 

Only 3.74% (mean ± 1.4 SD) of the CD19+ population expressed IgM in these conditions. 

However, this was comparable with efficiencies observed with B cells derived from UCB-

HSC/HPCs (CD133/CD34+) cells. VDJ recombination was then confirmed by PCR. This was 

the first demonstration of antibody expression in human PSC-derived cells.  

A pilot experiment was run to assess the potential of iPS-B cells to expand and mature in 

neonatal immunocompromised mice. Previous attempts by other groups to promote 

haematopoietic engraftment with progenitor cells derived from PSC/OP9 co-culture had 

been unsuccessful (Tian et al., 2009, Wang et al., 2005a). As the literature describing an in 

vivo model of B cell adoptive transfer was limited, a system described by Yoder and 

colleagues which demonstrated the capacity of mouse yolk-sac B cells to expand and 

differentiate was employed (Yoshimoto et al., 2011). Day 21 iPS CD19+ B cells in a 

heterogeneous CD45+ population containing CD14+ macrophage/monocytes and CD56+ 

NK cells were injected into the peritoneal cavity or liver of sublethally irradiated BALB/c 

Rag2-/-cγ-/- mice within 72 hours of birth. Human cells could not be detected in the 

peripheral blood or the haematopoietic organs upon sacrifice at week 12. Additionally, 

when UCB-CD133+ cells were introduced by either I.P or intrahepatic injection in the 

same model, high level reconstitution was not observed. These experiments were carried 

out with a single UCB CD133/CD34 preparation. Due to time and resource limitations, this 

work was not progressed.  
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6.2 Future work 

Research and knowledge of the haematopoietic potential of pluripotent stem cells has 

advanced rapidly over the last decade. However, the generation of a PSC-derived HSC still 

evades researchers in the field. In this thesis, the capacity of putative haemogenic 

endothelium (HE), as described by a CD43/CD235a-CD144+CD73+ phenotype, to generate 

B lymphocytes was described for the first time. The questions that arise from these 

studies are numerous. Firstly, it is important to determine whether a single cell, and/or a 

single HE cell, has multilineage potential. This would optimally be achieved by 

demonstrating myeloid, as well as both T and B cell potential. The culture conditions 

required for the simultaneous generation of both T and B cells may be difficult to achieve. 

This could be attempted by a brief differentiation phase in which a single HE cell gives rise 

to a haematopoietic cell that then proliferates before progeny are transferred to separate 

B cell and T cell permissive conditions. An alternative system may be to seed HE cells onto 

stroma that is composed of regions of MS-5 stroma and regions of inducible MS-5 stroma 

that express the Notch ligand Delta-like 1, which has been shown to support T cell 

differentiation (Calvo et al., 2012, Timmermans et al., 2009, Kennedy et al., 2012). Such a 

co-culture system could permit the sequential differentiation of both lymphocyte 

populations, as has recently been described for the differentiation of UCB-derived 

progenitors (Calvo et al., 2012).  The cell surface phenotype and transcriptome of the 

haematopoietic population immediately after EHT should be assessed. Day 8 HE had the 

potential to yield B cells, which was also found in the committed CD43/235a+ 

haematopoietic fraction. Whether the entirety of the B cell potential within the culture 

system can be attributed to an HE population origin should be investigated. A major 

question arising from this work relates to the frequency of cells within the HE fraction 
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with B cell potential. If, as these preliminary results suggest, B cell potential frequency in 

the HE fraction is low, this would suggest a level of heterogeneity in the population. 

Alternatively, different haematopoietic populations may arise from homogeneous HE 

populations in relation to the intensity, identity and order of environmental signals. 

Indeed, numerous EHT events are observed in the dorsal aorta and other haemogenic 

sites, yet it has been estimated that the E11.5 embryo only contains between 3 and 10 

HSCs (Kumaravelu et al., 2002). A level of HSC expansion is thought to arise from 

continued pre-HSC differentiation; this number therefore may not represent the number 

of HE cells which are capable of generating HSCs (Rybtsov et al., 2011, Taoudi et al., 

2008). Therefore, it would be of interest to determine if, in the in vivo situation, a subset 

of HE has HSC potential or, alternatively, if HE differentiation potentials are equal until 

haematopoietic cells are generated, which then subsequently become influenced by 

environmental factors. This experimental question is difficult to investigate. Single cell 

plating of HE cells from the dorsal aorta or PSC sources, with exposure to the same 

signals, may help to advance such an understanding. Of equal interest to the frequency of 

