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Abstract……. 

 

Haematopoietic stem cell (HSC) transplants are upheld as one of the most 

successful therapies in regenerative medicine. While improved purification and 

functionality assays have advanced understanding of steady-state haematopoiesis 

and the human bona fide HSC, evidence suggests significant heterogeneity exists 

within the HSC compartment in post-natal and pre-natal haematopoiesis.  

In post-natal haematopoiesis, both CD34+ and CD34- cells possess robust in vivo 

repopulating potential. CD34- repopulating cells, however, exhibit distinct 

repopulation kinetics, capacity to produce functional CD34+ repopulating cells, and 

accordingly have been speculated to reside at the apex of the human haematopoietic 

hierarchy. But a low repopulating cell frequency has hindered efforts to study these 

HSCs. We thus aim to improve purification of CD34- HSCs and further expand the 

knowledge of this immature stem pool. We successfully identified an additional 

positive selection marker, CD117 (c-Kit). Through limiting dilution analysis and serial 

transplantations of enriched CD34- repopulating cells in enhanced NSG mouse 

models, we observed repopulation and lineage commitment kinetics. To investigate 

the molecular mechanisms, we conducted single-cell RNAseq. With these new data 

we have asserted the importance of human CD34- HSCs their enormous therapeutic 

potential. 

In human foetal haematopoiesis, it is unknown whether CD34- repopulating 

cells emerge during ontogeny and play a role in foetal haematopoiesis. While reports 

for HSC-purifying markers have been produced, much of these studies have been 

restricted to foetal liver, a single gestational stage, and the CD34+ population. In 

humans, little is known about how the HSC cell surface marker phenotype adapts to 

the dynamic niches in the liver during expansion, homing to the bone marrow, and 

bone marrow colonisation. To address this, we optimised a multi-parameter flow 

cytometry panel and used it to investigate the expression of a number of reported 

HSC cell surface markers across first and second trimester liver and bone marrow. 

Through a combination of high-dimensional data analysis and mathematical 

modelling we have produced an antigen-based map of foetal haematopoietic stem 

cell and progenitor dynamics. 
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Impact Statement 

The identification of HSCs was ultimately advanced by the application of flow 

cytometry and the use of purifying cell surfaces markers, which enabled the isolation 

of prospective HSC populations. Parallel developments in in vitro HSC functionality 

assays and immunodeficient mouse models led to more reliable readouts of HSC 

multilineage reconstitution and self-renewal capacity. In humans, the CD34 antigen 

was established early on as purification marker for HSCs. However, these findings 

were followed by reports that cells negative for CD34 expression are also capable of 

repopulating immunodeficient mice. Furthermore, CD34- HSCs were shown to be 

highly quiescent and able to produce functional CD34+, placing CD34- HSC at the 

top of the human haematopoietic hierarchy. These findings presented CD34- HSCs 

as a population with enormous clinical potential; if they are capable of giving rise to 

CD34+ HSC they can arguably be a better source for HSC expansion and 

haematopoietic stem cell transplants (HSCT). However, CD34- HSCs have proven 

to be challenging to study. Due to their poor in vitro differentiation and self-renewal 

capacity, their functionality can only be properly assayed using in vivo repopulation 

assays. But even in vivo repopulation studies pose a challenge as CD34- HSCs take 

approximately six weeks longer than CD34+ HSCs to engraft in conditioned mouse 

recipients. On the other hand, any attempts to study the CD34- HSC population at 

the molecular level have also been hampered by the fact that it cannot be isolated at 

high purity.  

In this thesis we present work that has successfully addressed some of the 

major challenges in studying CD34- HSCs. We have identified a new positive 

selection marker, CD117, which has enabled us to isolate CD34- HSCs at 

significantly higher purity. We have also identified new immunodeficient mouse 

strains that can better reveal the functionality of CD34- HSCs. We have also made 

advancements in elucidating the molecular profile of this population. Through the 

application of single cell transcriptomics we have revealed that the CD34- HSC 

population may represent a larger proportion of cells within the CD34- compartment 

than previously estimated by in vivo functionality readouts. We have also 

demonstrated that similarly to reports focused on CD34+ HSCs, a level of 

heterogeneity may also exist among CD34- HSCs.  
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In this thesis we have also presented a strategy for the design and 

optimisation of high-parameter flow cytometry panel, which we successfully 

implemented to collect data on the cell surface marker expression dynamics in 

haematopoietic populations during ontogeny. Through clustering and dimensionality 

reduction analysis, we demonstrated that this can be a viable approach to study 

haematopoietic population dynamics during development. We also demonstrated 

that despite the limited number of variables measured compared to other single cell 

approaches, high-parameter flow cytometry can still be an effective tool in identifying 

candidate HSC populations.  
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Chapter 1. Introduction 

Following the establishment of the cell as the basic biological unit, it was 

Walther Flemming’s discovery of chromosomes and cell division that laid the 

basis for the theory of tissue regeneration in the late 19th century (Mozazarello et 

al., 2001). This exciting new field of investigation was bolstered by Giulio 

Bizzozero, who observed an amplified blood-cell-forming phenomenon in the 

bone marrow of pigeons and chickens following controlled bleeding (Mozazarello 

et al., 2001). Adopting Flemming’s methods, Bizzozero went on to investigate the 

regenerative capabilities of multiple tissues and categorized his findings 

according to the rate of tissue turnover. To the group with the greatest 

proliferative capacity, termed “labile”, he ascribed a number of glandular organs 

such as the gut, testicle, and ovary, but also the spleen and the bone marrow 

(Mozazarello et al., 2001).  

In parallel, other 19th century scientists were putting forward the idea of a 

“stem cell”. Earnst Heackel first proposed that all multicellular organisms originate 

from a single primordial cell. The theory was quickly expanded by Weissman and 

Boveri, who introduced the concept of segregation of the germ cells in the early 

embryo and the definition of non-committed cells in the zygote as stem cells. 

These early theories, however, were solely centred around embryonic 

development. It wasn’t until decades later that the stem cell and Bizzozero’s work 

on adult tissue regeneration would converge to establish the significance of the 

adult stem cell.   

Haematology has been a trailblazing field that has benefited greatly from a 

productive interchange between clinical and basic biological research. It was 

before the existence of the haematopoietic stem cell (HSC) was experimentally 

confirmed that the first bone marrow transplants were being tested in the clinic to 

treat patients with haematological cancers (Thomas et al., 1957, 1959). While 

falling short of curative, these early clinical trials demonstrated the potency of the 

regenerative capacity of the bone marrow and its undisputed therapeutic 

potential. It was a few years later, that in seminal series of papers, Till and 

McCulloch provided categorical evidence of the existence of a bone marrow-
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derived cells that could give rise to splenic colonies composed of both committed 

and immature haematopoietic cells (Becker et al., 1963; Till & McCulloch, 1961). 

Furthermore, their experiments involving the injection of donor mouse bone 

marrow cells into lethally irradiated recipient mice introduced the basic principles 

for assays, which would later become fundamental in stem cell and cancer 

research. In the following two decades splenic colony-forming units (CFU-S) 

became a standard in vivo test that also enabled the first attempts at estimating 

the stem cell frequency within a population (Becker et al., 1963; Till et al., 1964). 

However, the dozen CFU-S that usually formed per recipient were derivative of 

single cells, implying only a small fraction of the tested population were being 

captured in the assay. In a serial transplantation experiment of single splenic 

colonies, the majority of secondary recipients failed to form CFU-S, a few mice were 

observed to have one colony per spleen, while a limited number of mice developed 

over twenty colonies per spleen. The authors recognized that there appeared to be 

a hierarchy of blood-forming cells as well as the fact that the CFU-S was limited in 

its ability to study stem cell behaviour on a population level, as it was only able to 

capture progenies of single cells. Before single HSCs could be studied in isolation, 

the features and functions of the different haematopoietic compartments first had to 

be described. In addition, the short time frame of these experiments, only revealed 

multipotent progenitors, not true stem cells, which we now know need longer than 

two weeks to begin repopulating mouse recipients. Nonetheless, the CFU-S 

assay gave rise to its in vitro derivative, the colony-forming unit – culture (CFU-

C), and set the basic tools that would help advance haemotopoietic research 

(Bradley & Metcalf, 1966; Pluznik & Sachs, 1965).  

 

1.1 Mouse haematopoiesis 

The search of murine HSCs started by separation of cells by size and density, 

and later with reagents against cell surface antigens such as MHC Class I 

molecules (Iscove, 1990; Visserc et al., 1984; Worton et al., 1969). But validation 

of potential HSC populations required assays that could test the different lineage 

outputs. Development of thymic assays allowed validation of T cell differentiation, 
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while the in vitro assays using bone marrow stroma could maintain B cells in long-

term cultures (Ezine et al., 1984; C. A. Whitlock & Witte, 1982). While co-culture 

with stroma was allowing the long-term maintenance of haematopoietic cells in 

vitro, the ultimate function of HSCs was linked with in vivo reconstitution of mouse 

recipients and rescue from radiation damage (Cheryl A. Whitlock et al., 1987). 

Consequently two nearly identical strains with congenic alleles for CD45 were 

developed (F. W. Shen et al., 1986). The nearly identical genetic background 

removed the risk of graft rejection, while the monoclonal antibodies against the 

two different CD45 isoforms could distinguish native cells from donor 

transplant.These advances in assays quickly promoted the search for the murine 

HSC.  

 With the identification of monoclonal antibodies against mature lineages 

such as B220 (B cells), fluorescence-activated cell sorting allowed the subsetting 

of lineage-negative (Lin-) cells (Coffman & Weissman, 1981). Thy-1, a marker, 

initially reported to be expressed by thymic lymphocytes was being shown to also 

identify cells with CFU-S capacity (Basch & Berman, 1982; Reif & Allen, 1966). It 

was later shown that Lin- cells that also expressed low levels of Thy-1 (CD90) 

were enriched for bone marrow reconstituting cells (Muller-Sieburg et al., 1986). 

Monoclonal antibodies against Thy-1Low cells identified Sca-1 (CD59) as another 

purification marker of haematopoietic cells with clonogenic and in vivo 

reconstitution capacity (Aihara et al., 1986; Gerald J. Spangrude et al., 1988). In 

parallel, Kit (CD117) expression identified a population of self-renewing cells with 

long-term in vivo reconstitution function, defining the true long-term cells as Lin-

/Sca-1+/Kit+ (LSK) (Ikuta & Weissman, 1992; Morrison & Weissman, 1994). But it 

wasn’t until a few years later that murine HSC were finally purified. Limiting 

dilution analysis of Lin-/ThyLow/Sca-1+ cells suggested that the population 

contained a mix of cells with both long-term and transient self-renewal and 

multilineage reconstitution potential, confirming the existence of both short-term 

HSCs and multipotent progenitors (Morrison et al., 1997).  

Despite rapid improvements in flow cytometry technology and antibody 

availability, it was still only a fraction of the LSK population that were generating 

engraftment (G J Spangrude et al., 1995). Hence, the search for better HSC 
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markers continued. CD48 and CD150 of the SLAM receptor family were found to 

successfully differentiate between multipotent progenitors (MPPs) and long-term 

HSCs, with single LSK/CD48-/CD150+ cells generating long-term multilineage 

reconstitution (Sintes et al., 2008). Expression of SLAM receptors and Flt3 (Flk2, 

CD135) was later shown to delineate subsets of differentially primed MPPs with 

distinct reconstitution kinetics (Pietras et al., 2015). These subsets were also 

shown to be highly dynamic in their self-renewal and output during blood 

regeneration (Pietras et al., 2015). The pertinent question of whether differentiation 

occurs at the level of single HSCs or by successive steps of lineage restriction of 

increasingly mature progenitors was addressed by attempts to further subdivide the 

LSK compartment and dissection of populations outside it.  

Building on reports of mice with impaired lymphopoiesis, CD127 (Interleukin-

7 receptor subunit alpha) was used as a positive selection marker to isolate cells with 

T and B cell reconstitution capacity (Kondo et al., 1997). Interestingly, these common 

lymphoid progenitors (CLPs) were also defined by low C-Kit and Sca-1 expression, 

suggesting these HSC markers may be downregulated with cell fate commitment 

(Kondo et al., 1997).  A few years later, the common myeloid progenitor (CMP) was 

reported to completely lack C-Kit and Sca-1 expression and be positive for CD34 

and CD16/32 (Akashi et al., 2000). The lineage readout of CMPs in vitro was 

determined to be myeloid, but also megakaryocute (Mk) and erythroid (Akashi et al., 

2000; Manz et al., 2002). Although the multilineage potential of CMPs was still 

questioned as colony-forming capacity (CFC) assays could not make the distinction 

between a homogenous multipotent population and a mix of unipotent progenitors, 

these findings formed the basis of the hypothesis that the first lineage restriction 

event in HSCs is the bifurcation of the myeloid and lymphoid lineages.  

In parallel, search for markers that could further dissect the LSK compartment 

was also progressing. As well as the SLAM family of proteins, Flt3 became of interest 

as LSK/Flt3+ cells were shown to have decreased self-renewal and increased 

proliferation (Adolfsson et al., 2001; Christensen & Weissman, 2001; Passegué et 

al., 2005). Furthermore, LSK/Flt3+ cells could generate lymphoid and myeloid cells, 

confirming the existence of lymphoid-primed multipotent progenitor (LMPP) 

(Adolfsson et al., 2005). These LMPPs were initially reported to be devoid of 

erythroid and megakaryocyte (Mk) potential both in vitro and in vivo (Adolfsson et al., 
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2005; Yang et al., 2005). This indicated that the first lineage specification event in 

haematopoiesis not only came earlier than previously suspected, but also could 

potentially be the priming of Mk/erythroid progenitors (MEPs) rather than 

specification of the myeloid and lymphoid lineages. But with improvement of in vitro 

assays and sampling schedules for in vivo experiments, it appeared that LMPPs 

defined by the LSK/Flt3+ phenotype could generate Mks and erythrocytes at 

comparable levels to short-term and long-term HSCs (SH-HSC, LT-HSCs) (Forsberg 

et al., 2006). Further attempts to subdivide the MPP compartment based on VCAM-

1 expression, suggested that MEP activity might be restricted to FLT3Low/VCAM-1+ 

cells, while loss of VCAM-1 and gain of Flt3 expression were associated with 

lymphoid priming (Lai & Kondo, 2006). However, an intermediate population positive 

for both markers was shown to promiscuously express low levels of both erythroid 

and lymphoid gene transcripts (Lai & Kondo, 2006). In the end, Flt3 expression didn’t 

necessarily correlate with loss of multipotency, but these findings and the potent 

MEP activity in the LSK/Flt3- compartment could be reconciled with the fact that the 

physiological demand for erythrocytes and platelets is significantly higher than that 

for lymphocytes and myeloid cells during steady-state haematopoiesis. Therefore, it 

is possible that several mechanisms exist to stimulate the production of MEPs to 

ensure that an organism’s physiological requirements for red blood cells and 

platelets are met. 

 

 

 

1.2 Construction of the human haematopoietic stem cell 

hierarchy  

1.2.1 Adaptation of in vitro and in vivo assays 

While studies of the murine haematopoietic system were rapidly advancing, 

research on human haematopoiesis was lagging behind. Bone marrow 

reconstitution studies and optimization of conditions for long-term cultures were 

driving forward the identification and characterization of murine HSCs, but these 

assays had to be adapted for research on human haematopoiesis. By evaluating 
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the efficiency of retroviral gene transfer which relies on active cell division for its 

integration, important cytokines, growth factors and bone marrow extracellular 

matrix molecules for the in vitro maintenance of human HSCs were identified 

(Dick et al., 1991; Hughes et al., 1989; Moritz et al., 1994). These findings led to 

improved colony-forming capacity (CFC) and long-term culture initiating cell 

(LTC-IC) assays that could be applied to testing the in vitro differentiation and 

self-renewal of potential human HSC populations. The LTC-IC assay, involving 

culturing of haematopoietic cells on bone marrow feeder cells, was used to 

identify haematopoietic cells capable of self-renewing for periods of 6 weeks or 

longer (Sutherland et al., 1989). LTC-IC assays were powerful tools in the 

identification not only of CD34 as positive human HSC marker, but also CD90+ 

(Thy-1) and the Lin-/CD34+/CD38-/Low populations as sources of cells with potent 

self-renewing activity (Baum et al., 1992a; Kondo et al., 2003). However, the true 

test for an HSC, long-term bone marrow multilineage reconstitution, was proving 

to be more challenging and demanded the engineering of new mouse models.  

The lack of mouse models that were immune-permissive to human grafts 

was addressed with advancements in genetic engineering and generation of 

mouse strains like the severe combined immune-deficient (SCID) and the 

beige/nude/xid mice (BNX). Independent groups began reporting the detection of 

circulating human lymphoid cells in the SCID strain and both lymphoid and 

myeloid cells in the BNX strain 9 weeks post transplantation of human bone 

marrow cells (Kamel-Reid & Dick, 1988; McCune et al., 1988). In these early 

experiments, it became evident that the more attenuated the host immune 

system, the superior the engraftment of the donor human cells was. In addition 

to lacking T, B, and NK cells, BNX mice were deficient for lymphokine activated 

killer cells (LAK), which allowed not only reconstitution of the myeloid lineage, but 

better maintenance of the donor human HSCs (Andriole et al., 1985; Kamel-Reid 

& Dick, 1988). Crossing of the SCID strain with non-obese diabetic (NOD) mice 

produced an enhanced immune-deficient strain, which had a marked reduction 

of NK cells compared SCID mice that allowed the long-term engraftment of 

primitive human cells that became known as SCID-repopulating cells (SRCs) 

(André Larochelle et al., 1996; Shultz et al., 1995). To further improve the efficiency 
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of human cell engraftment, the NOD/SCID was reengineered by deleting the IL2 

receptor gamma chain gene, which resulted into the NSG mouse strain which 

combined the properties of NOD/SCID and complete lack of NK cells (Kollet et al., 

2000; McKenzie et al., 2004, 2006). Further enhancements were to follow on 

immune-deficient mouse strains, but the NSG became the standard model for 

xenograft studies. 

 

1.2.2 The Human HSC 

 

By the end of the 80s, several antibodies raised against the immature 

leukaemia cell line, KG1, had been reported, and shown to positively select for 

human bone marrow cells with potent CFC (Andrews et al., 1986; Civin et al., 

1984; Tindle et al., 1985). Once it was established that all these antibodies 

recognized CD34 and its expression by colony-forming cells was not only 

conserved between mice and humans, but  CD34 was also similarly glycosylated 

and phosphorylated in both species, the study of HSCs was rapidly accelerated 

(Brown et al., 1991; Krause et al., 1996). Results from studies in humans, 

baboons, rhesus monkeys and mice were consistently demonstrating the potency 

of the self-renewal of CD34+ bone marrow-derived cells (Berenson et al., 1988, 

1991; Krause et al., 1994). These findings were soon followed up by studies 

showing CD90 expression purified human foetal bone marrow for colony-forming 

cells as well as SRCs (Baum et al., 1992a). Following up on another marker first 

described in mouse, CD34+/KitHigh cells were shown to possess colony-forming 

capacity, whereas HSCs capable of long-term self-renewal were reported to be 

CD34+/KitLow (Gunji et al., 1993; Okada et al., 1992). Sca-1, a member of the Ly6 

family of proteins, is not conserved in humans, but a related protein, CD59, was 

shown to be expressed on virtually all Lin-/CD34+/CD90+ cells, which are 

enriched for HSCs (Hill et al., 1996). Another early marker for mouse foetal HSCs, 

CD93 (clone AA4), was also reported to be expressed by human repopulating 

cells (Anjos-Afonso et al., 2013; Danet et al., 2002; McKearn et al., 1985). CD90, 

Kit, and CD93 were all HSC markers that had been first described in mouse, but 
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other highly purifying murine HSC markers proved to be less useful in bringing 

human HSCs to single cell purity. In mouse, single cell injections of LSK/CD48-

/CD150+ resulted in long-term multilineage reconstitution, but in humans 

repopulating cells were found both in SLAM and non-SLAM populations (Andre 

Larochelle et al., 2011; Sintes et al., 2008; Zhou et al., 2015). In fact, it appeared 

that human and murine HSCs were significantly phenotypically different. While 

mouse HSCs were reported to express CD38, the human HSC was widely 

accepted to be negative for this marker (Higuchi et al., 2003; Randall et al., 1996).  

After CD90 was confirmed to be expressed not only by foetal bone marrow-

derived, but also umbilical cord blood (UCB) CD34+ cells with colony-forming 

capacity , no significant strides were made in identifying other positive selection 

markers for some years (Baum et al., 1992a; Craig et al., 1993). In a continuation of 

some early studies showing that CD45Low cells possess potent colony-forming 

capacity, studies on expression of CD45 isoforms demonstrated that the CD45RA-

/CD34+ fraction was enriched for multipotent progenitors that acquired CD45RA 

expression over a period of time in culture with cytokines (Beverley et al., 1980; 

Lansdorp et al., 1990; Mayani et al., 1993). Next, it was asserted that the population 

enriched with CFCs and SCID-repopulating cells was also CD38-  (Bhatia et al., 1998; 

Hao et al., 1995).  

Injection of Lin-/CD34+/CD38- cells transduced with unique retroviral tags in 

NOD/SCID mice showed that a number of clones detected up to 6 weeks post-

injection dispersed to be replaced by distinct long-term clones at week 12 

(Guenechea et al., 2001; Mazurier et al., 2004). Not only that, but in a similar set of 

experiments, the authors could detect clones in secondary mouse recipients that 

were undetectable in the primary recipient (McKenzie et al., 2006). It appeared that 

while the in vivo repopulating capacity of short-term HSCs could be captured, highly 

quiescent HSCs could be missed in primary recipients.  

Using the improved NSG mouse model, the CD34+/CD38-/CD45RA-/CD90+ 

population was shown to have in vivo multilineage engraftment that persisted into 

secondary mouse recipients (Ravindra Majeti et al., 2007). Furthermore, it appeared 

that the CD34+/CD38-/CD45RA-/CD90- population also contained cells with robust 

repopulating capacity and multilineage differentiation, although the generated 

engraftment was lower than their CD90+ counterpart (Ravindra Majeti et al., 2007). 
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Another noteworthy observation, however, was that few CD34+/CD38-/CD45RA-

/CD90- could generate engraftment in secondary mouse recipients, revealing that the 

population may still contain some long-term HSCs that could not be delineated by 

CD90 expression alone (Ravindra Majeti et al., 2007).  