HE cells with B cell potential is the magnitude of the yield of B cells and other 

haematopoietic cells from a single HE cell. The low frequency of putative HE with B cell 

potential but high cell numbers produced (greater than 80-fold enrichment in CD19+ cells 

from HE as compared to haem) suggests that a limited number of progenitor cells may be 

able to give rise to a large number of B cell progeny. This is most easily assessed at the 

single cell level, however if paracrine factors are required, a cell labelling approach could 

be undertaken where a single labelled cell is seeded amongst equivalent non-labelled 

cells. 
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Another factor of interest is the point at which a population with an HE phenotype, that 

has B cell differentiation potential, can be detected and furthermore, how this population 

differs from cells with the same phenotype that exist earlier on in culture and lack B cell 

potential. A high level of variability in the proportion of the day 8 HE population within 

the CD34+ fraction was observed. This may relate to iPS colony seeding density, colony 

size upon seeding or potentially reflect a difference due to the number of hours of co-

culture differentiation prior to harvesting. These parameters could be investigated in turn 

to elucidate a more robust system for downstream application. As a small number of 

CD43/235a-CD144+CD73+ ‘endothelial-like’ cells generated CD45+ cells when co-cultured 

with OP9 stroma, this cell surface phenotype does not completely exclude 

haematopoietic potential. Whilst the segregation of the endothelial population based on 

the expression of CD73 was a useful designation to separate cells with B cell potential in 

the assays described, further investigation is required to define markers which effectively 

distinguish HE and non-haemogenic endothelium. Furthermore, whether CD73 

expression can be detected in the ventral dorsal aorta wall should be assessed.  

If additional time had been available, the differential gene expression of PDGFRA and 

Lin28b should have been confirmed by qRT-PCR. The differential expression of these 

genes that are upregulated in iPS-B in comparison to HSC-B is of interest. The cell surface 

expression of PDGFR-α on iPS-B cells should also be assessed by flow cytometry or in situ 

staining. The link between PDGFRA expression, paraxial mesoderm and the cardiac vs. 

haematopoietic lineage has frequently been disputed in the literature and should be 

investigated. The expression of Lin28b is also an interesting point of investigation. The 

levels of Lin28b mRNA in long term iPS cultures, either in iPS-B or of iPS-HPCs should be 
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measured to determine whether levels are downregulated. Data from mouse in vivo 

developmental models suggest that the first and second definitive waves of 

haematopoiesis are autonomous, in that multipotent HPCs do not differentiate to form 

HSCs but that these cells arise de novo from an HE population. It is therefore unlikely that 

iPS-HPCs with B cell, and possibly multipotent potential are able to mature to produce 

HSCs. The expression of Lin28b in iPS-derived HPCs and differentiated haematopoietic 

subsets could possibly be used as a marker of fetal haematopoiesis. The absence of high 

Lin28b levels could be used to screen for the second wave of definitive haematopoiesis, if 

it is possible to generate such a population. Another approach that could be taken is to 

decrease Lin28b levels by overexpressing let-7 miRNAs. Whether this may induce a switch 

in iPS-HPC potential is a hypothesis that could be pursued. Alternative conditions for the 

culture of these modified iPS-HPCs may also be required such as co-culture with human 

fetal-liver derived stroma and endothelium.  

The question as to whether iPS-B cells can repopulate in vivo haematopoietic sites 

remains to be determined. This approach may represent the most relevant readout for a 

human B-1 vs. B-2 population in analogy with cells identified in the mouse. Whilst 

xenogeneic models may be inappropriate for assessing numerous biological questions, 

the ability of human haematopoietic cells to respond to the mouse environment, such as 

homing to the bone marrow and spleen, indicates conserved molecules and mechanisms. 

The restricted viability of mature human B cell populations in immunodeficient mice for a 

two week period has been reported (Wagar et al., 2000). CD19+ cells from human 

peripheral blood required the addition of recombinant BAFF (B cell activating factor) to 

enable initial and maintainable B cells numbers in the spleen of NOD/Cg-
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Rag1tm1MomPpftm1Sclz/SzJ mice (Schmidt et al., 2008). Intrasplenic, intrafemoural or 

intraperitoneal injection of iPS-B cells into adult immunodeficient mice may enable long 

term contribution to haematopoietic sites, but the lack of data supporting such an 

approach suggests that that this may not be robust, even with a non-iPS B cell 

populations. Instead, the intrafemoral injection of iPS-derived HPCs may be the more 

amenable to engraftment, although it is unlikely that the day 10 CD34+ population from 

iPS/OP9 co-cultures would display such a potential.  

The capacity of iPS-B cells to express IgM was explored in Chapter 5. Over long term 

culture a small fraction (3.74% ± 1.4 SD) of iPS-B cells mature to express cell surface 

antibodies, with comparable efficiencies to that of B cells generated from UCB-

CD133/CD34+ cells. When recombinant IL-7 was added to iPS-B/MS-5 co-cultures from 

day 21 to 53, IgM+ cells were not detected. MS-5 cells have been demonstrated to 

produce IL-7 to which human cells are reactive (Johnson et al., 2005, Parrish et al., 2009). 

Initial experiments, where neutralising antibodies to murine IL-7 were included, resulted 

in a large reduction in the total CD19+ population, and these experiments should be 

repeated. Research in both human and mouse B cell populations suggests that high 

concentrations of IL-7 prevent light chain recombination which is required for the 

expression of IgM (Nodland et al., 2011, Johnson et al., 2008). It is likely that this 

mechanism is also relevant in this system and a similar approach could be taken to 

confirm this, as has been described by such reports. It has been hypothesised that, in the 

in vivo environment, developing B cells will migrate away from the bone marrow stromal 

cells that produce high levels of IL-7, which subsequently enables maturation (Johnson et 

al., 2008). The IL-7 concentration could be titrated over time in vitro to promote optimal 
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maturation. A simpler approach may be to analyse the population for heavy chain 

recombination events and then switch iPS-B cells at this point to an alternative culture 

system where IL-7 expression is low or absent. This may be similar to the culture system 

used by Rawlings and colleagues in which the efficiency of UCB-B cell IgM expression was 

reduced until cells were replated onto fibroblasts expressing CD40L (Rawlings et al., 

1995a). A greater yield of iPS IgM+ B cells would enable investigation into the 

functionality of more differentiated populations, including whether iPS-B cells are able to 

respond to T cell help. Alternatively, iPS-B cells may be more responsive to bacterial 

polysaccharides such as LPS, that do not require co-stimulation. In the fibroblast-CD40L 

culture, a small proportion of cells were observed to express IgD (Rawlings et al., 1995a). 

Whether iPS-derived B cells are capable of undergoing class-switching to express 

alternative isotypes may be an informative assay to investigate a B-1 versus B-2 B cell 

phenotype. An in vitro reconstruction of splenic stroma and, possibly, addition of other 

haematopoietic subtypes such as macrophages, may enable this. Interestingly, when iPS-

B cell populations were selected based on CD19 expression, the number of viable B cells 

at later timepoints was greatly reduced in comparison to CD45-selected populations. This 

could be because CD19 engagement is adversely affecting B cell viability or, alternatively, 

because the accessory haematopoietic cells that are isolated during CD45 enrichment are 

not present in sufficient number to support B cell populations. This should be 

investigated by treating CD45-selected cultures with an antibody to CD19. Whereupon, if 

B cell populations persist, the haematopoietic subpopulation that permits B cell growth in 

long-term in vitro cultures could be investigated. Interestingly, Uckun et al.  described the 

apoptotic effect of CD19 ligation in a number of ALL cell lines and primary leukemic cells 

(Uckun et al., 2011). Whether the selection of UCB-B cells, generated from the HSC/HPC 
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population in the same conditions, are also adversely affected by CD19 selection could 

also be investigated.  

The generation of antibody-expressing B cells from induced pluripotent stem cells may 

provide a new route for the production of therapeutic human antibodies. In this context, 

B cells from patients with rare antibody-mediated immunity to complex diseases could be 

reprogrammed to generate iPS cells, which can then be expanded exponentially. This 

technology could offer further benefit as secreted antibodies would have undergone 

human-specific glycosylation and other post-translational modifications. Initially, mouse B 

cells were reprogrammed using somatic nuclear transfer (SNT) (Hochedlinger and 

Jaenisch, 2002). Mature mouse B cells have been successfully reprogrammed using the 

iPSC method, which generated cells that retained their unique recombined VDJ region 

(Hanna et al., 2008). This was achieved using an inducible system, initially with cells 

derived from fibroblast, due to the problems encountered when lymphocytes are a cell 

source for reprogramming (Hanna et al., 2008). Reprogramming of class-switched mouse 