This disparity was not addressed until a few years later, when scientists 

investigated whether integrins, key mediators in interactions with the niche, could be 

used to further purify human HSCs (Benveniste et al., 2010; Notta et al., 2016). The 

CD34+/CD38-/CD45RA-/CD90+/- populations were further demarcated with the 

addition of CD49f as a marker. The four subsets were shown to possess differential 

capacities to engraft into NSG mice (Notta et al., 2011). The CD90+/CD49f+, CD90-

/CD49f+, CD90+/CD49f-, CD90-/CD49f- populations were estimated to contain, 1 in 

10.5, 1 in 22.1, 1 in 111.3, and 1 in 735.2 repopulating cells, respectively (Notta et 

al., 2011). Notably, the engraftment in mice injected with CD90-/CD49f- cells peaked 

between 2 and 4 weeks and then steadily declined, but still produced multiple 

lineages, indicating the population mostly contains multipotent progenitors (Notta et 

al., 2011). CD49f brought forward the purification strategy of human bona fide HSCs 

one step further, with about 10% of CD90+/CD49f+ cells estimated to have 

repopulating capacity. Nevertheless, a number of long-term repopulating cells could 

be detected within the CD90-/CD49f+ fraction, indicating that CD49f and CD90 could 

not be used to exhaustively delineate human HSCs. 

The advancement of mass cytometry and single-cell RNAseq technologies 

was quickly followed by an unprecedented number of reports summarising vast cell 

surface marker and transcriptomic data. While much of this new area of research 

focused on getting snapshots of the entire haematopoietic system, those keen on 

finally capturing the human HSC and MPP compartments were zooming in on the 

CD34+/CD38-. ECMN (Endomucin) was used to divide the CD34+/CD38-/CD45RA-

/CD90+ into two, with the ECMN+ fraction successfully repopulating conditioned 

mouse recipients, while as many as 50, 000 EMCN- cells failed to generate human 

engraftment 20 weeks post-injection (Reckzeh et al., 2018). Similarly, single cell 

gene expression analysis of CD34+ bone marrow-derived cells showed that CD164 

expression also demarcates a population with robust in vivo multilineage engraftment 

potential (Pellin et al., 2019). In single cell colony assays, CD49f+/CD34Low/CLEC9A+ 

cells appeared to be more quiescent than CD49f+/CD34High/CLEC9A- cells (Belluschi 

et al., 2018). The former also generated long-term multilineage engraftment, while 
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the latter could only maintain myeloid and lymphoid engraftment (Belluschi et al., 

2018). These findings were key to show that even within what was considered a 

highly enriched HSC compartment, commitment to different lineages is already 

occurring.  

In human, the characterisation of the stages of differentiation began initially 

with a lymphoid progenitor that could give rise to B, T, natural killer (NK), and 

dendritic cells (DCs) (Galy et al., 1995; Hokland et al., 1987). Defined by the 

CD34+/CD38+/CD45RA-/CD10+ phenotype, this population was later shown to have 

active IgH rearrangements and expression of genes which aligned with B cell 

commitment (Davi et al., 1997; M. Rossi et al., 2003). In cord blood a lymphoid-

primed population was shown to be CD34+/CD38-/CD7+ with capacity to generate 

DCs, NK, and B cells (Hao et al., 2001). In addition, while the CD10+ lymphoid-primed 

progenitors were also shown to have myelo-erythroid potential, in cord blood 

CD34+/CD38-/CD45RA-/CD10+/CD7+ lacked colony-forming capacity, which 

indicated that human haematopoiesis may follow the model of the lineage restriction 

hierarchy in mouse (Galy et al., 1995; Hao et al., 2001). In pediatric bone marrow, 

CD24 was used to positively mark a B cell restricted population, while Lin-

/CD34+/CD10+/CD24- cells possessed a broader lymphoid differentiation spectrum 

(Six et al., 2007). While all these studies indisputably verified the existence of a multi-

lymphoid progenitor (MLP) associated with CD10 expression some of these reports 

utilised markers such as CD38 and CD45RA, while others didn’t. These variable 

gating strategies posed a challenge in unifying the findings into a universal 

phenotype for the human CLP. In a study attempting to reconcile all these results, 

the phenotype of the MLP was defined as CD34+/CD38-/CD45RA+/CD10+/CD7+/- and 

shown to be able to reconstitute NSG mice with lymphoid, but also myeloid cells 

indicating the obligatory lymphoid-restricted progenitor observed in mouse may not 

exist in human haematopoiesis (Doulatov et al., 2010). With their unique ability to 

generate not only DCs, but also macrophages and monocytes, cells previously 

ascribed to granulocyte macrophage progenitor (GMP) population, MLPs were 

presenting an ambiguity in the pyramid of haematopoiesis. Important functions for 

DCs include antigen presentation and activating T cells, and one mechanism to 

coordinate their balanced generation with lymphoid cells could be to restrict them to 

the same multipotent progenitor. Monocytes and macrophages, on the other hand, 

are often the first responders in the innate immune response, and in order to meet 
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urgent physiological demands could have evolved mechanisms to emerge from 

multiple points in the haematopoietic hierarchy. Interestingly, the MLP populations 

appears to be highly enriched in pre-natal and early post-natal haematopoiesis and 

quite rare in adults (Doulatov et al., 2010; M. Rossi et al., 2003).  

The first report on the human CMP came just a few years after the mouse. 

Within the CD34+/CD38+ compartment, the CMPs, GMPs, and MEPs were shown to 

be CD45RA-/CD123Low, CD45RA+/CD123Low, and CD45RA-/CD123-, respectively 

(Manz et al., 2002). The CMPs and GMPs were able to generate myeloid colonies, 

while the MEP population was restricted to Mk and erythroid colonies, suggesting 

the isolation strategy was robustly picking apart the lineage-committed progenitors 

(Manz et al., 2002). In a similar attempt to delineate these three progenitor 

populations Flt3 was shown to be a reliable substitute for CD123 (Doulatov et al., 

2010).  

These population-based studies outlined the paradigm for the step-wise 

maturation of HSCs into oligopotent progenitors in tandem with the bifurcation of the 

myeloid and lymphoid lineages. However, questions were still being asked about 

when are Mks and erythroid progenitors restricted and if HSCs are primed for specific 

fates early on haematopoiesis. The answers could only be found by assessing the 

differentiation and self-renewal potential at the level of individual cells, which required 

technically-challenging and significant scaling-up of the number of assays performed 

at a time. Nonetheless, these experiments were soon being performed in large 

numbers by groups studying both murine and human haematopoiesis, and finally 

shedding new light on processes of lineage commitment. 

Much of the human research had exclusively focused on the 

CD34+/CD38- population as the HSC compartment, while in mouse it had 

become established years before that the long-term HSC is CD34- (Krause et al., 

1996; Novelli et al., 1998; Osawa et al., 1996; Sato et al., 1999). The view of the 

human HSC being CD34+ was becoming deeply-rooted, and attempts to 

reconcile this interspecies difference involved attempts to show that the mouse 

and human CD34 genes were differentially regulated (Okuno et al., 2002).  
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Figure 1.1. Revised haematopoietic stem cell hierarchy 

Schematic of revised haematopoietic stem cell hierarchy where faded colours 
represent priming events (HSC level) and different colours in downstream 
progenitor populations represent potential cell fate outcomes (red – erythroid; rust – 
megakaryocytes; purple and pink – myeloid; fuchsia – dendritic cells; green - 
lymphocytes)   
 

 

1.2.3 The CD34- haematopoietic stem cell  

After Berenson and Krause showed that baboons, humans and mice could 

be successfully transplanted with CD34+ bone marrow-derived cells, CD34 

became a universal hallmark for HSCs (Berenson et al., 1988, 1991; Krause et 

al., 1994). It wasn’t long, however, that this notion was put into question, when 

multiple groups began reporting observations in mouse that both the LSK and 

ThyLow/Lin-/Sca-1+ populations contain CD34- cells with in vivo repopulating 



Chapter 1 Introduction 

29 

 

capacity (Morel et al., 1998; Osawa et al., 1996). Furthermore, the CD34-LSK 

population consistently repopulated secondary mouse recipients, while the 

CD34+LSK cells were observed to have much lower and less consistent 

secondary engraftment, implying the CD34- possessed superior long-term self-

renewal capacity (Tajima et al., 2000).  

In contrast, clinical studies in humans using CD34-selection before transplants 

were asserting the phenotype of the HSC as CD34+, despite independent reports 

suggesting the CD34- compartment should not be ignored in the search for the 

human HSC (Bensinger et al., 1996; Hassan et al., 1996; Link et al., 1996). After 

Goodell and colleagues demonstrated that murine HSCs are highly enriched in a 

“side population” (SP) characterised by its efficiency to efflux Hoechst dye, they 

observed a similar SP+ HSC in humans and rhesus monkeys (Goodell et al., 

1996, 1997b). A large proportion of the SP+ cells were CD34-, and rhesus CD34-

SP+ cells expanded in long-term culture with stromal support and were reported 

to acquire CD34 expression over time (Goodell et al., 1997b). Similarly, umbilical 

cord blood  sorted Lin-CD34- cells were shown to have SCID repopulating 

capacity, while bone marrow-derived CD34- cells generated multilineage 

engraftment in foetal sheep (Bhatia et al., 1999; Zanjani et al., 1998). These early 

experiments were already alluding to the challenges the CD34- population would 

pose. The rhesus CD34-SP+ cells could not generate colonies without expansion 

on stromal cells first, suggesting the colony-forming cells within the population 

were refractory to the signalling molecules in standard CFC assays which 

successfully push CD34+/CD38-  cells to generate colonies (Goodell et al., 

1997b). Hundreds of thousands Lin-CD34-CD38- cells had to be injected in 

NOD/SCID mice to achieve human reconstitution, implying that to study CD34- 

SCID repopulating cells at population level, purity  had to be improved (Bhatia et 

al., 1997; Goodell et al., 1997b). Drawing on findings in mice, CD93 was later 

identified as a positive selection marker for CD34- repopulating cells derived from 

both from umbilical cord blood and adult human bone marrow (Danet et al., 2002; 

Petrenko et al., 1999). The repopulating cell frequency in the Lin-/CD34-/CD38-

/CD93+ (-/-/+) was estimated at 1/7500 cells in the enhanced NOD/SCID mouse 

(Danet et al., 2002). In a different study, the -/-/+ population was shown to reliably 
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repopulate NOD/SCID mice, but with a 6-week delay compared to CD34+/CD38- 

cells, potentially explaining why the population has been largely overlooked as a 

source of HSCs, and also alludes to its quiescent nature (Anjos-Afonso et al., 

2013). Furthermore, the -/-/+ population was able to give rise to functional 

repopulating CD34+ cells, while the CD34+/CD38- population could not give rise 

to CD34- cells that could repopulate secondary mouse recipients (Anjos-Afonso 

et al., 2013). All this evidence generated over almost three decades has asserted 

the importance of the CD34- HSCs in mouse, human and other species. However, 

CD34 remains the bona fide human HSC marker with very little new data coming 

in for the elusive CD34- HSC.  

Despite being widely used for purification and clinical assessment of 

haematopoietic stem cell transplants (HSCT), the significance and function of 

CD34, a cell surface glycoprotein, still isn’t clearly understood. The diminished 

capacity of murine and human CD34- HSCs to expand on stroma and form 

colonies in vitro has been reported by multiple groups. Together with their 

delayed engraftment in NOD/SCID mice, this gives a strong indication that while 

the CD34+ cells contain a mix of short-term and long-term repopulating cells, the  

repopulating CD34- SRC fraction largely consists of long-term quiescent HSCs 

(Anjos-Afonso et al., 2013; Danet et al., 2002). How much does the diminished 

CD34 expression play a role in maintaining the population at a latent state is an 

open question. Using the BNX (beige/nude/X-linked immunodeficient) mouse 

strain, Dao et al. reported that the injection of CD34+/CD38- cells results in long-

term multilineage engraftment, but interestingly, in the bone marrow of these mice 

CD34 was downregulated on the cell surface and also at the transcript level (Dao 

et al., 2003). When BNX-derived human CD34+/CD38- xenografts were 

transplanted in a secondary NOD/SCID mouse recipient they successfully 

generated secondary multilineage engraftment with detectable CD34 expression. 

The authors concluded that CD34 expression might be reversible. Along with the 

observations that the xenografts generated from BNX mice performed better in 

LTC-IC and colony assays than the xenografts from NOD/SCID mice, this is 

indicative that CD34 expression may be an “activity switch” for HSCs.  
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Very little had been done to assess the molecular mechanisms of the 

CD34- HSCs until it was reported that the -/-/+ population expresses high levels 

of cell cycle regulators such as CDKN2C, CDKN1B, and CDKN1A that maintain 

the population in G0 state (Anjos-Afonso et al., 2013). In addition, following 

culture with TGFB1, these cell cycle regulators were upregulated in -/-/+ cells, 

indicating that the quiescent state of the cells may be at least in part maintained 

by TGFβ signalling (Anjos-Afonso et al., 2013). Interestingly, the -/-/+ population 

is refractory to Wnt pathway activation as shown by addition of Wnt3A and 

Wnt10b with little or no response on the population (Anjos-Afonso et al., 2013). 

These findings finally succeeded at shedding some light on the molecular 

mechanisms maintaining the CD34- population, but did not definitively establish 

how it is maintained in steady-state haematopoiesis as the frequency of SRC is 

only 1 in 6000 cells in the -/-/+ fraction. In order to zoom in on the actual CD34- 

HSC close to single-cell purity was required, which scientists looking for the 

human HSC within the CD34+ compartment were far more successful at 

achieving.  

The inability to isolate a pure human HSC resulted in the human 

haematopoietic hierarchy being modelled after findings in mouse. But with the 

advancement of sequencing technology and methods in large-scale gene 

expression profiling, the understanding of the human haematopoietic hierarchy 

began to change rapidly. 

 

1.2.4 Cell fate decision – single cells  

The standard model of haematopoiesis pertains a hierarchy maintained by 

self-renewing multipotent HSCs, which pass through stages of differentiation leading 

to oligopotent and eventually, unipotent progenitors. All conclusions were drawn from 

population-based studies under the assumption that marker-pure subsets would 

reflect functionally homogenous populations. The improvement of purification 

strategies and the development of high-throughput single cell-based assays allowed 

to revisit the hierarchical structure of haematopoiesis.  

In experiments relying on engineering mouse strains with inducible 

transposon tagging, the lineage output of single HSCs and progenitors could be 
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tracked in unperturbed steady-state haematopoiesis (Sun et al., 2014). Analysis of 

the transposon tags of differentiated cell, stem cells and progenitors revealed that 

LT-HSCs had very limited contribution to the lineage output, compared to MPPs (Sun 

et al., 2014). Furthermore, only a small number of myeloid and lymphoid tags were 

shared, indicating an early fate specification at the level of ST-HSCs and MPPs at 

the time of the induction of the tags (Sun et al., 2014). While contribution of LT-HSCs 

cannot be ruled out by this study, it has implications that have been previously 

suggested by the poor reconstitution capacity previously demonstrated in 

transplantation studies using quiescent HSCs (Anjos-Afonso et al., 2013; Bhatia et 

al., 1997; Osawa et al., 1996). Using different approaches to trace clonal dynamics, 

it was actually reported that LT-HSCs do contribute eventually to the different 

lineages over periods longer than an year, but confirmed that within shorter windows 

of sampling it is ST-HSCs and MPPs that make major contributions to steady state 

haematopoiesis (Busch et al., 2015; Rodriguez-Fraticelli et al., 2018). Another 

observation that holds implications for human xenograft studies and HSCTs is that 

transplanted HSCs were heterogeneously reconstituting donors, with some 

replicates resulting in disproportionately high contribution to mature haematopoietic 

cells and others failing to contribute at all (Busch et al., 2015). This hints at a 

significant pitfall of transplantation experiments, where engraftment kinetics and 

lineage reconstitution of few HSCs may not necessarily represent the steady-state 

haematopoiesis. This is further corroborated by ST-HSCs being shown to exhaust 

fairly quickly when transplanted, while in unperturbed conditions appear to be 

steadily maintained (Busch et al., 2015).  

In humans, single cell assays began also boosting our understanding of the 

haematopoietic hierarchy. With improved assays that could reliably readout Mk 

differentiation potential in vitro, one of the first studies investigating clonal output of 

single cells revealed that the highest number of multipotent cells resides within the 

HSC and MPP compartment, with CMPs mainly consisting of a mix of unipotent and 

with the majority of multipotent clones restricted only to two lineages (i.e. Mk-myeloid 

or erythroid-myeloid)  (Notta et al., 2016). Cells with robust Mk-erythroid potential 

could be isolated by sorting for CMPs, but also in MPPs and MEPs, with the unifying 

phenotypic feature being a combination of negative CD110 (TPO receptor) and 

positive CD71 expression (Notta et al., 2016). This was in line with previous theories 

that proposed Mks and red blood cells could emerge from several branching points 
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of the haematopoietic hierarchy to satisfy to high demand for these cells in a healthy 

individual. In another study, focusing more closely on the MEP compartment, single 

cell functional assays revealed through enhanced cell surface marker isolation that 

significant heterogeneity existed within the compartment (Psaila et al., 2016). Mk-

biased MEPs were shown to be largely CD71+/CD41+, Erythroid-MEPs – 

CD71+/CD41-, and the bipotent MEPs were negative for both markers but positive 

for CD44 (Psaila et al., 2016). This was confirmed independently by study looking 

into the differentiation patterns of single CD41+ CMPs, which gave predominantly 

rise to Mk cells (Miyawaki et al., 2017). Interestingly, these versatile “pre-MEPs” also 

generated granulocyte/macrophage (GM) colonies and immature colonies of mixed 

lineages (GEMM), suggesting they possessed residual myeloid potential despite 

being largely MkE-restricted (Psaila et al., 2016).  

Another tracing of the progenies from single sorted HSCs merged clone size 

and clonal lineage output data into multi-dimensional analysis suggesting cell fate 

may not only be determined at the stem cell stage through priming, but was also an 

inheritable feature observed in daughter and granddaughter cells (Lee et al., 2017). 

Daughter cells that were deviating from their ancestral lineage bias frequently 

produced myeloid cells, which may be explained by observations that a myeloid bias 

emerging with advancing age of an organism (Pang et al., 2011; D. J. Rossi et al., 

2005; Sudo et al., 2000). The authors also showed that increasing number of 

divisions reduce the clonal potency of HSCs, but this effect was weaker in in vivo 

experiments compared to in vitro cultures (Lee et al., 2017). Most importantly, the in 

vitro experiments entirely excluded readouts of Mk and erythroid output, without 

which any conclusions about lineage bias and priming are incomplete.  

In attempts to define the bifurcation of the myeloid and lymphoid lineages, 

single-cell lineage output assays have indicated compartmentalized cell fate 

commitment is not as well restricted to specific populations as previously thought. In 

single cell differentiation assays, while MLPs are exclusively lymphoid primed, 

LMPPs and GMPs have been reported to generate both lymphoid and myeloid cells, 

with small number of bipotent progenitors contributing to both lineages 

simultaneously (Karamitros et al., 2018). Refinement of sorting strategy resulted in 

improved myeloid or lymphoid restricted lineage output, it still failed to completely 

eliminate bipotent and multipotent single cells, which may be due to limitations in 
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FACS technology and the challenge of sorting cells to the level of functional 

homogeneity solely based on cell surface markers (Karamitros et al., 2018).  

While there were strong indications that cell fate priming may be occurring at 

the stem cell level in humans, little was done to investigate single cell lineage outputs 

within the purest reported HSCs, the CD49f+/CD90+ population with the majority of 

reports focusing further down the hierarchy or by failing to incorporate CD49f in the 

HSC sorting strategy. Belluschi and colleagues finally assayed 5000 single CD49f+ 

HSCs and correlated the clonal lineage outputs with the expression of a panel of cell 

surface markers, finding that Clec9a and CD34 expression drove most of the 

variance in multilineage colony output (Belluschi et al., 2018). Consequently, the 

Clec9a+/CD34Low subset was shown to be primed for cells with myeloid and erythroid 

potential, while the Clec9a-/CD34High subset for myeloid and lymphoid (Belluschi et 

al., 2018). In addition, the Clec9a+/CD34Low subset was capable of producing Clec9a-

/CD34High in culture, but not the other way around, implying that the former is 

hierarchically superior to the latter in vitro (Belluschi et al., 2018).  

While all these single cells studies of human haematopoietic output have 

indicated important features of the haematopoietic hierarchy, they have been 

conducted either in vitro or in transplantation studies in immunodeficient mouse 

recipients, which are limited in their capacity to mimic normal human physiology and 

steady state haematopoiesis. But advancements in next generation sequencing 

technology unveiled age-related patterns of certain mutation signatures and how 

they can be exploited to track clonal dynamics (Alexandrov et al., 2015; Jaiswal et 

al., 2014). In a study conducted on samples from single individual, somatic mutation 

clones revealed that HSCs defined as CD34+/CD38-/CD45RA-/CD90+ contribute 

continuously to mature lineages, which contradicted similar studies in mouse, where 

LT-HSCs are largely quiescent and SH-HSCs largely maintaining the system (Busch 

et al., 2015; Lee-Six et al., 2018; Sun et al., 2014). These results were in agreement 

with a long-term study on the haematopoietic reconstitution of patients that received 

a transplant of engineered CD34+ cells, which showed that the transplant was 

contributing steadily to mature cells over a four-year period (Biasco et al., 2016). 

While the latter of these studies is tracking reconstitution by transplanted cells, they 

allude to a fundamental interspecies difference in that human HSCs appear to act 

more similarly to murine SH-HSCs, contributing steadily to the haematopoietic 

system in healthy individual, and mice retaining an inactive LT-HSC population. 
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While this may be an artefact of evolutionary adaption, another overlooked 

explanation is that human clonal dynamics studies have overlooked the CD34- HSCs, 

which may possibly be the counterpart of the murine LT-HSC and if incorporated 

reveal that the haematopoietic clonal dynamics between the two species is more 

similar than these incomplete studies suggest.  

Attempts to reconcile lineage potential with specific gene expression were 

beginning to be made as qPCR and microarray technologies were developed. But 

with the rapid advances in bulk and RNA-sequencing technologies, quickly amassing 

data was beginning to shed light on the limitations of population-based approaches 

to studying haematopoiesis and, it was becoming evident that haematopoietic cell 

differentiation could hardly be characterized as a clear-cut step-wise process.  