B cells has also been described (Wesemann et al., 2012). In contrast, the generation of iPS 

cells from human B cells has not yet been reported. iPS cells however, have been 

successful derived from human EBV (Epstein-Barr Virus) immortalised B cell lines (Choi et 

al., 2011b). Future work should build on the advancement described here, by 

reprogramming a range of clonal human B cell populations to the iPS cell stage, and then 

differentiating these iPS cell lines to generate antibody-expressing B cells. Whether B cells 

generated from these B cell-derived iPS cells would then express the same antibodies as 

found in the starting cell population, as would be expected, and as described in the 

mouse SNT experiments, should be assessed (Hochedlinger and Jaenisch, 2002). This 
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approach has been described with T lymphocytes, initially with mouse cells, and then 

latterly using human T cell populations (Serwold et al., 2010, Nishimura et al., 2013).  

In summary, future work should investigate the frequency and magnitude of B cell 

potential in iPS-derived putative HE, the relevance of Lin28b expression in iPS-B cells and 

the capacity of immature B cells to undergo isotype switching and respond to biologically 

relevant stimuli. Indirect advancement of the findings of this thesis include the 

generation of iPS lines from patients with pathologies such as ALL and a comparison of B 

cell development within this in vitro system.  
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6.3 Conclusion 

In conclusion, the capacity of B lymphocytes that are derived from human iPS cells to 

express cell surface antibodies has been described for the first time. This suggests that 

iPS-B cells follow a similar maturation pathway to that described for human and mouse B 

cell differentiation. The inhibitory role of IL-7 signalling in the generation of IgM+ cells 

suggests further similarities with adult mouse bone marrow B cell and human cord blood 

B cell development (Nodland et al., 2011, Johnson et al., 2008). The ability to generate 

antibody expressing B cells from iPS colonies, and therefore from any cell of the body, 

may provide a system to assess key integral biological processes, such as VDJ 

recombination, as well as human pathologies such as ALL. Furthermore, when iPS-B cells 

were compared by global analysis of the transcriptome to B cells derived in the same 

conditions from an HPC population that typically contains HSCs, gross similarities were 

observed. Of the 47 genes that were significantly differentially expressed with log Fc > or 

< 1.0, Lin28b mRNA was detected at high levels in iPS-B and not HSC-B. The expression of 

this and the other differentially expressed genes may provide an insight into the 

differences between adult and fetal haematopoiesis or into how haematopoiesis from 

pluripotent stem cells differs from that of naturally derived progenitors. Additionally, this 

work describes the capacity of putative haemogenic endothelial, as defined by the 

strictest current criteria, to generate B lymphocytes. This has not previously been 

reported. This progresses both understanding of the haematopoietic potential of 

pluripotent stem cells as well as providing a model system to probe developmental 

haematopoiesis more broadly.  
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Table 17 Expression of haemato-endothelial markers over time in iPS/OP9 co-cultures.  

Cell surface 
marker 

Timepoint (day) Mean SD 

CD34+ 5 1.4 0.7 

 12 6.9 1.5 

 22 6.0 3.2 

CD43+ 5 0.0 0.1 

 8 3.0 0.6 

 22 3.6 1.4 

CD45+ 8 0.1 0.2 

 14 1.9 0.2 

 22 17.5 0.9 

C18 or C19 iPS cell colonies were seeded onto OP9 stromal cells to promote 
haemato-endothelial differentiation. Cultures, both adherent and non-adherent 
cells were harvested at regular time intervals and the expression of cell surface 
markers was assessed by flow cytometry. The expression of CD34 was observed 
before CD43 could be detected. Furthermore, the expression of CD43 preceded that 
of CD45.  
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Figure 74 CD41a+ cells on day 8 populations from iPS/OP9 co-cultures are CD43 positive. 
C18 or C19 iPS colonies were differentiated on OP9 stromal cells for 8 days before 
cells were harvested, stained with mAbs and analysed by flow cytometry. CD41a+ 
cells were homogeneously CD43+. Representative image, n=3.  
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Table 18 Analysis of the co-expression of haematopoietic and haemato-endothelial markers in 
iPS cell-derived populations when differentiated on OP9 stromal cells. 
Phenotype Timepoint (day) Mean SD 
CD144+CD41a- 5 2.3 0.5 
CD144+CD41a+ 5 0.0 0.0 
CD144-CD41a+ 5 0.0 0.0 
CD144+CD41a- 6 3.5 0.9 
CD144+CD41a+ 6 0.1 0.1 
CD144-CD41a+ 6 0.0 0.0 
CD144+CD41a- 8 4.7 1.1 
CD144+CD41a+ 8 1.2 0.6 
CD144-CD41a+ 8 1.4 0.7 
CD144+CD41a- 12 3.1 0.2 
CD144+CD41a+ 12 0.4 0.1 
CD144-CD41a+ 12 2.7 1.1 
 