 

1.2.5 The molecular landscape of human haematopoiesis 

Population heterogeneity was being appreciated early on in the days of 

haematopoietic research and low-throughput methods to assay the gene expression 

profiles of single cells were undertaken, but only could yield information for few genes 

and cells at a time (Adolfsson et al., 2005). It was, however, clear even on population 

level that different lineages exhibited distinct gene expression patterns. With the 

development of microfluidics systems and chip arrays, small panels of genes were 

being investigated in single sorted cells from different haematopoietic compartments, 

revealing how known myeloid regulator, SPI1, for example, had higher transcripts in 

CMPs with Flt3 expression than those negative for Flt3 (Warren et al., 2006). With 

improving cell capture rates and growing gene panels, previously established 

expression patterns, such as GATA1 (megakaryocyte and erythroid cells), GATA2 

(HSCs), GFI1 (CMPs, LMPPs, CLPs), could be used to validate single cell 

transcriptomic data (Hamlett et al., 2008; Huang et al., 2009; Mouthon, 1993; Tipping 

et al., 2009). Previous theories that the megakaryocyte and erythroid lineages were 

more comparable to HSCs were being confirmed, while also presenting the 

opportunity to map gene regulatory networks by identifying correlated expression 

(Moignard et al., 2013). By sorting individual cells by cell-surface markers and 

assigning each an index, individual cell transcriptomes can be mapped to a particular 

phenotype and allow the linking of gene expression to a particular population. In such 
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studies, genes with different expression patterns can give clues about their roles in 

haematopoiesis: RUNX1 and FLI1 were similarly expressed by different populations, 

while others had more variable expressions (Moignard et al., 2013). This indicates 

that some genes may be essential for normal functioning of a large number of 

haematopoietic cells, while others are probably required for dynamic transitions from 

quiescence to proliferation or commitment from a multipotent to a unipotent 

progenitor. With increasing number of transcripts that could be sequenced, it became 

evident that through hierarchical clustering algorithms, gene expression profiles were 

sufficient to delineate HSCs and the different progenitor population and reveal 

correlations between gene expression modules and particular cellular phenotypes 

(Guo et al., 2013). Methodologies coupled with single-cell functional assays to 

validate bioinformatics findings were also proving useful in generating lists of 

“signature” genes (Wilson et al., 2015). With the growing number of cells and genes 

that could be sequenced, an argument was being made that the transcriptomes of 

thousands of single cells could give a snapshot of the entire haematopoietic system 

and resolve the hierarchy in full. But a real challenge existed in drawing meaningful 

conclusions from data representing more than two dimensions. For that many sought 

answers by leaning onto dimensionality reduction algorithms that work by reducing 

high-dimensional data to low-dimensional representation where individual cells are 

represented by map points. Principal component analysis (PCA), stochastic 

neighbour embedding (t-SNE), and uniform manifold approximation and projection 

(UMAP) became some of the most commonly used dimensionality reduction 

algorithms, the role of which is to ensure maximal preservation of the high-

dimensional data structure to the low-dimension representation (Hotelling, 1933; 

McInnes et al., 2018; Van Der Maaten & Hinton, 2008). While PCA and t-SNE could 

preserve local data structures, they didn’t necessarily preserve the global data 

structure, which meant that closely related cells within a “neighbourhood” would be 

plotted together, but the degree of similarity between cells in different parts of the 

plot could not be inferred (Haghverdi et al., 2015; Hotelling, 1933; Van Der Maaten 

& Hinton, 2008). UMAP was developed precisely to address this and can be used to 

interpret the global relationship of mapped cells (McInnes et al., 2018). To address 

more complex questions such as building maps of differentiation kinetics, new 

computational analyses like pseudotemporal ranking were developed that could 

represent the cell differentiation continuum and infer the timing of gene expression 
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(Trapnell et al., 2014). To precisely identify intermediate populations during 

differentiation, iterative clustering coupled with known gene expression data was also 

reported as a powerful predictive tool (Grün et al., 2016; Olsson et al., 2016). 

As technologies became more widely available, an onslaught of data on 

single-cell haematopoietic cells was published. Much of it was generated from mouse 

and used to validate the algorithms and computational analysis methods discussed 

above. These studies were making fascinating suggestions about haematopoiesis. 

For one, some data was supporting results from single-cell clonal assays indicating 

early priming within the HSC compartment (Grün et al., 2015). While differentiated 

populations would cluster tightly together, higher entropy appeared to exist among 

HSCs, which were also expressing transcription factor modules associated with 

specific lineages (Grün et al., 2016). Unfortunately, these methods used in mouse 

have not been applied to a human dataset, but a study solely based on index-sorted 

haematopoietic cells derived from an adult human bone marrow allude to a 

continuous process of differentiation from a stem cell pool to unipotent progenitors 

with progenitors such as MLPs and MPPs representing transitory populations that 

cluster within the HSC population (Velten et al., 2017). Index-sorting also allowed 

coupling cell surface marker expression data with clusters based on transcriptomic 

data, and showed that the majority of CD34+/CD38- cells clustered together, while 

CD34+/CD38+ cells were clustering into distinct populations (Velten et al., 2017). This 

indicated that gene expression variability was insufficient to separate the phenotypic 

HSC compartment, while the population known for containing oligopotent progenitors 

resulted in a map comprised of disconnected cell types (Velten et al., 2017). What is 

more, the predefined CMP population that had been previously shown to occupy a 

major branching point within the haematopoietic hierarchy was turning out to be 

composed of largely heterogeneous cells with unipotent potential (Notta et al., 2016; 

Velten et al., 2017). With these human studies confirming what had been previously 

reported in mouse - transcription factors associated with distinct lineages were 

expressed ubiquitously at low levels by HSCs - the regulation of lineage commitment 

became again a hot topic of investigation (Notta et al., 2016; Sanjuan-Pla et al., 2013; 

Velten et al., 2017). While this new data can be reconciled with stochastic processes 

that determine cell fate, this view does not comply with the fact that cell surface 

markers such as CD34 and CD38 appear deterministic in delineating different levels 

of commitment within the haematopoietic hierarchy. Another challenge for the study 
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of lineage priming within HSCs is with the limitation of scRNA-seq, itself. While the 

technology has rapidly improved, low expressed genes are unlikely to be picked up. 

This is a major problem for transcription factors which are known to be expressed at 

low levels. This also means that closely related cell types may not be distinguishable 

at the level of current technology and analysis methods. Another major challenge 

with these recent human studies is that none of them look within the CD34- 

compartment, therefore omitting an HSC population from their analysis. Previously 

shown to be highly latent in vitro and in vivo, this population may be the equivalent 

of the murine LT-HSC, which has been shown to have low contribution to steady-

state haematopoiesis. In this scenario the human CD34+/CD38- HSC may represent 

the murine ST-HSC, and consequently make the human haematopoiesis model 

match the murine. A single attempt to conduct scRNAseq on CD34- HSCs only 

yielded data for about 20 cells, which was insufficient to properly address the 

relationship of these cells to the CD34+ HSCs (Sumide et al., 2018). A major caveat 

is that CD34- HSCs are quite rare and would be difficult to capture in sufficient 

numbers from whole bone marrow samples, which so far are reported to yield 

datasets consisting over several thousand haematopoietic cells. Pooling of samples 

or use of umbilical cord blood, where this population is more abundant may be 

necessary to allow proper single cell analysis (Bhatia et al., 1998; Danet et al., 2002). 

While it is still difficult to determine whether the haematopoietic hierarchy 

consists of a continuum of gradually maturing cells or select compartments, it is clear 

that adult bone marrow is far more enriched for unipotent progenitors rather than 

progenitors that can yield mixed-lineages (Notta et al., 2016). But such oligopotent 

and multipotent progenitors have been reported to be enriched in human with both 

functional and single cell gene expression assays (Notta et al., 2016). However, they 

exist at earlier developmental stages in the foetal liver (FL), foetal bone marrow 

(FBM) and the umbilical cord blood.  

 

1.3 Haematopoiesis during ontogeny  

It was initially in fertilized chick eggs that the sources of haematopoietic cells 

were first identified (P. Murray, 1932). In mouse, primitive haematopoietic cells were 

shown to exist in the yolk sack, but explant cultures derived from murine embryos 
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were highlighting the existence of a functionally distinct haematopoietic population 

that would later become known as definitive (K. Takahashi et al., 1989; P. Wong et 

al., 1986). The intraembryonic source of definitive haematopoiesis was confirmed 

with grafts of 9-day splanchnopleura that repopulated SCID mice and gave rise to 

multilineage haematopoietic colonies (Godin et al., 1993, 1995). Finally, the aorta-

gonad-mesonephrous region of the dorsal aorta was shown to be the source of cells 

with potent CFU-S activity (Medvinsky et al., 1993). Studies in human embryos 

followed, reporting that CD34+ cells isolated from the ventral region of the aorta could 

produce functional haematopoietic cells in vitro (Tavian et al., 1996; Tavian, Hallais, 

& Peault, 1999). What is more interesting is that these haematopoietic cells were 

being isolated from embryos prior to the formation of the liver that had previously 

been shown to be the site of early embryonic haematopoiesis (Tavian, Hallais, & 

Peault, 1999). Limited not solely to the aorta, but the vitelline artery and the aorta-

gonad-mesoneprhous (AGM), it was becoming accepted that definitive HSCs 

capable of generating the myelo-lymphoid lineages do not emerge from extra-

embryonic sites like the yolk sac, but the newly formed endothelium (de Bruijn et al., 

2000; Ivanovs et al., 2011; Medvinsky & Dzierzak, 1996; Tavian et al., 2001).  

 

 

Figure 1.2. Development of human haematopoiesis 

Chronology of human haematopoietic development during ontogeny. Embryonic 
period ends at 8 pcw (post-conception weeks) and is usually annotated in Carnegie 
stages (CS). These have been converted to pcw for simplicity here. Red rectangles 
depict processes in the development of definitive haematopoiesis. Beginning and 
ends of rectangles correspond to start and extinction of a process. 



Chapter 1 Introduction 

40 

 

1.3.1 Characteristics of foetal HSCs 

The AGM HSCs  in both mouse and human express genes well-associated 

with adult HSCs such as RUNX1, TAL-1, GATA-2, c-myb and LMO2 prior to 

colonizing the FL (Bertrand et al., 2004; Labastie et al., 1998; Tavian et al., 1996). 

While it appears, the first definitive cells acquire CD34 expression as they emerge 

from a transient population of mesoderm cells that are CD34-/VEGFR-2+, these 

CD34- precursors have not been properly assayed for haematopoietic potential 

(Cortés et al., 1999). It is, however, likely that in order for the first definitive HSCs to 

emerge at around 4 post-conception weeks (pcw), they first need to acquire CD34 

expression before entering circulation and homing to the foetal liver (FL). As 

definitive murine HSCs emerge, they exhibit dynamic expression of cell surface 

markers. One of the first to be expressed by nascent murine HSCs emerging from 

the AGM is CD41, which is gradually downregulated as the HSCs mature (Bertrand 

et al., 2004; Corbel & Salaün, 2002). In both murine and human early HSCs CD43 

and CD45 expression can be detected by HSCs later, but cannot be isolated from 

the foetal liver prior to colonization of cells generated from the AGM (North et al., 

2002; Rybtsov et al., 2014; Vodyanik et al., 2006).  

Murine AGM HSCs capable of in vitro expansion have also been shown to be 

positive for other well-characterised markers like C-kit and CD93, but also endothelial 

marker CD31 (Bertrand et al., 2004; Tavian et al., 1996). Both human and murine 

AGM-HSCs gradually acquire expression for the pan-haematopoietic marker CD45, 

and primitive human CD41+/CD31+/CD93+/Kit+/CD45- AGM-derived cells have been 

reported to repopulated mouse recipients (Ivanovs, Rybtsov, Anderson, Turner, et 

al., 2014). Post the onset of circulation, HSCs begin colonising the FL, which is the 

primary site of early embryonic haematopoiesis in both mouse and human before the 

development of the bone marrow niches. One key HSC marker, CD90, was first 

identified in the human foetal liver, but over time it has become apparent that 

purifying markers for foetal HSCs do not necessarily match ones used for adult or 

UCB-derived HSCs. A number of markers have been reported in both mouse and 

human over the years, including CD143, EPCR, CD144, GPI-80, CD110, but no 

consensus has been reached for defining cell surface phenotype for foetal HSCs (H. 

Iwasaki et al., 2010; Jokubaitis et al., 2008; Kobayashi et al., 1996; Prashad et al., 

2015; Vodyanik et al., n.d.). It is also possible that in the developing embryo, 
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physiological demands are quickly changing and requiring of foetal haematopoiesis 

to adapt accordingly. Some of these adaptations occur in one vital foetal 

haematopoietic organ – the foetal liver (FL). 

 

 

1.3.2 The foetal liver  

In the FL, HSCs have been shown to rapidly expand through repopulation 

studies in mouse (Ema & Nakauchi, 2000). The peak of HSC numbers in the mouse 

embryo has been estimated to be at around 16 post-conception days, which is the 

equivalent of 12 pcw in human (Ema & Nakauchi, 2000; Otis & Brent, 1954). Murine 

HSCs derived from the FL have also been shown to be highly proliferative and 

capable of significantly higher reconstitution capacity than adult bone marrow HSCs, 

which alludes to significant functional differences between adult and foetal HSCs 

(Harrison et al., 1997; Morrison et al., 1995; Rebel et al., 1996). The murine FL 

haematopoietic output also goes through waves of changes with the majority of 

generated cells being of erythroid lineage in early development, and lymphoid and 

myeloid lineages gradually accumulating with increasing development, which may  

be to align with the changing needs of the growing foetus (Morrison et al., 1995). 

Single-cell RNAseq of different stages of foetal liver has confirmed similar findings in 

human with the contribution of erythroid lineages declining and gradual increase in 

lympho-myeloid outputs with increasing gestational age (Popescu et al., 2019). A 

transient population of murine foetal HSC with FLT3 expression capable of producing 

developmentally restricted lymphoid cells have also been reported in mouse 

embryos (Beaudin et al., 2016). Identifying such HSC populations that appear only 

briefly during development has significant implications for understanding the 

establishment of the innate and adaptive immune systems.  

Peak of foetal HSC expansion correlates with the onset of migration to the 

newly formed bone marrow niches. Little is known about the mechanism responsible 

for the colonization of both the liver and bone marrow, but factors such as SDF-1a 

and its receptor, CXCR4, have been implicated in mouse (Kawabata et al., 1999; 

Nagasawa et al., 1996). The organisation of haematopoietic cell migration from the 

FL to the bone marrow and other haematopoietic organs has not been well-defined, 



Chapter 1 Introduction 

42 

 

but short-term repopulating progenitors have been isolated from embryonic murine 

bone marrows prior to seeding with HSCs (Christensen et al., 2004).  

Microscopy and gene expression studies looking at the murine foetal liver have 

reported observations that expanding HSCs associate with Nestin+/NG2+ pericytes 

of the portal vessels (Khan et al., 2016). Interestingly, there is a synchronicity 

between the branching of the portal vessels and the expansion of HSCs, suggesting 

the existence of a potential interplay between the two processes. In contrast, 

Nestin+/NG2+ pericytes in the bone marrow have been shown to be important in 

maintaining the quiescence of HSC (Kunisaki et al., 2013). Comparing both pericyte 

populations from the foetal liver and adult bone marrow may give interesting insights 

into the potential mechanisms that regulate this switch between active cycling and 

long-term quiescence.  

 

1.4 Immunodeficient mouse models and their limitations 

 

Evidence of the limitations of immune-deficient mouse strains can be seen 

in some of the earliest reports relying on SCID mice. Baum and colleagues 

demonstrated in the early 90s that human CD34+/CD90+ cells could repopulate 

SCID mice, while the CD34+/CD90- had very little SRC capacity. A few decades 

later Notta and Laurenti, demonstrated in the superior NSG that CD90- cells could 

yield long-term engraftment in vivo.  

Even the NSG mouse model, widely acknowledged as the most permissive 

for human xenografts requires irradiation conditioning to allow small numbers of 

human repopulating cells to colonise the bone marrow. Irradiation of NSG mice 

is a necessary step to free up niche space for donor human haematopoietic stem 

cells, and it can be used to assess SRC potential under physiological conditions 

and uncover populations with stem cell properties that would otherwise be 

overlooked in traditional in vitro assays. The irradiation, inevitably, causes global 

long-lasting damage to both the haematopoietic and stromal cells in the bone 

marrow niche, the effects of which can last up to weeks after the procedure (Cao 

et al., 2011). Several studies have shown that irradiation has a negative impact 

not only on the haematopoietic compartment, but also the components of the 
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niche. In mice, 1-day post-irradiation, significant decrease in the number 

mesenchymal stromal cells (MSCs), endothelial cells, osteoblasts and other cell 

types have been shown (Cao et al., 2011; Severe et al., 2019). While, MSCs 

appear to be more resistant to irradiation damage than haematopoietic and other 

niche cells, it is easy to speculate that a compromised bone marrow 

microenvironment, containing lower numbers of some cell types and altered 

cytokine profile, may provide a niche that is only suitable for some repopulating 

cells (Severe et al., 2019; Sugrue et al., 2014). 

A widely-acknowledged challenge with NSG mouse model was that its 

lineage readout for human HSCs was skewed toward the production of B cells 

and not really representative of normal haematopoiesis (Brehm et al., 2010; 

Covassin et al., 2013). Presumed to be due to the lack of the cytokines required 

for the development of other lineages, an NSG mouse model was created with 

overexpression of human SCF, IL-3 and GM-CSF (Nicolini et al., 2004). This 

model, NSG-SGM3 (NSG-S), was shown to be more successful at producing a 

more balanced lineage output, but would also result in increased mobilisation of 

HSCs and consequently lower and shorter reconstitution (Jangalwe et al., 2016; 

Nicolini et al., 2004).  

Another enhanced immune-deficient mouse model created to address the 

challenges on irradiation conditioning was the NSGW41/W41 strain, which 

harboured mutations in the KIT (CD117) gene (Cosgun et al., 2014; McIntosh et 

al., 2018). The native HSCs are functional but have impaired self-renewal and 

repopulation capacity, which makes injected human HSCs more competitive and 

successful at occupying niche space in the bone marrow (Cosgun et al., 2014). 

While this model provides an undamaged niche for the homing human HSCs, it 

still does not resolve the issue that niche cells will be producing only murine 

cytokines and growth factors that wouldn’t necessarily bind human receptors 

effectively.  

Without a doubt, much advancements have been made since the first 

attempts to test the reconstitution capacity of human HSPCs in vivo. New 

enhanced NSG mouse models allow the engraftment and tracking of lineage 

output for populations that were previously undetectable. However, it is important 
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to note that there is still much to be desired and no murine mouse model has 

been yet generated that can mimic the human bone microenvironment. 

Ultimately, the readouts of these in vivo assays represent only the HSCs capable 

of homing and proliferating, but not necessarily of all HSCs being tested.  

 

1.5 Project objectives 

1.5.1 CD34- HSCs  

Twenty years after the self-renewal and differentiation potential of CD34- 

haematopoietic cells was first reported, their role in human haematopoiesis still 

remains elusive. Considering their highly quiescent nature, yet robust repopulation 

capacity, it is easy to speculate that the CD34-/CD38-/CD93+ population serves as 

an HSC reservoir contributing to blood regeneration only under conditions of stress 

and injury rather than steady state haematopoiesis.  

 With estimated SRC frequency significantly lower than other defined HSCs, 

the first goal of this project was to purify the CD34-/CD38-/CD93+ population. 

Improving the SRC frequency is crucial for the meaningful interpretation of the 

functionality of the HSCs residing within the CD34- compartment, where only a single 

cell out of 6000 cells represents a potential HSC. 

By identifying CD117 as new positive selection marker we demonstrate a 

significantly improved frequency of repopulating cells within the CD34- population 

and reassert its distinct functional output through in vivo assays compared to CD34+ 

HSCs. 

We next endeavoured to elucidate the gene expression profile of CD34-

/CD38-/CD93+/CD117+. Using single cell RNA-seq we report potential new markers 

that can be used to enhance the purity of this population and molecular features 

suggestive of early lineage priming within subfractions of the CD34- HSC population.  

 

1.5.2 Haematopoietic stem cell heterogeneity during ontogeny 

Decades of active research have established with certainty that foetal 

haematopoiesis is distinct from the adult one, both on the functional and phenotypic 
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level. Multiple reports on different HSC purifying cell surface markers during early 

human development have asserted the disparity between adult and foetal HSCs, but 

little has been done to unify existing data into a map of phenotypic and functional 

foetal HSC dynamics during different gestational stages and transition of 

haematopoietic cells from the foetal liver to the bone marrow. 

To address these questions, we optimised a high-parameter flow cytometry 

panel of previously described foetal HSC markers and applied it to mononuclear cells 

derived from foetal liver and bone marrow samples derived from late first and early 

second trimester. Using dimensionality reduction and self-organizing map clustering 

we analysed phenotypic dynamics across tissues and developmental stages.  
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Chapter 2. Materials and Methods 

2.1 Primary human material processing 

2.1.1 Umbilical cord blood  

Umbilical cord blood (UCB) was obtained after informed consent at the Royal 

London Hospital according to approved protocols by the East London and Research 

Ethics Committee. Two or more UCB samples were pooled for each experiment, and 

mononuclear cells (MNCs) were isolated by density centrifugation using Ficoll-

Plaque (GE Healthcare). Red blood cells were lysed with ammonium chloride at 

room temperature for 10 minutes.  

Depletion of lineage cells was performed by immunomagnetic removal of cells 

positive for mature haematopoietic markers using StemSep Human Hematopoietic 

Progenitor Cell Enrichment Cocktail (STEMCELL Technologies) according to the 

manufacturer’s instructions. All experiments were carried out with MNCs in PBS 

containing 2% FBS (2% FBS/PBS). When frozen, cells were resuspended in FBS 

supplemented with 10% dimethyl sulfoxide (DMSO) and stored at -80°C for short-

term storage or liquid nitrogen for long-term storage. All mononuclear cells and 

resulting xenografts were stored in accordance to the Human Tissue Act. 

 

2.1.2 Foetal liver and foetal bone marrow  

Human foetal samples were obtained from the Human Developmental 

Biology Resource (HDBR), approved by the National Research Ethics Service. 

Written consent for tissue donation is obtained from women post decision to undergo 

termination of pregnancy in HDBR-collaborating clinics.  

Dissected foetal liver and foetal bones samples were obtained from the 

Institute of Child Health (London) and transferred to the Francis Crick Institute in 

serum-free medium. Bones were cleaned and flushed with 2% FBS/PBS, and red 

cells were lysed with ammonium chloride at room temperature for 10 minutes. Cells 

were frozen in FBS with 10% DMSO.  