Phenotype Timepoint (day) Mean SD 
CD34+CD43- 5 1.8 0.8 
CD34+CD43+ 5 0.0 0.0 
CD34-CD43+ 5 0.0 0.0 
CD34+CD43- 6 3.1 1.1 
CD34+CD43+ 6 0.2 0.2 
CD34-CD43+ 6 0.0 0.0 
CD34+CD43- 8 6.8 2.8 
CD34+CD43+ 8 1.6 0.9 
CD34-CD43+ 8 0.7 0.3 
CD34+CD43- 12 8.7 0.8 
CD34+CD43+ 12 2.6 1.0 
CD34-CD43+ 12 2.7 1.6 
 
C18 or C19 iPS cell colonies were seeded onto OP9 stromal cells to promote 
haemato-endothelial differentiation. Cultures, both adherent and non-adherent 
cells were harvested at regular time intervals and the expression of cell surface 
markers was assessed by flow cytometry. The co-expression of haematopoietic cell 
surface markers, CD41a and CD43 was analysed with respect to the expression of 
the haemato-endothelial markers CD144 and CD34. CD144+CD41a- cells were 
detected before CD144+CD41a+ cells, which preceded the CD144+CD41a+ cell 
population. Similarly, CD34+CD43- cells were detected before CD34+CD43+ cells, 
which preceded the CD34+CD43+ cell population.  
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Table 19 Analysis of the co-expression of early and late haematopoietic markers in iPS cell-
derived populations when differentiated on OP9 stromal cells. 
 

Phenotype Timepoint (day) Mean SD 
CD144+CD45- 10 4.2 1.9 
CD144+CD45+ 10 0.1 0.1 
CD144-CD45+ 10 0.0 0.1 
CD144+CD45- 14 2.4 0.6 
CD144+CD45+ 14 0.3 0.2 
CD144-CD45+ 14 1.6 0.5 
 

Phenotype Timepoint (day) Mean SD 
CD41a+CD45- 10 5.1 0.9 
CD41a +CD45+ 10 0.0 0.0 
CD41a -CD45+ 10 0.0 0.1 
CD41a +CD45- 14 4.3 3.4 
CD41a +CD45+ 14 0.2 0.1 
CD41a -CD45+ 14 1.6 0.6 
 

C18 or C19 iPS cell colonies were seeded onto OP9 stromal cells to promote 
haemato-endothelial differentiation. Cultures, both adherent and non-adherent 
cells were harvested at regular time intervals and the expression of cell surface 
markers was assessed by flow cytometry. The co-expression of early (CD43, CD41a) 
and late (CD45) haematopoietic markers was assessed. CD45+ cells on day 14 are 
mainly CD144- and CD41a-.  
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Figure 75 Flow cytometry gating approach for the analysis of haematopoietic and endothelial 
populations in day 19 iPS-CD34+/MS-5 co-cultures. 
CD34+ cells were enriched by MACS from day 10 C19 iPS/OP9 co-cultures and 
seeded onto confluent MS-5 cells with cytokine supplementation. Cultures were 
maintained for 19 days, harvested and stained with mAbs for analysis by flow 
cytometry. (A) Gate setting for the analysis of live, singlet cells. (B) Gates were set 
using FMO controls to identify CD45+, CD19+, CD45-CD144+, CD14+ and CD235a+ 
cells.  
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Table 20 Analysis of the expression of CD34, CD43 and CD10 on diverse B cell populations.  
Population Marker Mean (%) SD 
iPS-B CD34+ 3.2 2.0 
iPS-B CD43+ 98.3 0.7 
iPS-B CD10+ 97.2 2.3 
UCB-CD133+ B CD34+ 5.6 8.5 
UCB-CD133+ B CD43+ 96.4 3.5 
UCB-CD133+ B CD10+ 98.0 1.5 
UCB B CD34+ 0.5 0.3 
UCB B CD43+ 5.8 3.2 
UCB B CD10+ 27.6 11.9 
B cells were derived from iPS cells (iPS-B) by co-culture with OP9 cells for 10 days, 
enrichment on CD34+ cells and culture with MS-5 stroma for a further 21 days. B 
cell populations were also derived from UCB-CD133+ cells by a 21 day co-culture 
with MS-5 stroma (UCB-CD133+ B). CD19+ cells were also isolated from fresh or 
frozen umbilical cord blood mononuclear cells (UCB B). Cells were stained with 
mAbs for analysis by flow cytometry. iPS-B cells were predominantly CD34-