Foetal liver samples were passed through a 60 µm filter into 2% FBS/PBS 

and red cells were lysed with ammonium chloride at room temperature for 10 
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minutes. Samples from stages of 12 weeks post conception or over were subjected 

to density gradient separation with Ficol-Plaque to obtain mononuclear cells and 

frozen with FBS with 10% DMSO. Cells from stages earlier than 12 weeks post 

conception were frozen directly after red blood cell lysis.  

All samples were stored in accordance to the Human Tissue Act.  

 

2.2 Cell culture 

2.2.1 Adherent cell culture  

MS-5 cells were obtained from the Crick Cell Services STP and maintained 

in culture with DMEM supplied with 10% FBS and 1% Pen/Strep up to passage six. 

Embryonic mouse stromal cells lines were a gift from Elaine Dzierzak (Edinburgh) 

and maintained according to supplied instructions and used for experiments up to 

passage six.  

2.2.2 Long-term haematopoietic stem cell culture and limiting dilution assays 

Plates and dishes were coated with collagen solution (0.3 mg/ml) and washed. 

MS-5 or other stromal support cells were plated and left to reach 90% confluency 

before receiving irradiation dose of 7.5 Gy from a 137Caesium source. Media was 

substituted for Myelocult™ H5100 (StemCell Technologies) and human 

haematopoietic cells were added to the culture. Every week by half of the well volume 

and replenished with fresh H5100. After six weeks of culture, haematopoietic cells 

were separated from stromal cells by removing Sca-1-antibibody labelled cells with 

a PE-positive Selection Kit (StemCell Tehnologies). For limiting dilution assays, cells 

were replated in limiting dilutions on stroma in a 96-well plate, pre-coated with 

collagen and cultured for further 2 weeks. Then media was removed and replaced 

MethoCult™ 4435 was added. Wells with positive colony growth were scored after 2 

weeks of culture. 
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2.2.3 Colony-forming assays 

Sorted cells were spun down and resuspended in MethoCult™ 4434 

(StemCell Technologies) and cultured at 37°C at 20% oxygen and 5% carbon 

dioxide. After two weeks, wells were assessed on an inverted microscope and 

different colony types were scored according to phenotype. Representative images 

of the different colony types were taken for reference.  

 

 

2.3 Immunophenotyping and flow cytometry 

2.3.1 Antibody staining 

Cells were incubated with antibodies at room temperature for 15 minutes, or 

4oC for 30 minutes, in the dark in 50 μl 2% FBS/PBS. Samples were subsequently 

washed and suspended in DAPI (4’, 6’-diamidino-2-phenylindole) at 0.5 µg/ml or 

Sytox Green™ (ThermoFischer Scientific) according to manufacturer’s instruction in 

2% FBS/PBS. 

For multicolour experiments single colour controls of stained OneComp 

compensation beads (BD) were used for compensation. Gates were set to exclude 

non-viable cells, debris and doublets during analysis. 

 

2.3.2 Ki67 antibody staining 

 

For cell cycle analysis cells were fixed and permeabilised with 

Fixation/Permebilisation Solution Kit (BD) according to manufacturer’s instructions 

stained with 4 μl of anti-Ki67- APC. Staining was performed for 1 hour at 4oC. Cells 

were washed in 2% FBS/PBS and resuspended in 2% FBS/PBS with DAPI 0.5 μg/ml. 

 

2.3.3 Flow cytometry and fluorescence-activated cell sorting  

Flow cytometry was conducted on Fortessa analysers maintained by the 

Crick Flow Cytometry STP. FACS sessions were conducted on Aria Fusion (BD) cell 
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sorters for UCB-derived tissues and on Aria III (BD) by members of the Crick Flow 

Cytometry STP.  

Cells were passed through a 70 µm filter prior to analysis and sorting to 

prevent blockages. At the beginning of every analysis or cell sorting voltage 

thresholds were set using Fluorescence Minus One (FMO) controls and unstained 

controls. Manual compensations were run unless more than 10 distinctly conjugated 

antibodies were used. Gating thresholds were set up according to FMO controls with 

the exclusion of debris, doublets and dead cells.  

For FACS, the 100 µm nozzle was used. Samples were sorted at 4°C into 2% 

FBS/PBS. Purity checks were routinely, and samples were resorted if purity was less 

than 95%.  

 

2.4 Transcriptomics 

2.4.1 RNA extraction  

Cells were pelleted after sorting and supernatant removed. RNA was 

extracted using the RNeasy Microkit (Qiagen) according to manufacturer’s 

instructions. RNA was eluted in RNase-free water. The RNA concentration was 

quantified on a Nanodrop Spectrophotometer (Thermo Scientific). RNA quality was 

quantified by BioAnalyzer. Samples were stored at -80oC. 

 

2.4.2 Bulk RNA-sequencing 

 

 RNA-seq was conducted by the Advanced Sequencing Facility at the 

Francis Crick Institute. Sequencing was performed on biological triplicates for each 

condition tested, and it generated libraries ranging 20-30 million, 100 bp paired end 

reads.   

Raw file processing was performed by the Crick bioinformatics team. Read 

trimming and adapter removal were performed using Trimmomatic version 0.36.  

Reads were aligned using STAR version 2.5.2a to the human reference genome, 

Ensembl GRCh38, release 89 and RSEM package version 1.2.31 was used to obtain 

gene level counts.  
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2.4.3 Single-cell RNA-sequencing 

Single cell RNA-seq was performed by the Crick Advance Sequencing 

Facility. Single cells were sorted and counted to ensure optimum concentration for 

cell capture. Cell capture and libraries preparation were performed on the Chromium-

10x instrument according to manufacturer’s instructions using the 10x v.3’ kit. Single 

cell libraries of 100 bp paired-end reads were pooled and sequenced on HiSeq 4000.  

Raw file processing was performed by the Crick bioinformatics team. Read 

trimming and adapter removal were performed using Trimmomatic version 0.36.  

Reads were aligned using STAR version 2.5.2a to the human reference genome, 

Ensembl GRCh38, release 89 and RSEM package version 1.2.31 was used to obtain 

gene level counts.  

 

2.5 Bioinformatics 

2.5.1 Single Cell RNA-seq analysis 

Downstream analysis was conducted in collaboration with Manuel Garcia-

Albornoz of the Bonnet Group. Quality control, normalization and scaling of data was 

performed using the Seurat (version 4.0.0) within R version 3.6.2. Dimensionality 

reduction and principal components were generated and visualized using Seurat and 

the ggplot2 package (version 3.3.0). Annotated gene lists for cell cycle analysis were 

pulled from ensemble using the ensembledb (version 2.14.0) and AnnotationHub 

(version 2.22.0) packages. Gene ontology analysis was performed with the packages 

ClusterProfiler (version 3.18.1) and EnrichPlot (version 1.10.2). GSE analysis was 

conducted using the fgsea (version 1.16.0) package. Differentially expressed gene 

lists were obtained with the Seurat package and filtered for adjusted p values less 

than 0.05.  
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2.5.2 High-parameter flow cytometry analysis  

Compensated flow cytometry files were loaded in R using the FlowCore 

(version 2.2.0) package. The data was transformed using hyperbolic arsin with a 

cofactor of 250. Dimensionality reduction was performed using the CATALYST 

(version 1.14.0) package and clusters were calculated using the SOM algorithm and 

projected onto UMAP plots. For each sample, 2 x 104 cells were analysed.  

 

 

2.6 In vivo work 

2.6.1 Mice  

All work was performed in accordance with Home Office regulations and with 

the approval the Francis Crick Institute ethics committee. NOD/SCID/IL2RγNull 

(NSG), NSG-SGM3 (NSG-S) and NSG-KitW41/W41 (C-KitMutant) were bred at the 

Francis Crick Institute and housed under sterile conditions.  

 

2.6.2 Primary transplantations 

NSG and NSG-S mice (between 8 and 12 weeks of age) were irradiated with 

3.5 Gy from a 137Cesium source up to 24 hours prior to transplantation and 

administered Baytril for two weeks post-irradiation. C-Kit mice were not irradiated or 

administered Baytril.  

Tail vein injection were conducted under sterile condition and the cell 

suspension was a delivered in a maximum volume of 150 µl using a 30G needle. 

 

2.6.3 Intrabone sampling and engraftment analysis 

Analysis of human engraftment was conducted through bone marrow aspirate 

or total bone marrow analysis. Prior to aspirations, mice were anaesthetized though 

inhalation of isoflurane and a 30G needle was used to puncture the tibia at the 

tibiofemoral joint. A maximum of 15 µl of BM was aspirated. 
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For total bone marrow analysis, mice were culled through cervical dislocation 

and tibia, femur and ileac crest were dissected bilaterally. Bones were cleaned and 

bone marrow was removed through centrifugation. Red blood cell lysis was 

performed. Cells were resuspended in 2% FBS/PBS for immunophenotyping.  

 

2.6.4 Secondary transplantation 

For secondary transplantation primary xenografts were obtained as 

described. For transplants of human CD45+, mouse cells were depleted using the 

EasySep™ Mouse/Human Chimera Isolation Kit (StemCell Tehcnologies). Human 

cell purity was assessed with flow cytometry. For secondary transplantations of 

specific populations, cells were FACS-sorted as described. Secondary mouse 

recipients were injected intravenously as described.  
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Chapter 3. Haematopoietic Stem Cell Heterogeneity 

in Postnatal Haematopoiesis 

3.1 Introduction  

Despite evidence that the human CD34- haematopoietic compartment contains 

cells with potent long-term SRC activity, the population remains largely ignored 

(Anjos-Afonso et al., 2013; Bhatia et al., 1998; Danet et al., 2002; Goodell et al., 

1997a; Zanjani et al., 1998). The CD34+/CD38-  population was the prime candidate 

of the search for the human HSC with its well-reported capacity to self-renew and 

differentiate using LTC-IC and CFC assays. On the other hand, the in vitro self-

renewal and differentiation capacity of CD34- cells is very limited, making the study 

of CD34- HSCs possible only through in vivo repopulation assays (Anjos-Afonso et 

al., 2013; Bhatia et al., 1999; Danet et al., 2002). Furthermore, the SRC frequency 

in the CD34-/CD38- population was estimated in the range of one per hundreds of 

thousands of cells (Bhatia et al., 1998). This frequency was significantly improved 

with the discovery that CD93 positively selected for CD34- SRCs, but the new 

frequency was still estimated at 1/6000 cells (Danet et al., 2002). The low purity of 

the population was hindering efforts to identify the pathways and molecular 

processes maintaining it, while the fact it could only be properly assayed through in 

vivo repopulation of mouse recipients was adding another challenge to studying 

CD34-/CD38-/CD93+ HSCs.  

Identifying better isolation strategies to facilitate the study of CD34- HSCs was 

the first task undertaken by groups interested in this elusive population. A Japanese 

group investigated CD34- expressing CD110 (receptor for thrombopoietin), 

CD133 (PROM1), and GPI-80, demonstrating in separate studies that all of these 

markers can enrich for CD34- SRCs (Abe et al., 2017; Matsuoka et al., 2016, 

2017; M. Takahashi et al., 2014). By sorting Lin-/CD34-/CD133+/GPI-80+ cells 

they demonstrated the SRC frequency in the population to be between the 

astounding 1/4.9 and 1/8.1 (Abe et al., 2017). Single-cell gene expression 

analysis highlighted that this population is staggeringly similar to the CD34+ 

HSCs, but gene-set enrichment analysis (GSEA) indicated processes such as 

hypoxia, angiogenesis, Wnt signalling and pathways involved in megakaryocyte 
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and erythroid differentiation to be enriched in Lin-/CD34-/CD133+/GPI-80+ 

(Sumide et al., 2018). While these findings were encouraging and of significant 

interest to the work conducted in this thesis, Sumide and colleagues have 

highlighted that only around 1% of the Lin-/CD34-/CD133+/GPI-80+ population 

express CD93, suggesting that they might be investigating a distinct CD34- 

population.  

While this is possible, in vivo transplantation of as many as 840, 000 CD34-

/CD38-/CD93-  cells in conditioned NOD/SCID mice have failed to yield 

engraftment (Danet et al., 2002). This discrepancy could be attributed to the fact 

that the CD93 antibody used by Sumide and colleagues is different from the one 

used in this thesis. In the past decade, our group has identified a CD93 antibody 

clone (VIMD2) that stains CD34- SRCs with high degree of reproducibility (Anjos-

Afonso et al., 2013). The antibody clone used by Sumide and colleagues (X-2, 

Origene) hasn’t been previously tested by us, and thus we cannot comment on 

its specificity. However, published data from other groups has shown that some 

CD93 antibody clones can produce different staining patterns. A study concluding 

CD93 is a functional marker of leukaemia stem cells (LSCs) in MLL-rearranged 

acute myeloid leukaemia (AML) was making use of CD93 antibody that marked 

only 0.31% of normal UCB-derived CD34+/CD38- cells, while it has been 

previously reported that CD93 is expressed by the majority of cells in this 

population (Danet et al., 2002; M. Iwasaki et al., 2015). By using the exact same 

antibody for GPI-80, we attempted to investigate the expression patterns of GPI-

80 within the CD34- and CD34+ populations (Fig. 3.1). We conducted seven 

independent experiments using pools of mononuclear cells derived from umbilical 

cord blood. Prior to staining every sample underwent immunomagnetic lineage 

depletion to eliminate mature haematopoietic cells expressing markers CD2, 

CD3, CD10, CD14, CD16, CD19, CD20, CD24, CD56, CD66b, CD235a. In 

addition, our antibody staining panel included a commercially-available lineage 

cocktail (CD2, CD3, CD10, CD14, CD19, CD20, CD56) as well as CD7 (naïve T 

cells), CD11b (myeloid cells), and CD45RA, which we used to ensure exclusion 

of lineage-committed cells. We expected to find the majority of GPI-80+ cells 

within the CD34-/CD38-/CD93Low/- population as Sumide and colleagues highlight 
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that only about 1% of cells within their population of interest defined as CD34-

/CD133+/GPI-80+ express CD93 (Sumide et al., 2018). We observed that the 

proportions of GPI-80+ cells were indeed higher in CD34-/CD38-/CD93Low/- 

(Mean=6.6, SD=4.8, Range: 0.6 to 13.8, n=7) compared to the CD34-/CD38-

/CD93+ population (Mean=3.7, SD=2.1, Range: 1.5 to 7.4, n=7) (Fig. 3.1E-G). 

We observed lower proportion of cells expressing GPI-80 within the CD34+/CD38- 

fraction (Mean=1.8, SD=2.0, Range: 0.2 to 6.0, n=7) (Fig. 3.1D). However, if only 

about 1% of Sumide’s CD34-/CD133+/GPI-80+ are CD93+, 99% would be CD93-

. In terms of absolute cell numbers, a larger number of GPI-80+ cells are present 

in the CD34-/CD38-/CD93Low/- population (Fig. 3.1F) compared to CD34-/CD38-

/CD93+ (Fig. 3.1E), however we did also detect a significant number of GPI-80-

expressing cells in the latter. 

 

Figure 3.1. GPI-80 expression within the CD34+ and CD34- fractions in umbilical 

cord blood mononuclear cells 

A. Representative flow cytometry plots for gating strategy of mononuclear cell 
population, singlets, and CD45RA-/Lineage-/Live cells.  
B. Representative flow cytometry plot for CD34 versus CD38 expression and gating 
strategy for CD34-/CD38- and CD34+/CD38- populations (black and green gates, 
respectively).  
C. Representative plot for CD93 expression by CD34-/CD38- population and gating 
strategy for CD93+ and CD93Low/- populations (orange and purple gates, 
respectively).  
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D. Representative flow cytometry plot of the expression pattern of GPI-80 by 
CD34+/CD38- cells.  
E. Representative flow cytometry plot of the expression pattern of GPI-80 by CD34-

/CD38-/CD93+.  
F. Representative flow cytometry plot of the expression pattern of GPI-80 by CD34-

/CD38-/CD93Low/-.  
G. Quantification of GPI-80+ cells as percentage values of parent populations 
CD34-/CD38-/CD93+, CD34-/CD38-/CD93Low/-, and CD34+/CD38- (orange, purple 
and green bars, respectively (n=7, error bars represent standard deviations).  

 

As the reported gating strategy for the CD34-/CD133+/GPI-80+ population 

does not exclude CD38+ cells, we investigated whether GPI-80 is also expressed 

by cells within the CD34-/CD38+ as well as the CD34+/CD38+ CD34+/CD38-, and 

CD34-/CD38- populations. We observed the highest proportion of GPI-80-

expressing cells within the CD34-/CD38- fraction (Mean=6.01%), (Fig. 3.2B & F). 

In contrast, less than 1% of CD34+/CD38+ cells were GPI-80+ (Fig. 3.2C & F). 

Around 3.6% of CD34-/CD38+ cells were GPI-80+, a lower frequency of 

expression compared to the CD34-/CD38- population (Fig. 3.2B, E & F). While at 

smaller proportion, it appears that the CD34-/CD133+/GPI-80+ population could 

contain CD38+ cells. We attempted to incorporate CD133 into the gating strategy 

to fully evaluate the frequencies of CD34-/CD133+/GPI-80+ cells in the CD34- 

compartment, but despite using the same CD133 antibody as Sumide and 

colleagues we never succeeded in detecting the population due to the fact we 

observed less than 1% of CD34- cells expressing CD133 and almost no overlap 

with GPI-80 expression. CD133+/GPI-80+ have been reported to constitute an 

average of 6% of the CD34- population, but we could not reproduce these results 

despite using mononuclear cells derived from UCB, similar strategy to eliminating 

lineage-committed cells, and using the same CD133 and GPI-80 antibody clones 

(Sumide et al., 2018). The purpose of these initial analyses was to validate the 

existence of the CD34-/CD133+/GPI-80+ population and confirm whether it 

overlaps with the CD34-/CD38-/CD93+, but we have been unable to detect the 

CD34-/CD133+/GPI-80+ population. We nevertheless, confirmed the existence of 

GPI-80+ cells in both the CD34-/CD38-/CD93+ and CD34-/CD38-/CD93- 

compartments. However, the reported enrichment of GPI-80+ cells as a 

percentage of the CD34- compartment was an average of 14%, which is 
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significantly higher than the enrichments we observed in the CD34-/CD38- and 

CD34-/CD38+ fractions.  

 

Figure 3.2. GPI-80 expression within the CD34+/-/CD38+/- populations 

A. Representative flow cytometry plot for CD34 versus CD38 expression and gating 
strategy for CD34-/CD38+, CD34+/CD38+, CD34+/CD38-, and CD34-/CD38-  
populations (blue, pink, green, and black, and green gates, respectively).  
B – E. Representative flow cytometry plots of GPI-80 versus CD34 expression and 
gating of GPI-80+ cells in (B) CD34-/CD38+ , (C) CD34+/CD38+, (D) CD34+/CD38-, 
and (E) CD34-/CD38-  populations and corresponding FMO controls.  
F. Quantification of GPI-80+ cells as percentage values of parent populations 
CD34-/CD38+, CD34+/CD38+, CD34+/CD38-, and CD34-/CD38- (n=7, error bars 
represent standard deviations).  

 

 

Seeing that the major caveat of studying CD34- HSCs is reaching sufficient 

population purity, to pursue an in depth molecular characterisation at the single 

cell level, our first aim was to identify new markers or validate the ones reported 

in recent years, to allow us to further purify CD34- HSCs. We first performed 

FACS analysis and then validated in vivo the functionality of the putative marker 

we identified, CD117. Lastly using limiting dilution analysis, we evaluated the 

level of purity being achieved via the addition of positive CD117 selection.  

Another significant difficulty in the study of CD34- SRCs has been not only 

that they engraft slower than CD34+ SRCs, but also their low repopulation 

frequency (Anjos-Afonso et al., 2013). Injection of human SCF and G-CSF in 
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mice transplanted with CD34- SRCs has been previously used to enhance the 

level of engraftment of this population in NOD/SCID/β2-microglobulinNull and NSG 

mice (Anjos-Afonso et al., 2013). With the significant advancements in the 

generation of immunodeficient mouse strains, we also undertook comparisons of 

engraftment kinetics in several enhanced NSG mouse models. We tested 

engraftment in NSG-S, which overexpresses three human cytokines, and 

NBSGW (henceforth referred to as C-KitMutant), which does not require irradiation 

to support engraftment of human cells. 

In the onset of this project, we first undertook protein expression analysis of 

potential cell surface markers that could aid the isolation of CD34- SRCs at higher 

purity level. Then, after we had identified a candidate marker, we tested the 

engraftment ability in three different mouse strains in search for an in vivo model 

that could support the self-renewal of the population, while promoting higher 

engraftment.  

 

3.2 Cell surface marker analysis 

Drawing from studies in mouse, where CD93 was first identified as a marker of 

HSCs in foetal haematopoiesis, we looked into cell surface antigens reported to 

enrich for HSC fractions in both mouse and human foetal haematopoiesis (McKearn 

et al., 1985). CD144 (VE-cadherin) had been described as an HSC marker during 

ontogeny both in mouse and human (Kim et al., 2005; Oberlin et al., 2010). CD143 

(ACE) has been similarly confirmed as a positive selection marker for HSCs during 

ontogeny as well as a CD34+ HSC-associated gene in single-cell RNAseq datasets 

(Jokubaitis et al., 2008; Sinka et al., 2012; Velten et al., 2017). EPCR (CD201) and 

THBD (CD141) have been reported to play a functional role in maintaining HSC 

quiescence, while EPCR expression has also been confirmed in murine foetal liver 

cells with differentiation and self-renewal potential (Basu et al., 2020; H. Iwasaki et 

al., 2010; Subramaniam et al., 2019). CD133 (PROM1) has a long history as a stem 

cell marker in multiple tissues (Holmberg Olausson et al., 2014; Snippert et al., 2009; 

M. Takahashi et al., 2014). To this panel of markers, we added GPI-80, which had 

been recently reported as a CD34- HSC marker and CD117 (Kit), which previous 
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work from the group had indicated might be expressed by a fraction of the CD34-

/CD38-/CD93+ population (Danet et al., 2002).  

To test for the expression of these markers we derived mononuclear cells from 

UCB and used immunomagnetic depletion to remove all cells expressing markers: 

CD2, CD3, CD10, CD14, CD19, CD20, CD24, CD56, CD66b, and CD235a. Cells 

were then stained with antibodies for flow cytometry analysis. Lineage markers CD7 

and CD11b were further gated out, along with CD45RA+ cells, doublets and dead 

cells (Fig. 3.3A).  
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Figure 3.3. HSC-associated cell surface markers’ expression by CD34-/CD38-

/CD93+ and CD34+/CD38- populations 

A-C. Representative flow cytometry plots for gating strategy of (A) “blast” 
population, single cells, Lineage-negative, and live cells; (B) CD34-/CD38- (black 
gate) and CD34+/CD38- (green gate) populations; (C) CD93-expressing CD34-

/CD38- cells (orange gate). 
D-F. (D) Quantification of THBD-expressing cells as percentage values of parent 
populations CD34-/CD38-/CD93+ and CD34+/CD38- (n=4; orange and green bars, 
respectively); (E & F) Representative flow cytometry plots and gating of THBD-
expressing cells in CD34-/CD38-/CD93+ and CD34+/CD38- populations (E and F, 
respectively). 
G-I. (G) Quantification of CD143-expressing cells as percentage values of parent 
populations CD34-/CD38-/CD93+ and CD34+/CD38- (n=6; orange and green bars, 
respectively); (H & I) Representative flow cytometry plots and gating of CD143-
expressing cells in CD34-/CD38-/CD93+ and CD34+/CD38- populations (H and I, 
respectively). 
J-L. (J) Quantification of CD133-expressing cells as percentage values of parent 
populations CD34-/CD38-/CD93+ and CD34+/CD38- (n=4; orange and green bars, 
respectively); (K & L) Representative flow cytometry plots and gating of CD133-
expressing cells in CD34-/CD38-/CD93+ and CD34+/CD38- populations (K and L, 
respectively). 
M-O. (M) Quantification of CD144-expressing cells as percentage values of parent 
populations CD34-/CD38-/CD93+ and CD34+/CD38- (n=6; orange and green bars, 
respectively); (N & O) Representative flow cytometry plots and gating of CD144-
expressing cells in CD34-/CD38-/CD93+ and CD34+/CD38- populations (N and O, 
respectively). 
P-R. (P) Quantification of EPCR-expressing cells as percentage values of parent 
populations CD34-/CD38-/CD93+ and CD34+/CD38- (n=6; orange and green bars, 
respectively); (Q & R) Representative flow cytometry plots and gating of EPCR-
expressing cells in CD34-/CD38-/CD93+ and CD34+/CD38- populations (Q and R, 
respectively). 
 
 
 
 
 

Overall, we observed low expression of all investigated markers within the 

CD34-/CD38-/CD93+ compartment. In comparison, CD133 and CD143 were 

expressed by considerable numbers of cells within the CD34+/CD38- population 

at an average 88.1% and 40.3%, respectively (Fig. 3.3G, I, J, L). While the 

staining for CD133 was highly reproducible with standard deviation of 4.6, the 

numbers of CD143+ cells within the CD34+/CD38- compartment varied 

significantly between experiments with a standard deviation of 28.2% (Fig. 3.3G 

& J). Neither of these cell surface markers was expressed in the CD34-/CD38-

/CD93+ population (Fig. 3.3G, H, J, K). We observed an average of 1.19% of 
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CD34-/CD38-/CD93+ cells and 0.8% of CD34+/CD38- expressed THBD (Fig. 

3.3D-F). A single outlier sample pulled the average number of THBD-expressing 

CD34-/CD38-/CD93+ cells higher than the number of THBD-expressing 

CD34+/CD38- cells. In addition, the small number of cells detected in the THBD+ 

gate made it challenging to determine whether the marker separated cells into a 

distinct population. EPCR and CD144 were expressed by less than 0.5% of 

CD34-/CD38-/CD93+ (Fig. 3.3M, N, P, Q). CD144 was expressed by a similar 

number of CD34+/CD38- cells, an average of 0.22% (Fig. 3.3M & O). The average 

number of EPCR-expressing cells within the CD34+/CD38- population was 

slightly higher at an average of 0.82% (Fig. 3.3P & R).  

In summary, we observed only a small number of CD34-/CD38-/CD93+ cells 

expressed the investigated markers. CD143 and CD133 were expressed by a 

high proportion of the CD34+/CD38- population but not in the CD34-/CD38-

/CD93+, despite previous reports suggesting CD133 being expressed in the 

CD34- compartments. THBD was the only marker expressed by an average of 

over 1% of CD34-/CD38-/CD93+ cells, but with high variation between 

independent experiments.   

Another marker of interest, CD117, distinguished itself from the markers 

above with more reproducible staining pattern. Flow cytometry analysis revealed 

that CD117 is expressed by an average of 5.8% of CD34-/CD38-/CD93+, while 

96.2% of the CD34+/CD38- fraction expressed CD117 (Fig. 3.4B). CD117-

expressing cells within the CD34-/CD38-/CD93+ population was in the range of 

1.1-10.4% with a standard deviation of 3.6% (Fig. 3.4B). We also investigated the 

CD117 expression pattern within different HSPC subfractions defined by the 

expression of surface markers CD90 and CD49f. Within the population reported 

to be most enriched for long-term HSCs, CD34+/CD38-/CD49f+/CD90+, an 

average 97.0% of cells expressed CD117 (Fig 3.4B). The average percentage of 

CD117+ cells within the CD49f+/CD90-, CD49f-/CD90+, and CD49f-/CD90- 

populations were observed to be lower with 92.0%, 93.6%, and 82.1%, 

respectively (Fig 3.4B).   

By looking into CD117 expression versus the forward scatter area (FSC-A), 

we also observed that CD34+/CD38-/CD117+ cells were of similar size and 
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congregated into a distinct well-defined population. Interestingly, we observed 

that the CD117+ cells within the CD34-/CD38-/CD93+ fraction formed a similar 

population to that observed in CD34+/CD38- cells, in addition to a number of cells 

that expressed lower CD117 levels.  The relatively low but reproducible frequency 

of CD34-/CD38-/CD93+/CD117+ cells coupled with the observation that CD117 

expression demarcated a distinct population within the compartment urged us to 

test CD34-/CD38-/CD93+/CD117+/- for in vivo repopulation capacity. 
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Figure 3.4. CD117 expression in CD34+ and CD34- subfractions 

A. Representative flow cytometry plot for gating strategy of CD34+/CD38- and 
CD34-/CD38-/CD93+ and CD117 versus forward scatter-area phenotype plots with 
corresponding FMO control.  
B. Positive cell counts for expression of CD117 as percentage values of the CD34-

/CD38-/CD93+ (n=11; Mean=5.82; SD=3.64), CD34+/CD38- populations (n=11; 
Mean=96.20; SD=2.81), CD34+/CD38-/CD49f+/CD90+ (n=7; Mean=97.0; SD=2.7), 
CD34+/CD38-/CD49f+/CD90- (n=7; Mean=92.0; SD=5.9), CD34+/CD38-/CD49f-

/CD90+ (n=7; Mean=93.6; SD=4.34), and CD34+/CD38-/CD49f-/CD90- (n=7; 
Mean=82.11; SD=12.63). 
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3.3 CD117 demarcates a CD34-/CD38-/CD93+ subpopulation with 

a potent in vivo repopulation kinetics 

To test the in vivo repopulation capacity of CD34-/CD38-/CD93+/CD117+/- we 

sorted these two populations and carried our intravenous injections in sublethally 

irradiated NSG mouse recipients (Fig. 3.5A). At 24 weeks, the mice were culled 

and bone marrow harvested from the femur, tibia and ileac crest. Human 

engraftment and distribution of mature lineages was checked via flow cytometry. 

In the initial experiment, we detected human engraftment in 1 of 2 mice injected 

with 1, 500 CD34-/CD38-/CD93+/CD117+ accompanied by presence of human 

CD33+, CD19+, and CD3+ cells (Fig. 3.5B-D). When we repeated the experiment 

with lower cell doses of 1, 000 and 600 cells, we also detected multi-lineage 

engraftment in 1 out of 3 mice and 2 out of 3 mice, respectively. The average 

engraftment was 1.1% with the highest engraftment estimated at 5.7% in a 

mouse injected with 1, 000 cells. The average normalized distribution of lineages 

was 43.8% CD33+ cells, 54.5% of CD19+ B cells, and 1.5% of CD3+ T cells. 

Overall, the lineage distribution of engrafted mice indicated slight bias toward the 

B cell lineage. One mouse injected with 1, 000 CD34-/CD38-/CD93+/CD117+ 

exhibited a more pronounced bias toward the B cell production with 

approximately 98% of hCD45+ cells being CD19+ (Fig. 3.5D).  

 In contrast, injection of as many as 10, 000 CD34-/CD38-/CD93+/CD117- 

cells failed to generate engraftment by 24 weeks (Fig. 3.5B).  



Chapter 3 Results 

 

66 

 

   

 

Figure 3.5. Human engraftment of CD34-/CD38-/CD93+/CD117+/- in NSG mice 

A. Representative flow cytometry plots for gating strategy for CD34-/CD38- cells 
(black gate), CD34-/CD38-/CD93+ (orange gate),CD34-/CD38-/CD93+/CD117+ (blue 
gate) and CD34-/CD38-/CD93+/CD117- (red gate). Corresponding CD93 and 
CD117 FMO controls shown on the right. 
B. Quantification of human chimerism as percentage of human CD45+ (hCD45+) 

cells of all single live cells. NSG mice were injected with CD34-/CD38-

/CD93+/CD117+ (n=7, blue) or CD34-/CD38-/CD93+/CD117- (n=3, red). Different 
point shapes represent independent experiments, where mice were injected with 
different cells numbers (blue squares =1, 500; blue circles = 1, 000; blue 
diamonds= 600; red squares = 10, 000). 
C. Quantification of lineage distribution normalised to total lineage-positive cells in 
NSG mice 24 weeks post-injection with CD34-/CD38-/CD93+/CD117+ (n=5).  
D. Representative flow cytometry plots for gating strategy for assaying human 
engraftment (hCD45+ cells), myeloid (CD33+), B cell (CD19+) and T cell (CD3+) 
engraftment.  
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We next proceeded to investigate the repopulation kinetics of CD34-/CD38-

/CD93+/CD117+/-
 in NSG, NSG-S, and C-KitMutant. NSG and NSG-S mice were 

conditioned with radiation, while C-KitMutant mice  received transplants without 

radiation conditioning. We sampled bone marrow from mice every 6 weeks by bone 

marrow aspiration of the tibia and sacrificed 24 weeks post-injection. Human 

chimerism and lineage output were quantified using flow cytometry (Fig. 3.6A). 

 Engraftment of CD34+ SRCs can be usually detected 6 weeks post-

transplantation, but CD34- SRCs engraftment is detected later at around 12 weeks 

post-transplantation (Anjos-Afonso et al., 2013). We observed few to no human cells 

in NSG and C-KitMutant mice injected with CD34-/CD38-/CD93+/CD117+ at 6 weeks, 

but detected robust human engraftment in NSG-S mice at the same time-point (Fig 

3.6A). The average engraftment in NSG-S mice at 6 weeks was estimated at 8.4% 

within a range of 1.3-34.5% (Fig. 3.6A). In contrast, the highest engraftment in NSG 

and C-KitMutant mice injected with CD34-/CD38-/CD93+/CD117+ was 0.6% and 0.5%, 

respectively, at the same time point. 8 out of 8 NSG-S mice were engrafted at 6 

weeks, while only 2 out of 6 NSG and 2 out of 9 C-KitMutant mice showed low 

engraftment (Fig. 3.6A-C). More robust human engraftment could be observed in 

NSG and C-Kit mice injected with CD34-/CD38-/CD93+/CD117+ from 12 weeks 

onwards. Engraftment in the NSG strain remained relatively low throughout the 

experiment, ranging between 0.1 and 5% at 24 weeks (Fig. 3.6A). The multi-lineage 

output of lymphoid and myeloid cells could be detected between 6 and 24 weeks, 

with CD19+ B cells being the most represented lineage (Fig. 3.6D). Engraftment of 

CD34-/CD38-/CD93+/CD117+ was highest in C-KitMutant mice, between 67% and 86% 

at week 24 (Fig. 3.6C). Lineage distribution was similar between C-Kit and NSG with 

CD19+ B cells being most abundant differentiated lineage (Fig. 3.6F). In NSG-S 

CD34-/CD38-/CD93+/CD117+ cells not only engrafted earlier than in NSG and C-

KitMutant mice, but also generated a lineage output that was predominated by CD33+ 

myeloid cells (Fig. 3.6B, E, H).  

 In comparison, long-term human engraftment was not detected in mice 

injected with CD34-/CD38-/CD93+/CD117- (Fig. 3.6A-C). Small transient engraftment 

was observed in one NSG-S mouse at 6 weeks and one C-KitMutant mouse at 12 

weeks, both injected with 10, 000 CD34-/CD38-/CD93+/CD117- cells (Fig. 3.6B-C). 

However, no differentiated lineages could be detected. No human cells were 
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detected in NSG mice injected with as many as 10, 000 CD34-/CD38-/CD93+/CD117- 

cells (Fig. 3.6A). These experiments indicated that the CD34-/CD38-/CD93+/CD117- 

population is not highly enriched with SRCs capable of generating multi-lineage 

engraftment in NSG, NSG-S and C-KitMutant mouse stains. To completely dismiss the 

existence of competent SRCs within this population, further validations with larger 

numbers of cells would be required.  

 

Figure 3.6. Human engraftment kinetics and lineage output of CD34-/CD38-

/CD93+/CD117+ in NSG and enhanced NSG mouse strains 

 

A-C. Quantification of human chimerism as percentage of human CD45+ cells of all 
single live cells in bone marrow aspirates (weeks 6-18) and total bone marrow 
harvested (week 24). Mice were injected with CD34-/CD38-/CD93+/CD117+ (blue 
circles) or CD34-/CD38-/CD93+/CD117- (red squares). (A) NSG mice were injected 
intravenously with 1,500-600 CD34-/CD38-/CD93+/CD117+ cells (n=6) and 10, 000 
CD34-/CD38-/CD93+/CD117- (n=3). (B)  NSG-S mice were injected with 1, 500-400 
CD34-/CD38-/CD93+/CD117+ (n=8) or 10, 000 CD34-/CD38-/CD93+/CD117- (n=8). 
(C) C-KitMutant mice were injected with 1, 000-400 CD34-/CD38-/CD93+/CD117+ (n=9) 
or 4, 000 CD34-/CD38-/CD93+/CD117- (n=2). 
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D-F. Normalized lineage distribution for NSG (D), NSG-S (E), and C-KitMutant (F) mice 
engrafted with CD34-/CD38-/CD93+/CD117+ cells. 
G-I. Representative flow cytometry plots of CD19+ B cell (red gates) and CD33+ 
myeloid cell (blue gates) distribution in NSG (G), NSG-S (H), and C-KitMutant (I) mice 
engrafted with CD34-/CD38-/CD93+/CD117+ 18 weeks post-injection.  
 

 
 

 

In summary, we observed sustained human engraftment of CD34-/CD38-

/CD93+/CD117+ in three different immunodeficient mouse strains with multilineage 

output. We also observed that cells in NSG-S yielded engraftment as early as 6 

weeks, which could be attributed to the human cytokines overexpressed in this strain 

of mice. Additionally, we observed very high sustained engraftment in the C-KitMutant 

strain from 12 weeks post injection. Doses of as many as 10, 000 cells of CD34-

/CD38-/CD93+/CD117- failed to engraft, indicating that the population likely contains 

very limited numbers of SRCs and by applying positive CD117 selection to our gating 

strategy we significantly enrich for CD34- SRCs, detecting engraftment with 600 

cells, when without CD117 a minimum of 6, 000 cells is required to obtain 

engraftment.  

 

3.4 CD34-/CD38-/CD93- subpopulation does not yield human 

engraftment irrespective of CD117 expression 

Prompted by the recent study identifying a population of potent CD34- SRCs 

that had almost no CD93 expression, but expressed GPI-80, we proceeded to 

investigate human engraftment of CD34-/CD38-/CD93- cells (Sumide et al., 2018). In 

previous studies of this cell population has not yielded robust in vivo engraftment 

even by injection of cell doses as big as 100, 000 cells (Danet et al., 2002). However, 

we observed that a subset of the CD34-/CD38-/CD93- expressed CD117. In addition, 

we detected a subpopulation of CD34-/CD38-/CD93- cell expressing distinctly higher 

levels of CD117 than in the CD34-/CD38-/CD93+ subset (Fig. 3.7A-C). To test self-

renewal and differentiation capacity transplantations of CD34-/CD38-/CD93-

/CD117+/- in immunodeficient mice were undertaken. For this purpose, we used the 

NSG-S relying on our findings that in this mouse strain, CD34- SRCs can establish 
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engraftment quicker that in the NSG and C-KitMutant. We transplanted mice with CD34-

/CD38-/CD93-/CD117+ cell doses ranging between 200 and 500 cells, and 

approximately 3, 000 CD34-/CD38-/CD93-/CD117- cells. We tracked human 

chimerism via bone marrow aspirations at six, twelve, and eighteen weeks post-

injection, and analysed total bone marrow at 24 weeks. We didn’t detect the 

presence of any human cells in mice injected with CD34-/CD38-/CD93-/CD117+ 

except for one mouse 24 weeks post-injection that received a cell dose of 200 cells 

(Fig. 3.7D). The engraftment was only 0.2% and no differentiated lineages were 

detected. This result could also not be reproduced in subsequent experiments where 

higher doses of CD34-/CD38-/CD93-/CD117+ were injected. We detected no 

engraftment at any time point in mice injected with 3, 000 CD34-/CD38-/CD93-

/CD117- cells. 

In summary, the CD34-/CD38-/CD93-/CD117+/- fractions do not appear 

enriched for cells with SRC capacity (Table 3.1). Our gating strategy, which excludes 

cells that may be expressing CD93 at intermediate or low levels could be also 

excluding SRCs described by Sumide and colleagues (Fig. 3.7A) (Sumide et al., 

2018). It is possible that CD34-/CD38-/CD93-/CD117+/- contain SRCs that could not 

be captured in our assay due to the low cell doses or because the NSG-S mouse 

strain does not provide suitable microenvironment and cytokine profile to drive the 

self-renewal of these particular populations. Our study of the CD34-/CD38-/CD93-

/CD117+/- populations as potential sources of SRCs are highly limited by the low cell 

numbers injected and more experiments are required to confirm whether these 

compartments are entirely devoid of SRC activity. However, having compelling 

evidence of the success of CD93 as a positive selection marker for CD34- SRC 

isolation, we decided to focus our interest on the CD93+ fraction of the CD34-/CD38- 
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population. 

 

Figure 3.7. Transplantation of CD34-/CD38-/CD93-/CD117+/- does not yield stable 

human engraftment and multilineage output 

A-C. Representative flow cytometry plots and gating for (A) CD34-/CD38-/CD93+ and 
CD34-/CD38-/CD93- populations and  (B) CD34-/CD38-/CD93+/CD117+ expression 
phenotype and (C) CD34-/CD38-/CD93-/CD117+/- populations.  
D. Quantification of human engraftment NSG-S mice at 24 weeks post-injection with 
CD34-/CD38-/CD93-/CD117+/- populations. Point shapes represent independent 
experiments  (circles – 200 cells, n=5; triangles – 400 cells, n=2; squares - 500 cells, 
n=3; Green squares – 3, 000 cells). 
 
 
 
 
 

Population phenotype Injected cell dose Engrafted/Tested 

CD34-/CD38-/CD93-/CD117+ 200 1/5 

 400 0/2 

 500 0/3 

CD34-/CD38-/CD93-/CD117- 3000 0/3 

 
Table 3.1. Breakdown of injected cell doses of CD34-/CD38-/CD93-/CD117+/- in 

NSG-S mice and corresponding engraftment rates. 
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3.5 CD117 significantly purifies CD34-/CD38-/CD93+ SRCs 

After establishing that transplantation of doses between 600 and 1, 500 

CD34-/CD38-/CD93+/CD117+ cells yielded stable multi-lineage engraftment in NSG, 

NSG-S and C-KitMutant mice, we speculated that the SRC frequency of the 

population is potentially much higher than 1/1000 cells. Therefore, we undertook a 

limiting dilution analysis (LDA) in NSG-S mice, injecting doses of as little as 100 

cells. In addition, we injected CD34-/CD38-/CD93+/CD117- cells to confirm our 

earlier results that the population contained very limited, if any at all, SRCs that can 

repopulate NSG-S mice.  
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Figure 3.8. Limiting dilution analysis of CD34-/CD38-/CD93+/CD117+ cells 
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A. Representative flow cytometry plots for gating strategy for CD117+ cells in the 
CD34-/CD38-/CD93+ population and CD117 FMO control. 
B. Quantification of human chimerism at 24 weeks post-injection in NSG-S mice 
injected with limiting doses of CD34-/CD38-/CD93+/CD117+ and CD34-/CD38-

/CD93+/CD117- cells. Figure represents collation of data from four independent 
experiments, including data represented in figures 4 and 3 (cell doses 1,500 and 1, 
000 for CD34-/CD38-/CD93+/CD117+).  
C. Limiting dilution analysis plot visualising injected CD34-/CD38-/CD93+/CD117+ 

cell doses and log of proportion of non-engrafted mice. 
 

Cell dose Number of mice 

injected 

Number of mice 

engrafted 

1500 2 2 

1000 3 3 

750 3 3 

250 2 2 

100 8 2 

Table 3.2. Break-down of injected CD34-/CD38-/CD93+/CD117+ cell doses in 

NSG-S mice and engraftment outcome at 24 weeks post-injection. 

 

In addition to our data showing positive human engraftment for cell doses of 1, 

500 and 1, 000 (Fig. 3.6), we injected mice with cell doses of 750, 250 and 100 CD34-

/CD38-/CD93+/CD117+ cells in two independent experiments (Fig 3.8A). We 

observed human engraftment in all mice injected with 750 and 250 cells (Fig. 3.8B 

Table 3.2.). Furthermore, we detected human repopulation in two out of eight mice 

injected with as little as 100 cells (Fig. 3.8B, Table 3.3.). Using these data, we 

calculated the estimated stem cell frequencies, using the R package statmod, which 

uses maximal likelihood estimation (Hu & Smyth, 2009). The stem cell frequency 

was estimated at 1/203 cells, with the upper and lower 95% confidence intervals 

estimated at 1/90.7 and 1/453 cells, respectively. Compared to the previous stem 

cell frequency for the CD34-/CD38-/CD93+ population, estimated at about 1/6000 

cells, positive selection for CD117 improves stem cell frequency by 30-fold.  

However, due to the fact only one of the tested cell doses resulted into a mix of non-

responding vs responding mice, effectively making a single cell dose determining in 

the HSCs frequency estimation, it is possible this new HSC frequency is inaccurate. 