CD43+CD10+, as were UCB-CD133+ B cells. In contrast, UCB B cells were CD34-CD43-

CD10+/-. n=3 independent experiments.  
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Table 21 iPS-B cells downregulate the expression of CD43 with continued culture.  
Population Marker Experiment number Mean (%) 
iPS-B CD43+ n=1 2.7 
iPS-B CD43+ n=2 2.2 
iPS-B CD10+ n=1 99.6 
iPS-B CD10+ n=2 99.7 
iPS B cells express a CD34-CD43+CD10+phenotype when isolated from day 21 iPS-
CD34+/MS-5 co-cultures. When CD45+ cells are reseeded and cultured with MS-5 
cells for a further 21/22 days, cells downregulate the expression of CD43. n=2 
independent experiments.  
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Figure 76 Addition of PC or APRIL does not improve the efficiency of IgM+ cell generation from 
iPS-derived CD19+IgM- B cells. 
iPS-CD45+ cells, generated after 21 days of iPS-CD34+ culture with MS-5 cells, were 
seeded onto fresh MS-5 stroma and cultured for an additional 22 days. Media alone 
or combinations of cytokines were added to cultures from day 21. Day 43 cells were 
harvested, stained with mAbs and analysed by flow cytometry. The addition of 
phosphorylcholine (PC) or APRIL did not improve the efficiency of B cell maturation, 
as assessed by the proportion of CD19+ cells expressing IgM. When CD40L,IL-5 and 
IL-4 were included in cultures, the number of B cells detected on day 43 was 
decreased. N=1 for PC, April and CD40L/IL-4/IL-5 experiments.  
 

 



 

IX 
 

 

 

 

 

Figure 77 The addition of IL-7 neutralising antibody causes a reduction in total B cell numbers. 
Neutralising antibodies (nAb) to murine and human IL-7 was added at 10 μg/ml to 
iPS-CD45+/MS-5 co-cultures. After a further 21/22 days of co-culture, cells were 
harvested and analysed by flow cytometry. The addition of nAbs caused a large 
reduction in the percentage of total CD19+ cells, when compared to cultures where 
nAbs were not added. n=2  independent experiments.  
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Figure 78 B cells generated on MS-5 stroma from iPS or UCB cell sources are non-viable in 
stromal-free cultures. 
(A) iPS-CD43+ cells, enriched from day 21 iPS-CD34+/MS-5 co-cultures, were seeded 
in the presence or absence of MS-5 stroma in Differentiation media or RPMI media 
supplemented with 10% serum. Cultures were maintained for 21/22 days, harvested 
and analysed by flow cytometry. In the presence of MS-5 stromal cells, CD19+ cells 
could be detected. The CD19+ population was absent from cultures without MS-5 
stromal cells. (B) UCB-derived B cells, enriched from day 21 UCB-CD133+/MS-5 
cultures, were seeded in the presence or absence of MS-5 stroma. After 21/22 days 
of culture, CD19 cells could be detected in cultures containing MS-5 cells but not in 
stromal-free cultures. (A) n=2 independent experiments, (B) n=1 independent 
experiment.  
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Figure 79 iPS-B cells have a recombined VDJ region at the IgH loci, as assessed using FR3 
primers. 
Genomic DNA was isolated from day 43 iPS-CD34+/MS-5 co-cultures (iPS-B) and day 
43 UCB-CD34+/MS-5 co-cultures (UCB-B) that contained IgM+ cells. hDFs and 
undifferentiated iPS cells (iPS) were also included in addition to the no template 
control (NTC).The 0029 clonal control was also included which should produce a 104 
bp product when FR3 primers are used for amplification. PCR reactions were run 
using FR3 and JH consensus primers for 37 cycles. PCR products were run on a 2% 
agarose-TBE gel with gel red and visualised with UV light. Recombined VDJ regions 
are expected to produce 69-129 bp products. Bands within this region could be 
observed in both iPS-B and UCB-B, as well as the 0029 positive control. The hDF 
samples, as expected, did not produce a band in this region. A band could be seen 
however in undifferentiated iPS (iPS) samples.  
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