Further experiments with additional cell doses and more replicates would be required 

to confirm the validity of this LDA.  
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The previously estimated 1/6000 SRC frequency for the CD34-/CD38-/CD93+ 

population was calculated based on repopulation kinetics in NSG mice. We have 

calculated a new SRC frequency in NSG-S and found that the addition of CD117 to 

the CD34- SRC gating strategy significantly purifies the population for repopulating 

cells to an average of one SRC per 203 CD34-/CD38-/CD93+ cells. While these 

experiments suggest positive selection for CD117 is an effective purification strategy 

for CD34- SRCs, the 30-fold CD34- SRC improvement may be also attributed to the 

fact the NSG-S was used in our limiting dilution experiments; we have shown NSG 

are not as supportive of CD34- SRC engraftment as NSG-S and C-KitMutant mouse 

strains (Fig. 3.6). Nonetheless, these LDAs in NSG-S assert the power of CD117 as 

a marker for CD34- SRCs and the utility of this mouse strain as a model system for 

confirming HSC functionality.   

3.6 High expression of CD117 within the CD34-/CD38-/CD93+ 

defines the populations with the most potent in vivo 

repopulation potential  

In all initial experiments validating CD117 as a positive selection marker for 

CD34- SRCs, we sorted CD34-/CD38-/CD93+/CD117+ cells by drawing the gate for 

all positive events based on the CD117 FMO control. We observed a distinct 

population expressing the marker as well as a small number of cells expressing lower 

levels of CD117 but still falling in the positive CD117 gate (Fig. 3.9A). We also 

observed the CD34-/CD38-/CD93- population contained a subset of cells expressing 

very high levels of CD117, which was absent in the CD34-/CD38-/CD93+ population. 

These cells, however, yielded no human engraftment.  

On the other hand, CD34-/CD38-/CD93+/CD117+ reliably repopulate 

immunodeficient mouse strains and positive CD117 selection significantly improved 

the SRC frequency of the CD34-/CD38-/CD93+ population. Reports on murine 

haematopoiesis have indicated that low expression of CD117 delineates quiescent 

long-term HSCs (Shin et al., 2014). Therefore, we undertook a series of experiments 

to establish whether CD34- SRC can be further defined by the level of CD117 

expression and aid us in improving the CD34- SRC frequency by refinement of the 

gating strategy. 
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Relying on FMO controls we sorted CD34-/CD38-/CD93+ into CD117Hi and 

CD117Mid subsets, and injected the cells intravenously into NSG, NSG-S and C-

KitMutant mice (Fig. 3.9A). We tracked the engraftment over a period of 24 weeks. At 

week 24 we sacrificed the mice, harvesting bone marrow and spleen to check for 

final human chimerism.  

  

 

In mice injected with the CD117Hi fraction we observed a reproducible 

engraftment pattern that mimicked observations in transplantation experiments using 

CD34-/CD38-/CD93+/CD117+ cells (Fig. 3.9B, E, H, Fig. 3.6). In NSG, transplantation 

of 500 CD117Hi yielded low engraftment, while doses of 200 cells failed to engraft 

(Fig. 3.9B). At 24 weeks, mice transplanted with 500 CD117Hi cells were repopulated 

with CD19+ B cells and CD33+ myeloid cell in both the bone marrow and the spleen 

(Fig. 3.9C & D). Almost no CD3+ T cells could be detected in NSG as we previously 

observed in transplantations of CD117+ (Fig. 3.9C-D, Fig. 3.6). In C-KitMutant mice as 

little as 200 CD117Hi cells generated multi-lineage human engraftment that steadily 

increased from 12 weeks post-transplantation until the end of the experiment at 24 

weeks (Fig. 3.9H). Spleens of engrafted C-KitMutant mice were also repopulated with 

CD19+ B cells and CD3+ T cells (Fig. 3.9D, Fig. 3.9F). In NSG-S we observed 

reproducible engraftment of 200 CD117Hi cells, detected as early as 6 weeks post-

transplantation (Fig. 3.9C). The human engraftment in these mice was overall lower 

than in C-KitMutant mice (Fig. 3.9E). As previously observed in transplantations of 

CD117+ cells in NSG-S, CD117Hi also generated a lineage distribution biased toward 

CD33+ myeloid cells (Fig. 3.9F & G).  

In NSG mice injected with as many as 500 CD117Mid cells, no human 

engraftment was detected (Fig. 3.9B). In C-KitMutant mice we observed very low 

engraftment in a single mouse that persisted throughout the experiment, while in two 

additional mice we detected very low engraftment at 24 weeks (Fig. 3.9H). This 

human engraftment constituted entirely of CD19+ B cells (Fig. 3.9I). One of these 

mice had 4.1% human engraftment in the spleen, comprised mostly of CD19+ B cells 

(Fig 3.9H & J). In NSG-S mice, we detected engraftment in a single mouse 

transplanted with 500 CD117Mid cells. It persisted throughout the experiment, and at 

24 weeks we also detected splenic engraftment (0.13%) (Fig. 3.9E). The bone 

marrow engraftment in these two mice was similar to that in mice transplanted with 



Chapter 3 Results 

 

77 

 

CD117Hi cells with the most abundant lineage being CD33+ myeloid cells and a 

smaller fraction of CD19+ B cells (Fig. 3.9F). One of the mice had a low splenic 

engraftment that consisted mostly of CD33+ myeloid cells (Fig. 3.9G) 

From these series of experiments, we observed robust and steady engraftment 

of the CD117Hi fraction of the CD34-/CD38-/CD93+ population. Mice repopulated with 

CD117Hi cells also had detectable human engraftment in the spleen. In addition, 

multilineage engraftment comprised of CD19+ B cells and CD33+ myeloid cells was 

detected, in all mouse strains injected with the CD117Hi fraction. CD3+ T cells were 

detected in both the bone marrow and spleen in NSG-S and C-KitMutant mice 

transplanted with CD117Hi cells. We observed limited human engraftment in some 

mice injected with CD117Mid cells, but predominantly at 24 weeks, with engraftment 

below 1% in most cases and no CD3+ cells were detected in any of the mice injected 

CD117Mid cells. In C-KitMutant mice reconstituted with CD117Mid cells, the lineage 

distribution was almost entirely comprised of CD19+ B cells in both the bone marrow 

and the spleen. On the other hand, in NSG-S mice reconstituted with CD117Mid cells, 

we observed both myeloid and B cell engraftment. However, engraftment was 

detected only in 2 out of 9 mice (Table 3.4). The low engraftment and limited lineage 

reconstitution suggest that the CD117Mid fraction of the CD34-/CD38-/CD93+ 

population holds poorer reconstitution potential than the CD117Hi fraction. We cannot 

discount the possibility that this low engraftment may suggest the CD34-/CD38-

/CD93+/CD117Mid is highly quiescent and requires longer period of time to establish 

substantial engraftment. However, due to time constraints we could not extend in 

vivo experiments longer than 24 weeks. Therefore, we proceeded to test how much 

we could improve the stem cell frequency of the population by refining our gating 

strategy to CD117Hi cells. 

Strain Cell Dose 
Engrafted/Tested 

CD117Hi CD117Mid 

NSG 200 3/3 * 

 500 2/2 0/4 

NSG-S 200 1/1 * 

 250 * 1/2 

 300 * 0/3 

 500 4/4 1/4 
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C-KitMutant 200 3/3 * 

 500 3/3 2/6 

Table 3.3. Breakdown of cell doses and engrafted mice in repopulation assays 

for CD34-/CD38-/CD93+/CD117Hi/Mid. 

 

Figure 3.9. High expression of CD117 delineates the CD34-/CD38-/CD93+ cells 

with most robust in vivo repopulation capacity 
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A. Representative flow cytometry plot of the gating strategy for CD117Hi (red gates) 
and CD117Mid (blue gates) CD34-/CD38-/CD93+ cells, and corresponding CD117 
FMO control. 
B. Quantification of human chimerism in radiation-conditioned NSG mice. Doses of 
injected CD117Hi cells were 200 (n=3) and 500 cells (n=2). Doses of injected 
CD117Mid cells were 500 (n=4). 
C-D. Normalised lineage distribution in (C) bone marrow and (D) spleens of NSG 
mice 24 weeks after transplantation of CD34-/CD38-/CD93+/CD117Hi/Mid cells. (C) 
CD117Hi – n=3; (D) CD117Hi – n=3;  
E. Quantification of human chimerism in radiation-conditioned NSG-S mice. Doses 
of injected CD117Hi cells were 200 (n=1), 500 (n=4). Doses of injected CD117Mid 

cells were 500 (n=4) and 250 (n=1). 
F-G. Normalised lineage distribution in (F) bone marrow and (G) spleens of NSG-S 
mice 24 weeks after transplantation of CD34-/CD38-/CD93+/CD117Hi/Mid cells. (F) 
CD117Hi – n=5; CD117Mid – n=2; (G) CD117Hi – n=5; CD117Mid – n=2; 
H. Quantification of human chimerism in C-KitMutant mice. Doses of injected CD117Hi 
cells were 200 (n=3) and 500 (n=3). Doses of injected CD117Mid were 500 (n=6).  
I-J. Normalised lineage distribution in bone marrow (I) and spleens (J) of C-KitMutant 
mice 24 weeks after transplantation of CD34-/CD38-/CD93+/CD117Hi/Mid cells. (I) 
CD117Hi – n=6; CD117Mid – n=3; (J) CD117Hi – n=6; CD117Mid – n=1; 
 
 

3.7 Selection for high-expressing CD117 cells within the CD34-

/CD38-/CD93+ improves SRC frequency 

To investigate whether selection for CD117Hi cells could further improve the 

SRC frequency within the CD34-/CD38-/CD93+ population, we undertook LDA 

analysis by injecting limiting doses of CD34-/CD38-/CD93+/CD117Hi  cells in NSG-S 

and C-KitMutant mice. As we had previously observed human engraftment in mice 

injected with as few as 200 hundred cells, we injected cell doses of approximately 

50, 100, and 200 in C-KitMutant mice. We sacrificed the mice 24 weeks post-injection 

and detected human engraftment in two out of three mice injected with 200 cells, six 

out of six mice injected with 100 cells, and six out of eight mice injected with just 50 

cells (Table 3.5, Fig. 3.10A). In NSG-S we detected less robust engraftment at 24 

weeks. Two out of four mice were engrafted after transplantation with 200 and 400 

cells, one out four mice was engrafted with a dose of 100 cells, and three out of four 

mice with a dose of 50 cells (Table 3.5, Fig. 3.10B). While engraftment levels were 

low at 24 weeks, multilineage output could still be observed in both C-KitMutant and 

NSG-S (Fig. 3.10C-D). Furthermore, the normalized lineage distribution correlated 

with the typical lineage output generated in C-KitMutant and NSG-S mice transplanted 
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with CD34-/CD38-/CD93+/CD117+ SRCs. CD19+ B cells were the predominant 

lineage in the C-KitMutant strain, while CD33+ myeloid cells were most abundant in 

NSG-S (Fig. 3.10C & D).  

Using these new data, we recalculated the estimated stem cell frequency and 

obtained values of 1 per 52.3 CD34-/CD38-/CD93+/CD117Hi cells in C-KitMutant mice 

with the 95% lower and upper confidence intervals estimated at 99.2 and 27.5 cells, 

respectively. In NSG-S, the new estimated stem cell frequency was significantly 

poorer, estimated at 1 per 242 cells, with the 95% lower and higher confidence 

intervals estimated at 530 and 111, respectively.  

Cell Dose Engrafted/Tested 

C-KitMutant NSG-S 

50 6/8 3/4 

100 6/6 1/4 

200 2/3 2/3 

400 * 2/4 

Estimated Frequency 1/52.3 1/242 

Upper Limit 1/99.2 1/530 

Lower Limit 1/27.5 1/111 

Table 3.4. Breakdown of injected cell doses of CD34-/CD38-/CD93+/CD117Hi 

injected in C-KitMutant and NSG-S mice, and corresponding numbers of 

engrafted and tested mice. 

Our LDA analysis demonstrated that by selecting the high-expressing CD117 

cells within the CD34-/CD38-/CD93+ population we achieved positive multilineage 

human engraftment in the C-KitMutant  and NSG-S mouse stains with cell doses as 

small as 50. This reiterated the potency of CD117 as a positive selection marker for 

CD34- SRCs. By applying positive selection for this new marker and refining our 

gating strategy we have achieved over 100-fold improvement on the purity of the 

population.  
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Figure 3.10. Selection for high-expressing CD117 cells within the CD34-/CD38-

/CD93+ population purifies further for SRCs 

A-B. Quantification of human chimerism as percentage values of all single and live 
cells in total bone marrow harvested 24 weeks post transplantation of limiting 
doses of CD34-/CD38-/CD93+/CD117Hi cells in C-KitMutant (A) and irradiation-
conditioned NSG-S (B) mice. 
C-D. Normalized lineage distribution of all engrafted mice from A-B (C-KitMutant, 
n=15; NSG-S, n=8). 
 

3.8 CD34-/CD38-/CD93+/CD117+ cells possess long-term 

repopulation capacity 

To test the long-term repopulation capacity of CD34-/CD38-/CD93+/CD117+/Hi 

cells we undertook serial transplantations in C-KitMutant mice. We started with this 

strain as we had observed robust engraftment 24 weeks post-transplantation of both 
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CD34-/CD38-/CD93+/CD117+ and CD34-/CD38-/CD93+/CD117Hi cells. 24 weeks 

following transplantation of 1, 000 CD34-/CD38-/CD93+/CD117+ or 200-500 

CD34-/CD38-/CD93+/CD117Hi cells, we sacrificed engrafted mice and evaluated 

human engraftment, differentiation outputs and haematopoietic stem cell profile. 

Interestingly, after gating for all Live, single, hCD45+, Lin- cells, we observed that the 

CD34, CD38, CD93 cell surface marker phenotype of the human grafts at 24 weeks 

resembled the primary CD34-/CD38-/CD93+/CD117+ population (Fig. 3.11B). The 

grafts were depleted from mouse cells, hCD45+ content was quantified, and the cells 

were transplanted into secondary C-KitMutant recipients. We checked engraftment via 

BM aspiration at 6 weeks and sacrificed animals 12 weeks post-transplantation. 

Engraftment and lineage distribution were quantified using flow cytometry.  

Twelve weeks post-transplantation of hCD45+ cells, we observed serial 

repopulation in all secondary C-KitMutant recipients that received a CD34-/CD38-

/CD93+/CD117+ transplant (Fig. 3.11C). In addition, we detected multi-lineage 

engraftment at both 6 and 12 weeks (Fig. 3.11D). Notably, at 6 weeks, the lineage 

distribution profile resembled our observations in primary recipients with CD19+ B 

cells being the most abundant mature cell type (Fig. 3.11D, Fig. 3.6). At 12 weeks, 

however, there was a significant lineage shift toward CD33+ myeloid cells (Fig. 

3.11D). While lineage bias toward the production of myeloid cells could be 

suggestive of exhaustion of the repopulating HSC pool, the analysis of the CD34 and 

CD38 cell surface marker phenotypes of the secondary grafts at the end of the 

secondary transplant still highly resembled the CD34 versus CD38 profiles observed 

in the primary transplants (Fig. 3.11B & E). In contrast, tangible differences in the 

CD93 and CD117 cell surface marker profiles could be seen between the primary 

and secondary transplants, with a visible depletion of the CD93+ and CD117+ 

fractions in the latter, supporting the possibility of stem cell pool exhaustion (Fig. 

3.11B & E). 

We conducted the same experiments to test long-term repopulation capacity 

of CD34-/CD38-/CD93+/CD117Hi cells. Taking into consideration estimated SRC 

frequencies of about 1 per 52 cells in C-KitMutant mice, we speculated that injecting 

cell doses of 200 (approximately 4 SRCs) ought to generate human engraft as this 

has been previously achieved with injecting equivalent or smaller SRC doses of both 

CD34-/CD38-/CD93+/CD117+ and just CD34-/CD38-/CD93+ (Anjos-Afonso et al., 

2013). While all primary recipients injected with, 200, 400 or 500 CD34-/CD38-
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/CD93+/CD117Hi were repopulated with multilineage engraftment at 24 weeks, we 

observed engraftment in 1/3, 2/3, and 1/3 secondary recipients that received grafts 

generated from 500, 400, and 200 CD34-/CD38-/CD93+/CD117Hi cells, respectively 

(Table 3.5, Fig. 3.11C). Due to the lower primary cell doses, final engraftment in 

primary C-KitMutant recipients ranged between 4.8 and 10.6%, which was significantly 

lower than the engraftment levels of achieved by transplantation of 1, 000 CD34-

/CD38-/CD93+/CD117+ cells (Fig. 3.11A). However, at 24 weeks the HSC profile of 

mice repopulated with CD34-/CD38-/CD93+/CD117Hi resembled that of C-KitMutat 

mice repopulated with CD117+, with similar distribution of CD34 versus CD38 

expression, and presence of CD93+/CD117+ cells within the CD34-/CD38- fraction 

(Fig. 3.11B). Despite the low level of engraftment at 12 weeks in CD34-/CD38-

/CD93+/CD117Hi repopulated secondary C-KitMutant recipients, we could still observe 

a CD34 versus CD38 expression profile, resembling that in secondary recipients 

transplanted with CD117+ cells (Fig. 3.11E). In contrast to the CD117+ transplanted 

secondary recipients, secondary C-KitMutant recipients of CD117Hi cells seemed to 

lose CD93 and CD117 expression completely (Fig. 3.11E). However, the secondary 

engraftment of CD117Hi was low in the majority of the repopulated mice (between 

0.4-1.6%), making a comprehensive analysis of the HSC phenotype challenging in 

these secondary recipients (Fig. 3.11C). More experiments and replicates with higher 

cell doses will be required to properly evaluate the cell surface marker phenotype 

changes over the course of CD34-/CD38-/CD93+/CD117+/Hi repopulation in C-KitMutant 

mice. 

 

Population 1° Cell Dose 

 

2° Cell Dose 

(hCD45+) 

Donor to 

Recipient 

Graft Ratio 

Engrafted/ 

Tested 

CD34-/CD38-

/CD93+/CD117+ 

1,000 14x106 1:1 3/3 

CD34-/CD38-

/CD93+/CD117Hi 

500 200x103 1:3 1/3 

 400 200x103 1:1 1/1 

 400 200x103 1:2 1/2 

 200 125x103 1:3 1/3 
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Table 3.5. Overview of tested cell doses in primary and secondary C-KitMutant 

recipients in five independent experiments. 

Primary cell dose represents the number of CD34-/CD38-/CD93+/CD117+ cells 
injected intravenously per each primary recipient. Secondary cell dose represents 
the number of human CD45+ cells injected per secondary recipient. Donor to 
recipient ratio represents the number of primary recipients to the number of 
secondary recipients 
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Figure 3.11. CD34-/CD38-/CD93+/CD117+/Hi cells have long-term in vivo 

repopulation potential 

A. Quantification of total human engraftment as a percentage value of all single live 
cells in harvested bone marrow of primary C-KitMutant recipients. Each data point 
represents a mouse. Each set of data points represents and independent 
experiment from Table 4 (diamonds-Row 1; circles-Row 2; inverted triangle-Row 3, 
triangles-Row 4; squares-Row 5). 
B. Representative flow cytometry plots of primary human grafts in C-KitMutant  24 
weeks post transplantation of CD34-/CD38-/CD93+/CD117+.  
C. Quantification of total human engraftment as a percentage value of all single live 
cells in harvested bone marrow of secondary C-KitMutant recipients. Each data point 
represents a mouse. Each set of data points represents and independent 
experiment from Table 2 (diamonds-Row 1; circles-Row 2; inverted triangle-Row 3, 
triangles-Row 4; squares-Row 5). 
D. Normalized lineage distribution at 6 and 12 weeks post-injection in secondary C-
KitMutant recipients (Data represents 3 mice; Table 2 – Row 1) 
E. Representative flow cytometry plots of secondary human grafts in C-KitMutant  12 
weeks post transplantation of hCD45+ cells from CD34-/CD38-/CD93+/CD117+ 
primary grafts.  
 
 

Next, we undertook serial transplantations in NSG-S mice. We injected 

primary recipients with 1, 000 and 500 cells in two independent experiments. The 

engraftment of CD34-/CD38-/CD93+/CD117+ is lower in NSG-S compared to C-

KitMutant mice at 24 weeks post injection (Fig. 3.11A, Fig. 3.12B). Due to the low 

engraftment the CD45+ cell yield was much lower than what we obtained from C-

KitMutant mice, but we proceeded with secondary transplantations in a 1:1 primary to 

secondary recipient ratio (Table 3.6). No human engraftment was detected in 

secondary NSG-S recipients in serial transplantation of CD34-/CD38-/CD93+/CD117+ 

cells (Fig. 3.12C, Table 3.6). This could be attributed to the lower doses of hCD45+ 

cells that secondary NSG-S recipients were transplanted with compared to 

secondary C-KitMutant recipients. Another explanation for the failure of the secondary 

transplantation of CD34-/CD38-/CD93+/CD117+ in NSG-S could be that the 

overexpression of key human cytokines in this mouse strain pushes the self-renewal 

of CD34-/CD38-/CD93+/CD117+ and depletes the population of long-term 

repopulating cells quicker than in C-KitMutant mice. Analysis of the HSC profile of 

primary CD34-/CD38-/CD93+/CD117+ grafts at 24 weeks post transplantation showed 

that the CD34 versus CD38 expression phenotype had shifted predominantly toward 

CD34- populations, which contain mostly mature cells (Fig. 3.12A). In addition, a 

tangible shift of CD117 expression could be observed (Fig. 3.12A). Almost no 
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CD117- cells were present, while all positive CD117 cells were distributed between 

CD117Very High and CD117High populations (Fig 3.12A). Prior to transplantation, NSG-

S mice require irradiation conditioning, which can result in damage to the bone 

marrow niche, adding an additional challenge for secondary CD34-/CD38-

/CD93+/CD117+ transplants to engraft. Due to the low engraftment of CD34-/CD38-

/CD93+/CD117+ cells in NSG mice, we did not attempt serial transplantations in this 

strain. 

 In summary, we observed that serial transplantation of approximately 1, 000 

CD34-/CD38-/CD93+/CD117+ yields robust multi-lineage secondary engraftment in 

C-KitMutant mice. Lower primary doses between 200-500 CD34-/CD38-

/CD93+/CD117Hi cells yielded secondary engraftment in 4 out of 9 secondary C-

KitMutant recipients. In this strain, we successfully achieved secondary engraftment 

with a primary dose of as little as 200 CD34-/CD38-/CD93+/CD117Hi. In NSG-S mice, 

we detected no secondary engraftment. Possible reasons for this could be that the 

strain is exhausting the SRC pool in the primary recipients, the low primary 

engraftment at 24 weeks, and unfavourable niche conditions for CD34- SRCs in 

secondary recipients. Our findings strongly suggest that the C-KitMutant strain 

maintains CD34- SRC long-term and could be superior to NSG-S in studying the 

functionality of this population. 

 

Population 1° Cell Dose 

 

2° Cell Dose 

(hCD45+) 

Donor to 

Recipient 

Graft Ratio 

Engrafted/ 

Tested 

CD34-/CD38-

/CD93+/CD117+ 

1,000 150x103 1:1 0/3 

500 90x103 1:1 0/3 

Table 3.6. Overview of tested cell doses in primary and secondary NSG-S 

recipients in two independent experiments. 

Primary cell dose represents the number of CD34-/CD38-/CD93+/CD117+ cells 
injected intravenously per each primary recipient. Secondary cell dose represents 
the number of human CD45+ cells injected per secondary recipient. Donor to 
recipient ratio represents the number of primary recipients to the number of 
secondary recipients 
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Figure 3.12. The CD34-/CD38-/CD93+/CD117+ do not repopulate secondary NSG-

S recipients. 

A. Representative flow cytometry plot of primary grafts 24 weeks post 
transplantation of CD34-/CD38-/CD93+/CD117+ cells in NSG-S mice. 
B. Quantification of total human engraftment as a percentage value of all single live 
cells in harvested bone marrow of primary NSG-S recipients. Each data point 
represents a mouse. Each set of data points represents and independent 
experiment from Table 3 (squares-Row 1; circles-Row 2). 
C. Quantification of total human engraftment as a percentage value of all single live 
cells in harvested bone marrow of secondary NSG-S recipients. Each data point 
represents a mouse. Each set of data points represents and independent 
experiment from Table 3 (squares-Row 1; circles-Row 2). 
 

3.9 CD34-/CD38-/CD93+/CD117+ SRCs produce functional 

CD34+/CD38- and CD34-/CD38-/CD93+ with in vivo 

repopulation potential in C-KitMutant mice 

After establishing that the C-KitMutant model is more suited than NSG-S for the 

maintenance of the long-term repopulation capacity of CD34-/CD38-/CD93+/CD117+ 

SRCs, we questioned whether primary transplants of this population can produce 
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functional CD34+/CD38- and CD34-/CD38-/CD93+/CD117+ SRCs, capable of 

generating secondary multi-lineage engraftment. To investigate this, we injected two 

primary recipients with approximately 500 CD34-/CD38-/CD93+/CD117+ cells and 

sacrificed at 24 weeks. Following depletion of murine cells, we stained the human 

primary grafts and sorted for CD34+/CD38- and CD34-/CD38-/CD93+/CD117+ cells 

(Fig. 3.13A & B). We injected three secondary mouse recipients with 2, 000 

CD34+/CD38- and another three with 1, 200 CD34-/CD38-/CD93+/CD117+ cells and 

monitored engraftment over a period of 24 weeks. In our first experiment we 

observed consistent engraftment in a single mouse injected with CD34+/CD38- (Fig. 

3.13C). At 24 weeks about 80% of these cells were comprised of CD33+ myeloid 

cells and approximately 20% of CD19+ B cells (data not shown). Marginal human 

engraftment was detected in a single mouse injected with CD34-/CD38-

/CD93+/CD117+ at 18 weeks post injection, but engraftment was too low to assess 

multi-lineage output (Fig. 3.13C). No splenic engraftment was detected in any of the 

mice at 24 weeks. 

Following these results, we speculated that our secondary transplant gating 

strategy is eliminating SRCs from the CD34- fraction by placing the gate for CD117+ 

cells too high (Fig. 3.13B). We observed that CD117 expression by CD34-/CD38-

/CD93+ cells 24 weeks post transplantation in C-KitMutant mice is higher compared to 

that observed in CD34-/CD38-/CD93+/CD117+ that were initially transplanted (Fig. 

3.13B). In section 4 of this chapter, we demonstrated that the CD34-/CD38-/CD93- 

fraction contained a population expressing high levels of CD117 that held no in vivo 

repopulation potential. This could suggest that the CD34-/CD38-/CD93+ population 

with elevated CD117 expression does not represent SRCs. It is possible that the 

repopulating CD34-/CD38-/CD93+/CD117+ downregulate CD117 expression after 

extended occupancy in the murine bone marrow niche and by selecting for high-

expressing CD117 cells we could have been potentially excluding the CD34- SRCs. 

Therefore, we repeated the experiment by sorting from the primary CD34-/CD38-

/CD93+/CD117+ grafts for CD34+/CD38- and CD34-/CD38-/CD93+ cells without 

selecting for CD117+ in the latter (Fig. 3.13D). 
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Figure 3.13. Primary CD34-/CD38-/CD93+/CD117+ SRCs produce repopulating 

CD34-/CD38-/CD93+/CD117+ and CD34+/CD38- 
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A. Schematic of serial transplantation of CD34+/CD38- and CD34-/CD38-

/CD93+/CD117+ or CD34-/CD38-/CD93+ cells obtained from primary human grafts 
generated by CD34-/CD38-/CD93+/CD117+ SRCs. 
B. Representative flow cytometry plots of gating strategy for sorting CD34+/CD38- 

and CD34-/CD38-/CD93+/CD117+ cells from primary human grafts obtained from C-
KitMutant mice 24 weeks post transplantation with primary CD34-/CD38-

/CD93+/CD117+ 
C. Quantification of human engraftment of CD34+/CD38- (n=3) and CD34-/CD38-

/CD93+/CD117+ (n=3) as a percentage value of all live single cells from bone 
aspirates (weeks 6-18) and processed bone marrow from legs and hips (24 
weeks). Point shapes distinguish between individual mice. 
D. Representative flow cytometry plots of gating strategy for sorting CD34+/CD38- 

and CD34-/CD38-/CD93+/CD117+ cells from primary human grafts 
E. Quantification of human engraftment of CD34+/CD38- (n=2) and CD34-/CD38-

/CD93+ (n=2) as a percentage value of all live single cells from bone aspirates 
(weeks 6-18) and processed bone marrow from legs and hips (24 weeks).  
 

 

 In this experiment, we injected mice with 2, 000 CD34+/CD38- and 2, 200 

CD34-/CD38-/CD93+ cells obtained from two primary mouse recipients injected with 

500 CD34-/CD38-/CD93+/CD117+  cells and tracked human engraftment over 24 

weeks. At 12 weeks post-injection, we detected human engraftment of over 1% in 

two out of two mice injected with CD34-/CD38-/CD93+ (Fig. 3.13E). We also observed 

engraftment in the two mice injected with CD34+/CD38- (Fig 3.13E). Most notably, at 

12 weeks we also detected multilineage output which was similar between the two 

cohorts of mice and mimicked the lineage output typically observed in primary C-

KitMutant recipients transplanted with CD34-/CD38-/CD93+/CD117+ SRCs. 

Unfortunately, the engraftment didn’t persist until 24 weeks. We also didn’t detect 

any splenic engraftment at the end of the experiment. 

 In these experiments we attempted to investigate the capacity of CD34- SRCs 

to produce functional CD34- and CD34+ repopulating cells. In two independent 

experiments, we detected secondary engraftment of CD34+/CD38- obtained from 

CD34-/CD38-/CD93+/CD117+ primary transplants. In the first experiment, one mouse 

injected with CD34+/CD38- sorted from CD34-/CD38-/CD93+/CD17+ primary 

xenografts had long-term engraftment that persisted until 24 weeks in the secondary 

recipient. In the second experiment, we detected multi-lineage engraftment at 12 

weeks in two different mice. In this experiment, we also detected secondary 

engraftment of CD34-/CD38-/CD93+ obtained from CD34-/CD38-/CD93+/CD117+ 

primary transplants with multi-lineage engraftment in two out of two tested mice.  
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It has been previously demonstrated in NSG that the CD34-/CD38-/CD93+ 

population can produce repopulating CD34+ and CD34- SRCs, however these 

experiments were only 12 weeks long in the primary transplant and cells were sorted 

only based on CD34 expression (Anjos-Afonso et al., 2013). Here we have pushed 

the experiment by extending both the primary and secondary repopulation time to 24 

weeks. While we detected multi-lineage secondary engraftment by both CD34+ and 

CD34- grafts, the repopulating capacity of the injected cells appeared to diminish by 

the 48-week time point. This could be due to the fact that the SRC pool is exhausted 

due to the limited number of CD34-/CD38-/CD93+/CD117+ injected in the primary 

recipients or the possibility that the mouse model is pushing the population to 

exhaust. To answer these questions, the experiments would have to be repeated 

with a larger number of primary cells transplanted and different mouse models. In 

addition, the mouse bone marrow microenvironment could affect the expression of 

cell surface markers of human SRCs, rendering their isolation based on highly 

specific cell surface phenotypes difficult. While these results indicate that CD34-

/CD38-/CD93+/CD117+ SRCs can produce repopulating CD34+/CD38- and CD34-

/CD38-/CD93+ SRCs, further experiments are required with more replicates and 

larger primary cell doses to firmly establish the long-term repopulation capacity and 

in vivo population dynamics.  

 

 

3.10 . Chapter summary and discussion 

In the beginning of this chapter, we investigated the expression of multiple cell 

surface markers by CD34-/CD38-/CD93+ cells in attempt to identify new purification 

marker for CD34- SRCs. We showed that we could not reproduce the antibody 

staining for two recently reported markers (CD133 and GPI-80) that have been 

shown to improve the CD34- SRC frequency to approximately 1/8.1 cells. Their report 

indicated their CD34- SRC population differed from the one investigated in this thesis; 

they did not observe any CD93 expression in their population. That prompted us to 

investigate the repopulation capacity of CD34-/CD38-/CD93-/CD117+/- cells. We did 

not observe human engraftment in mice injected with these population, suggesting 
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that the CD93- populations are a potentially poor source of SRCs. More experiments 

with larger cell doses need to be undertaken to confirm this. 

  We identified CD117 as good CD34- SRC positive selection marker and 

demonstrated that by adding it to our gating strategy, we could achieve human 

engraftment in three different immunodeficient mouse strains. Furthermore, we 

observed a distinct repopulation kinetics and multilineage output between NSG, 

NSG-S and C-KitMutant mice transplanted with the same numbers CD34-/CD38-

/CD93+/CD117+ cells. In NSG we observed very low engraftment, while in NSG-S 

and C-KitMutant mice, it was significantly higher. This was a major step forward for this 

project as the low engraftment of CD34- SRC in the traditionally-used NSG mouse 

strain has made the study of this population challenging. Interestingly, in NSG-S, we 

observed engraftment as early as 6 weeks post-transplantation, when positive 

engraftment of CD34- SRCs usually is detected from 12 weeks post-transplantation. 

It is easy to speculate that the overexpression of three human cytokines in the NSG-

S mouse strain could be pushing the earlier engraftment of CD34- SRCs. We did not 

investigate the reason behind this, but cell cycle status analysis could reveal whether 

human grafts generated from CD34- SRCs contain more proliferative cells at 6 weeks 

in NSG-S mice compared to 12 weeks in NSG mice. NSG-S mice express human 

SCF, IL-3 and GM-CSF. CD117 is the receptor for SCF, so we can expect that once 

homed to the bone marrow of NSG-S mice CD34-/CD38-/CD93+/CD117+ cells will be 

subjected to constitutive KIT signalling activation. Gain of function mutations 

associated with this pathway have been reported to result in expansion of the 

myeloid compartment, which is consistent with our observation that CD33+ myeloid 

cells are more abundant in NSG-S compared to NSG and C-KitMutant mice (Billerbeck 

et al., 2011; Willinger et al., 2011). The deregulation of CD34-/CD38-/CD93+/CD117+ 

HSCs by the overexpression SCF in NSG-S mice could also potentially explain why 

we could not achieve successful secondary engraftment in this strain. It is possible 

that the overexpression of IL-3 and GM-CSF also play a role in stimulating the early 

engraftment of CD34-/CD38-/CD93+/CD117+, but the expression of the 

corresponding receptors on the surface of these cells is unknown.  

From our repopulation kinetics analysis for CD34-/CD38-/CD93+/CD117+ cells, 

we established that these SRCs expand the most within the C-KitMutant strain, while 

retaining their long-term self-renewal capacity as demonstrated by their ability to 

repopulate secondary mouse recipients. In NSG-S we could achieve quicker 
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repopulation readouts, as early as 6 weeks post-injection, but failed to achieve 

engraftment in secondary NSG-S recipients. This suggests that the NSG-S mouse 

strain could be useful in identifying potential SRC candidate populations quickly, but 

may exhaust them faster as well. We proceeded by refining our gating strategy for 

this population and demonstrating that the majority of SRCs are located within the 

CD117High fraction of the CD34-/CD38-/CD93+ population. We confirmed this though 

in vivo repopulation assay that revealed the multilineage engraftment pattern of the 

CD34-/CD38-/CD93+/CD117Hi population that was consistent with our earlier data on 

the CD34-/CD38-/CD93+/CD117+ population, suggesting that it is the high-expressing 

CD117 cells that drive the human engraftment in the NSG, NSG-S and C-KitMutant 

strains. To finalize this work, we performed limiting dilution analysis for the CD34-

/CD38-/CD93+/CD117Hi population in NSG-S and C-KitMutant strains, which resulted in 

an estimated stem cell frequency of 1/242 and 1/52.3, respectively. It is highly likely 

that technical issues may have affected the outcomes of the LDA analysis, but strain-

specific differences between NSG-S and C-KitMutant mice may also contribute to the 

different estimated stem cell frequencies. Nonetheless, by identifying CD117 as an 

effective positive selection marker for CD34- SRCs, we have finally brought the purity 

of this population at a level that allows us to investigate its transcriptome at a single-

cell level.  
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Chapter 4. Single-cell transcriptomics reveals the 

heterogeneity of the CD34- SRCs in post-natal 

haematopoiesis  

4.1 Introduction  

Since the early 2000s, the haematopoietic stem cell field has been driven 

forward by rapid advancements in the understanding of the structure of the 

haematopoietic hierarchy. The discovery and introduction of new surface markers 

helped redraw the haematopoietic tree, showing that the megakaryocyte lineage 

branches off early in the hierarchy, while the myeloid and lymphoid lineages do not 

dissociate from each other until later in the maturation process (Adolfsson et al., 

2005; Doulatov et al., 2010; Sanjuan-Pla et al., 2013; Yamamoto et al., 2013). 

Studies in the mouse were also strongly suggesting that both the MPP and HSC 

pools are highly heterogenous (Cabezas-Wallscheid et al., 2014; Dykstra et al., 

2007; Pietras et al., 2015; Sanjuan-Pla et al., 2013). These reports were indicating 

that the compartmentalized view of the haematopoietic hierarchy is too rigid to 

accurately represent the HSPC population and the dynamic processes of 

differentiation. Functionality assays based on in vitro and in vivo methods were also 

suggesting that HSC primed for a particular lineage in vitro could change their 

lineage output in vivo and vice versa (Carrelha et al., 2018; Rodriguez-Fraticelli et 

al., 2018). The implications of these findings were multi-faceted, but one strong 

inference was that lineage priming occurs at the level of single HSCs. But 

xenotrasnplantations and in vitro assays are likely to provide suboptimal conditions 

to test the differentiation and self-renewal of every single HSC. These assays are 

also unable to provide comprehensive differentiation readouts. Furthermore, in order 

to gain a better understanding of how HSC pools are maintained and cell fate 

determined, we need not only information about biological functionality but the 

molecular profiles of single cells.  

Initially, single-cell gene expression assays were limited to a small number of 

cells and a predetermined panel of genes, restricting the scope of new findings 

(Vogelstein et al., 2006). However, advancements in single-cell RNA-sequencing 
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(scRNAseq) technologies resulted in rapid reporting of the transcriptomes of murine 

HSPCs. Human studies followed soon after, mirroring what had been previously 

reported in the mouse system; the human HSC pool is highly heterogenous and 

individual HSCs co-expressed transcriptional programmes associated with multiple 

committed lineages, (Pellin et al., 2019; Velten et al., 2017; Zheng et al., 2018). 

Interestingly, despite evidence that oligopotent progenitors appear to be more 

enriched in umbilical cord blood compared to adult bone marrow, comparison of 

transcriptomic data between adult and post-natal CD34+ HSCs suggested that early 

lineage priming processes are conserved between bone marrow and cord blood 

(Zheng et al., 2018). 

Despite the growing number of reports on scRNAseq in human haematopoietic 

cells, very little has been done to investigate the molecular profile of the CD34- stem 

cells. In most studies, CD34- cells are either depleted immuno-magnetically or 

discarded from the scRNAseq analysis. To our knowledge, there is only one recent 

report on CD34- SRCs (defined as CD34-/CD133+/GPI-80+) (Sumide et al., 2018), 

using microarrays to assay the expression of 79 target genes in 23 CD34-

/CD133+/GPI-80+ cells (CD34- SRCs) and 33 CD34+/CD38-/CD45RA-/CD90+ cells 

(CD34+ SRCs) (Sumide et al., 2018). Comparison between the two populations 

showed similar patterns of expression for genes like KIT, RUNX1, TAL1, BMI1, 

DNMT3A, TGFBR1, TGFBR2 (Sumide et al., 2018). While the expression of most 

genes seemed to correlate between the two populations, IFTM1, MPL, IKZF1 

appeared to be expressed at lower levels by CD34- SRCs (Sumide et al., 2018). Only 

two genes were reported to be more highly expressed in CD34- SRCs, MYB and 

EZH2 (Sumide et al., 2018). Their 1/8.1 SRC frequency implies that approximately 

2.8 of their 23 single CD34-/CD133+/GPI-80+ cells are actual SRCs. Interestingly, 

around 8 of their CD34- single cells clustered closely to the CD34+ SRCs in their PCA 

plot. Unfortunately, the authors did not make the single-cell RT-PCR data available, 

which would have allowed us to investigate which genes from their panel, these eight 

cells express. 

 To build on this, the authors undertook bulk gene expression analysis of sorted 

CD34-/CD133+/GPI-80+ and CD34+/CD38-/CD45RA-/CD90+ cells, showing that the 

biological processes and pathways associated with upregulated genes in the former 

population were related to hypoxia, megakaryocyte/erythroid differentiation, Wnt 

signalling, and angiogenesis (Sumide et al., 2018). While this data is intriguing and 
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the CD34- SRC frequency is remarkably good, it has implications for the validity of 

their global gene expression analysis; only about 1/8 of the data represents the 

transcriptome of SRCs. Being technically challenging assays, in vivo LDAs tend to 

underestimate actual SRC numbers in tested populations, but still a significant 

proportion of the cells analysed are non-SRCs. Drawing meaningful conclusions 

about the gene expression profile of the bulk CD34-/CD133+/GPI-80+ population is 

thus challenging.  

In order to gain better insight into the molecular profile of impure populations, 

scRNAseq is a powerful method. Provided enough cells  are sequenced at sufficient 

read depth, HSC signatures can be captured. In Chapter 3, we demonstrated that 

the CD34-/CD38-/CD93+/CD117Hi population contains functional SRCs with long-

term repopulation capacity and multi-lineage engraftment. We also showed that the 

SRC frequency can reach approximately 1/100 cells. Following these functional 

studies, we undertook a scRNAseq of the CD34-/CD38-/CD93+/CD117Hi population 

in order to gain further insight into the molecular profile of the elusive CD34- SRC.  

 

4.2 Characterisation of cell types within the CD34-/CD38-

/CD93+/CD117Hi population 

To characterise the transcriptional state of CD34-/CD38-/CD93+/CD117Hi, we 

sorted approximately 2000 cells to be processed using the 10X Genomics Single 

Cell 3’ v.3.1 Reagent Kit. 972 cells were sequenced with an average depth of 

193,887 reads per cell, reaching approximately 80% sequencing saturation. After 

processing and mapping of reads, we used Seurat to further analyse the data. As 

part of quality control checks, we visualized the number of genes per cell (nFeature), 

number of unique molecular identifiers mapped to the human genome (nCount), and 

percentage of mitochondrial gene counts per cell (percent.mt) (Fig. 4.1A-C). We 

filtered out cells with less than 200 genes and over 5000 genes to eliminate low 

quality cells and doublets. We also eliminated cells with over 10% mitochondrial gene 

counts as high expression of mitochondrial genes indicates dying cells (Ilicic et al., 

2016). This left us with 695 cells for further analysis. Visualization of percent.mt 

versus nCount indicated that there are still some cells in the dataset with low number 

of RNA counts and high mitochondrial content relative to the rest of the cells (Fig. 
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4.1D). Also, when we plotted nCount versus nFeature, we could see that there are a 

number of cells with both high number of genes and counts per cell, which could be 

indicative of doublets (Fig. 4.1E). We decided not filter the dataset further, but instead 

investigate if these potential doublets cluster together or separately as the latter 

would suggest doublets. 

 

Figure 4.1. Quality control of scRNAseq data for CD34-/CD38-/CD93+/CD117Hi 

A-C. Plot of detected genes per cell (A), RNA counts per cell (B), and mitochondrial 
gene content per cell (C). 
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D. Scatter plot of RNA counts per cell versus percentage of mitochondrial genes 
per cell. 
E. Scatter plot of count of RNA counts per cell versus gene counts per cell. 
 
 
 We next performed linear dimensional reduction of the data. The principal 

component analysis (PCA) clustered a large portion of the cells together, suggesting 

that the bulk of the sample is similar in gene expression compared to a small portion 

of outlier cells (Fig. 4.2A). We were interested in visualizing the gene sets that 

primarily contribute to the variance and plotted heatmaps of the first 12 principal 

components (PCs) that explain the variance of the data (Fig. 4.2B). We observed 

that clear structure in the PC plots up to the PC_9, suggesting that most of the 

variance in the data can be explained by the first 9 PCs (Fig. 4.2B). We also used a 

statistical test (JackStraw) to determine the significance of the different PCs which 

generates p-values that show how strong the association of each gene is with its 

principle component. The first five principle components contained genes that are 

significantly associated with their respective PC. The distribution of p-values from 

PC_10 grew steadily closer to the p-value uniform distribution (dashed line), which 

indicates the enrichment for genes with low p-values begins to decrease (Fig. 4.2C). 

Another approach we took to determine how many PCs to use in the downstream 

analysis was to perform an Elbow Plot, which plots the standard deviations of each 

PC (Fig. 4.2D). The “knee” of the curve begins levelling off around cluster 12, which 

suggests that a high amount of information of the variance of the data is captured in 

these components (Fig. 4.2D). This is in agreement with the data structure for each 

PC according to the heatmaps (Fig. 4.2D). As the JackStraw analysis suggested that 

the first 20 PCs are significant, we proceed with 15 PCs in the downstream analysis.  
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Figure 4.2. Principal component analysis and determinations of significant 

principle components 

A. Principle component analysis plot.  
B. Heatmaps of the first 12 principal components levels of expression on a subset 
of cells. Yellow and purple colours represent upregulation and downregulation of 
genes, respectively.  
C. Quantile-quantile plot where each curve represents a PC. Every point 
represents the p-value of a variable feature (gene) plotted against a universal p-
value. The dashed line represents the threshold. 
D. Elbow plot of the standard deviation of the first 10 PCs. 
 
 
 
We grouped cells based on their expression profiles. To do this we used graph-based 

clustering followed by nonlinear dimensionality reduction (UMAP). Eight clusters 

were identified with the first five containing the majority of the cells (Fig. 4.3A). We 

observed that the graph-based clusters were well-separated. By mapping the 

number of genes per cell (n_Features) versus the number of counts per cell 

(n_Counts) and projecting the clusters onto the plot, we observed that cluster 5 is 

predominantly comprised of cells with both high number of genes and counts, which 

can be indicative of doublets (Fig. 4.3B). We also observed that the percentage of 

mitochondrial genes seemed evenly distributed between 2.5 and 10% between all 

clusters, with the exception of clusters 4 and 5, where mitochondrial gene expression 

was over 6% in a  proportion of the cells (Fig. 4.3C). While high expression of 

mitochondrial genes can suggest that the cells in these clusters are in the process 

of dying, elevated mitochondrial function and biogenesis can also be associated with 

the natural processes in some subsets of haematopoietic cells.  
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Figure 4.3. Non-linear dimensionality reduction and variable feature mapping 

across clusters 

A. Visualisation of graph-based cluster onto dimension reduction plot (UMAP).  
B. Scatter plot of RNA counts per cell versus percentage of mitochondrial genes 
per cell and projection of graph-based clusters. 
C. Scatter plot of count of RNA counts per cell versus gene counts per cell and 
projection of graph-based clusters. 
 
 
We next scored cells according to their cell cycle phase status using a previously 

described method that has been incorporated as a function into Seurat (Tirosh et 

al., 2016). We mapped scores onto the UMAP plot and observed that most clusters 

were comprised of predominantly G0/G1 cells (Fig. 4.4A). Clusters 5 and 4 

consisted of large portion of cells in the S and G2M phases (Fig. 4.4A). Stacked 

bar plots of the proportion of cells according to their cell cycle identity revealed that 

cells in clusters 1 through 3 were pretty similar in terms distribution of cell cycle 

phases (Fig. 4.4B). Clusters 6 and 7 contained the smallest proportions of cells in 

the S or G2M phases (Fig. 4.4B). This heterogeneity of cell cycle state between 

clusters can be contributing to some of the principle components that explain the 

variance of the data. However, rescaling the data to regress cell cycle genes out is 

not a procedure advised for datasets where mixtures of differentiation processes 

may entail different cell cycle states.  
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Figure 4.4. Cell cycle phase distribution between clusters 

A. Mapping of cell cycle phases of individual cells onto UMAP plot. 
B. Stacked bar graphs of the distributions of cells in different cell cycle phases in 
each cluster. 
 
 After quality control, clustering and assessment of cell cycle phases, we 

looked into the expression of genes known to be expressed by HSCs. We observed 

that the majority of the genes we investigated, were highly expressed by cells in 

clusters 0, 1, 2 (henceforth C0, C1, and C2) (Fig. 4.5A). MEIS1, MLLT3, SOCS2, 

ETV6, KIT were also expressed in clusters 3 and 4 (henceforth C3 and C4). MLLT3 

was recently reported to play an important regulatory role in the self-renewal and 

maintenance of human HSCs (Calvanese et al., 2019). SOCS2 is a suppressor of 
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JAK/STAT-induced signalling and has been shown to be the most highly expressed 

member of the protein family in HSCs compared to differentiated cells (Georgantas 

et al., 2004; Ivanova et al., 2002). In mouse SOCS2 has been shown to be important 

for regulating HSC expansion in response to cytokine stimulation (Vitali et al., 2015).  

The expression of the genes HOPX, CD34, AVP, and SPINK2 was mostly 

restricted to clusters C0, C1, and C2. CXCR4 was also highly expressed in these 

clusters, but also in clusters 6 and 7 (henceforth C6 and C7). In mouse, CXCR4 has 

been shown to be important for maintaining the quiescence of HSCs, but can also 

be expressed by a B, T, NK cells and granulocytes (Nie et al., 2008; Sugiyama et al., 

2006). The genes with most restricted expression were HLF and CLEC9A in C0. 

Another interesting observation was that PROM1 was also mostly expressed by cells 

in C0 and C1. Seeing that a significant number of cells expressed CD34 and PROM1 

(CD133) was surprising as the sequenced cells are defined as CD34- and we 

observed no CD133 cell surface marker expression by CD34-/CD38-/CD93+ cells. It 

is possible that during our sorting strategy we capture cells with low expression of 

CD34, which would explain why we can detect its expression. It is also possible both 

CD34 and PROM1 are expressed but degraded as result of post-transcriptional 

regulation. 

It was particularly exciting that the expression HOXA9 and HOXB4 could be 

detected in the dataset. HOXA9, HOXB3, and HOXB4 have been shown to be 

expressed by HSCs and downregulated during lineage commitment (Lawrence et 

al., 2005; Sauvageau et al., 1994; Velten et al., 2017). A small number of cells in C0, 

C1, and C2 expressed HOXB3, but HOXA9 and HOXB4 were expressed by a larger 

number of cells (data for HOXB3 not shown). HOXA9 and HOXB4 expression was 

restricted to clusters 0 through 4 and strongly emphasised in cluster 0. Furthermore, 

HOX genes require protein cofactors to efficiently bind DNA, and we observed that 

two well-known HOX cofactors, PBX1 and MEIS1, were also expressed in C0 (W. F. 

Shen et al., 1996, 1997). HOXA9 and HOXB4 and their effectors have been 

repeatedly featured in gene sets associated with human HSCs (Doulatov et al., 2010; 

Guo et al., 2013; Velten et al., 2017) 
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Figure 4.5. HSC gene expression signatures in CD34-/CD38-/CD93+/CD117Hi cells 

A. Expression of genes associated with HSC function and phenotype across 
clusters. 

B. Expression of heptad transcription factor genes and GATA1. 
 

Transcription factors often must act in concert to activate stem cell and differentiation 

programmes. RUNX1, GATA2, TAL1, LMO2, FLI1, ERG, and LYL1, collectively 

known as the heptad transcription factors have been shown to have overlapping 

binding in human CD34+ HSPCs and a murine progenitor cell line (Beck et al., 2013; 

Wilson et al., 2015). All seven factors were expressed by cells in clusters 0 through 

4 (Fig. 4.5B).  

GATA2 and GATA1, transcription factors, heavily implicated in 

megakaryocytic/erythroid differentiation, were both highly expressed in clusters 3 

and 4 (Fig. 4.5B). GATA1 has been well characterised as a lineage-specific 

transcription factor of crucial importance during erythroid and megakaryocyte 

development (Vodyanik et al., n.d.; Weiss & Orkin, 1995; Welch et al., 2004). 

Together with ZFPM1 (FOG-1) GATA1 supplants GATA2 at GATA DNA binding sites 

to orchestrate the erythroid differentiation programme (Anguita et al., 2004; Hamlett 

et al., 2008; Hoffmann & Spengler, 2019; Welch et al., 2004). ZFPM1 expression 

correlated with GATA1 in C3 and C4 (Fig. 4.6B). Transferrin receptor genes, TRFC 

and TFR2 which are important for intracellular iron trafficking, were also most highly 

expressed in these clusters along with expression of the core erythropoietic LDB1-

complex, TAL1, LMO2, LDB1, and TCF3 (E2A) (Love et al., 2014). EPOR was 

detected only at very low levels in both clusters, which may be due to the technical 

limitations. A number of other erythrocyte-associated genes such as CNRIP1, ANK1, 

and CD36 were detected in both clusters, but were higher in C4 (Psaila et al., 2016). 

On the other hand, a number of megakaryocyte-specific genes were also 

expressed in clusters 3 and 4. RUNX1, FLI1, and NFE2, known transcriptional 

regulators of megakaryocyte maturation, were expressed in these populations, 

though at low levels (Fig. 4.6B). Genes CLU (Clusterin) and ITG2B (CD41), both 

associated with megakaryocyte maturation, were also expressed at low levels in 

clusters 3 and 4 (Fig. 4.6B) (Tschopp et al., 1993). It is possible that the presence of 

GATA2 in these cells is responsible for inducing the expression of these genes 

(Huang et al., 2009).  
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During erythroid maturation heme synthesis precedes globin production, and we 

observed that a number of genes coding for enzymes in the heme synthesis pathway 

were expressed in C3 and C4 (Fig. 4.6A). Notably, HMBS, UROD, UROS, PPOX, 

FECH appeared more highly expressed in C4 compared to C3 (Fig. 4.6A). In contrast 

a large number of globin genes as well as haemoglobin chaperon gene, AHSP, were 

highly expressed by cells in cluster 5 (henceforth C5), which identifies this population 

of cells as more mature erythroid cells (Fig. 4.6A). Heme synthesis genes were not 

expressed by cells in C5, and globin genes were only poorly expressed in C3 and 

C4 (Fig. 4.6A).  

The process of erythroid differentiation is intimately coupled with the cell cycle. 

Cell cycle scoring demonstrated that C3 is predominantly composed of cells in G1, 

whereas C4 is highly enriched for cells in the S phase (Fig. 4.4). This was of particular 

interest, as it has been shown in mouse foetal liver, that erythroid terminal 

differentiation occurs in the S-phase of a single cell cycle (Pop et al., 2010). Studies 

in cell lines have also suggested a role for GATA1 in modulating G1-phase arrest 

during erythroid maturation (Rylski et al., 2003).  It is possible that C3, C4 and C5 

represent three distinct stages of erythroid maturation. While both C3 and C4 

expressed genes indicating active heme synthesis, cells in C3 were predominantly 

arrested in G0/1, while C4 cells were in the S-phase. This could indicate distinct 

erythroid stages, but differential expression of cell cycle genes could also explain the 

split of the two largely similar clusters by cell cycle phase. With the high expression 

of globin genes, C5 would certainly comprise of more mature erythroid cells.  
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Figure 4.6. Megakaryocyte and erythroid gene expression 

A. Violin plots of expression of genes coding for key heme synthesis enzymes 
(column 1) and globin proteins (column 2). 
B. Violin plot of expression of genes involved in erythroid and megakaryocyte 
maturation. 
 

In C6, we found that the top most highly expressed genes, were LYZ, SPI1, 

and CEBPB, which was strongly suggestive of myeloid cells (Fig. 4.7A). In addition, 

we found that the genes CD14, ANPEP (CD13), IRF8, and CD68 were active (Fig. 

4.7A). These code for cell surface markers strongly associated with monocytes at 

various stages of maturation (Ingersoll et al., 2010; Ziegler-Heitbrock & Hofer, 2013). 

However, the mature monocyte marker FCGR3A (CD16) was not expressed (data 

not shown). The two subunits of the IFNγ (Interferon-γ) receptor were also both 

expressed in C6. IFNγ signalling has been shown to be important in inducing HLA-

DR expression in monocytes, which we also could detect at high levels in cluster 6 

(Orchansky et al., 1986). TLR2, a monocyte-associated toll-like receptor, was also 

present in C6 cells (Fig. 4.7A) (Ropert, 2019).  
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Figure 4.7. Highly expressed genes in clusters 6 and 7 

A. Violin plots of the expression of myeloid genes across clusters. 
B. Violin plot of the expression of NK and mast cell/basophil markers across 
clusters. 
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Cluster 7 (C7) was split in two distinct UMAP populations, one closer to cluster 

6 and one closer to cluster 2. One of the top expressed genes in the cluster was 

KLRB1 (CD161), which is a notable NK cell marker (Fig. 4.7B) (Baev et al., 2004; 

Berzins et al., 2005). When looking into other NK cell genes, we found that neither 

of the classical CD16 and CD56 cell surface markers were expressed in the whole 

dataset. While, NK cells can be double negative for both of these, genes such as 

IFNγ, CD90, PRF1, GZMA and GZMB also weren’t expressed in the dataset. In 

addition, key transcription factors for NK cell development, EOMES and TBX2 were 

missing (Luetke-Eversloh et al., 2013).  

KLRB1 is also strongly associated with lymphoid or lymphoid like cell 

populations. EOMES and TBX21 are also crucial in the differentiation of innate 

lymphoid cells (ILCs) of type 1, while RORC and GATA3 have been shown to be 

upregulated in the differentiation of ILCs type 3 and ILCs type 2, respectively (Spits 

et al., 2013). While RORC was not expressed, GATA3 was present in C7. RORA, a 

transcription factor implicated in ILC type 2 cells, could also be detected.  

Additionally, IL7Rα, an ILC 2 cell surface marker, was also expressed at high levels 

by cells in C7 (Fig. 4.7B).   

Type 2 ILCs secrete IL-5 and IL-13, but we could observe no transcripts for 

either of the interleukins. As IL-7 signalling is important in the maturation of innate 

lymphocytes and the IL-7 receptor was present in these cells, it is possible that this 

population consists of immature type 2 ILCs. This is further supported by the 

presence of ID2 in these cells, which has been shown to be expressed in NK and 

ILC precursors (Fig. 4.7B) (Boos et al., 2007). 

Compelled by the partitioned structure of the cluster, we investigated the 

distribution of some of the markers. We found that all markers involved in the ILC2 

gene signature localized to just one of the subclusters (termed C7.1). Cluster 7.2, 

localizing closer to C2 expressed high levels of CD9, CD63, CD151, HDC and a 

number of FCεRs (FC-epsilon receptors) (Fig. 4.8B). FCεRs are IgE receptors that 

can be expressed on B cells, eosinophils, basophils and mast cells. In C7.2, we 

observed no expression of the low-affinity FCER2, characteristic of B cells. However, 

all three high affinity FCεRs, FCER1A, FCER1G, and MS4A2 (FCERI) were 

expressed only in C7.2 (Fig. 4.8B) (Prussin & Metcalfe, 2006). Additionally, CD9, 

CD63 and CD151 tetraspanins, have been shown to be important in degranulation 

of mast cells and to interact with FCεRs (Köberle et al., 2012). Another distinctive 
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feature of this subcluster was the expression of GATA2, which was absent from C7.1 

(Fig. 4.8B). GATA2 has also been shown to be important in mast cells by regulating 

the expression of HDC, a key enzyme in the biosynthesis of histamine in mast cells 

and basophils (Y. Li et al., 2016).  

 

Figure 4.8. Distinct expression patterns between subclusters in cluster 7 
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A. Three highly expressed genes (KLRB1, IL7R, RORA) in subcluster 7.1 

(black circle). 

B. Three highly expressed genes (FCER1G, CD9, GATA2) in subcluster 7.2. 

(black circle) 

Following the examination of the highest expressed genes in the eight 

clusters, in our dataset generated from the sequencing of FACS-sorted, CD34-

/CD38-/CD93+/CD117Hi cells, we established that C0, C1, and C2 were highly 

enriched in classical HSC genes. Some of these genes were also expressed in C3, 

but in the UMAP projection of the data, C3 was localised further from the C0, C1, 

and C2 group, and placed closer with C4. C3 and C4 were expressing genes 

associated with the erythroid and megakaryocyte lineages as well as a number of 

erythroid differentiation genes such as GATA1, TFR2, TFRC and genes coding for 

heme synthesis enzymes. Further down the erythroid lineage, we placed C5 with the 

high expression of globin genes and chaperone, AHSP, suggesting haemoglobin 

assembly in these cells.  

With the expression of CEBPB, SPI1, CSF2RA, we identified C6 cells as 

myeloid. The expression of CD14, ANPEP (CD13) and IRF8 further suggested that 

C6 is likely monocytes.  

Finally, we managed to divide C7 into two subclusters, C7.1 and C7.2. We 

found that C7.1 was expressing genes KLRB1 and IL7R, and transcription factors 

associated with innate lymphoid cells of type 2 such as GATA3 and RORA. C7.2, 

conversely expressed a few distinct cell surface markers and tetraspanins, CD9 and 

CD63. In addition, FCεRs, important mediators of the allergen-induced immune 

response, localised specifically to C7.2.  

 

4.3 Characterisation of HSC molecular signatures  

Due to contaminating differentiating cells that we characterised in the dataset, 

the next step in our analysis was to subset C0, C1, and C2, which we found were 

enriched for HSC signature genes. Despite high expression of erythroid and heme 

synthesis genes, we also included C3 in this part of the analysis as this cluster 

expressed all of the heptad transcription factors and consisted largely of cells in the 

G1 phase. After subsetting, the data were rescaled to ensure subtle differences in 



Chapter 4 Results 

 

115 

 

gene expression between the clusters will be captured. Despite increasing the 

resolution of the analysis, the clustering algorithm yielded 4 clusters again (Fig. 4.9). 

This indicates 4 clusters sufficiently group the data according to patterns of gene 

expression.  

As the data was clustered again, the new cluster identities do not correspond 

to the numbers that may have applied in the initial analysis. For clarity, the cluster 

identity in this follow-up analysis will be referred to HSC0, HSC1, HSC2 and HSC3. 

Relying on UMAP for dimensionality reduction, we found that HSC0 and HSC3 

clustered closely together (Fig. 4.9A). HSC1 clustered close to HSC3, but was further 

away from HSC2. The gene expression heatmap of the top 25 expressed genes per 

cluster showed that HSC2 had high expression of a number of genes associated with 

the erythroid lineage, GATA2, CNRIP1, and ZEB2 (Fig. 4.9B). This cluster also 

appeared to share few of its top 25 most highly expressed genes with other clusters 

(Fig. 4.9B). Conversely, HSC0, HSC1, and HSC3 appeared to share the expression 

of some genes (Fig. 4.9B).  

In HSC0, ID1 and ID2 stood out as the top expressed genes. In mouse, the 

former has been shown to be suppressor of lymphoid fate, while in humans they 

have been reported to be more enriched in HSCs compared to progenitor 

populations (Cochrane et al., 2009; Doulatov et al., 2010; Jankovic et al., 2007; Notta 

et al., 2011). ID2 has further been confirmed to be highly expressed in human HSCs 

and shown to drive cells toward the myeloid lineage and maintain HSC self-renewal 

(van Galen et al., 2014). MEG3, coding for a long-noncoding RNA, specifically 

expressed in murine LT-HSCs was expressed in HSC0 (Sommerkamp et al., 2019).  

HSC1 was characterised by high expression of HOPX, SOCS2, and SOCS3 which 

have all been associated with HSCs (Fig. 4.9B). Another top expressed gene in this 

cluster was CEBPB, which was also present in C0-2 in the initial analysis.  

Finally, HSC3 stood out with a number of genes associated with the lymphoid lineage 

such as IGHM, MZB1, and LTB1. Two NFκβ inhibitors, NFKBIA and NFKBIE were 

also in the HSC3 top 25 (Fig. 4.9B).  
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Figure 4.9. Re-clustering of HSC-like subsets from primary analysis 

A. Newly calculated clusters of the data subsets mapped onto a UMAP projection 
of the data. 
B. Heatmap of top 25 highly expressed genes across the four clusters.  
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As the top expressed genes in HSC2 were associated with the erythroid and 

megakaryocyte lineages, it is likely this cluster represented C3 in the initial analysis, 

which also had an MEP signature. We checked for the expression of similar genes 

in HSC2, and found genes such as GATA1, TFR2, HBD, and CNRIP1, distinctly 

erythroid genes to be expressed (Fig. 4.10). Other detectable genes in this cluster 

included GATA1 binding partners, TCF3 (E2A), and LMO2 (Fig. 4.10). Two other 

important GATA1-interacting proteins ZFPM1 (FOG-1) and LDB1 were also 

expressed, but by a small number of cells. Similar to what we observed in C3 in the 

initial analysis, a small number of cells expressed low levels of EPOR, which could 

indicate early stage of erythroid development. What we found compelling was that 

ITGA2B (CD41) and PLEK transcripts were also present at high levels in significant 

number of cells. However, we could not detect characteristic megakaryocyte genes 

such as THPO, MPL, VWF, and NFE2.  

 

Figure 4.10. Erythroid gene signature in HSC2 

Violin plots of expression of erythroid genes and ITGA2B across HSC0-3. 
 

A few haematopoietic transcription factors were present in HSC2, most 

notably GATA1, GATA2 and TAL1 (Fig. 4.11). KLF1, however, a potent 

transcriptional regulator of the erythroid fate was absent. GATA2 was more highly 

expressed than GATA1, which taken together with the low expression of GATA1 

partners ZFPM1, TCF3 and LDB1 implies the cells in this cluster may still retain 
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capacity to differentiate toward the megakaryocyte fate (Fig. 4.10 & 4.11). It is also 

possible with the presence of both FLI1 and GATA1 that this is an MEP-like 

population with the potential to generate both lineages (Fig. 4.11).  

 

Figure 4.11. Haematopoietic transcription factor expression across clusters 

Violin plots of haematopoietic transcription factor genes (points represent individual 
cells).  

 

GATA2 was expressed by few cells in clusters HSC0, 1 and 3, while LMO2, 

RUNX1, and LYL1 featured in all four (Fig. 4.11). In addition, HSC1 expressed FLI1 

and ERG.  

Given the expression of lymphoid genes in HSC3 and suppressors of the 

lymphoid fate in HSC0, we investigated the status of other key genes involved in the 

regulation of lymphoid fate commitment (Fig. 4.9B). We didn’t observe any 

expression for EBF1, PAX5 or CD19, and found only small number of cells 

expressing GFI1 (Fig. 4.12). EBF1 target genes CD79A and CD79B also weren’t 

expressed. On the other hand, ETS1 was present in HSC0 and HSC1, and IKZF1 

highly expressed in all clusters but at lower levels in HSC2. Looking more closely at 

other genes associated with lymphoid cells, HSC3 expressed LTB, BCR, ADA, and 

SYK (Fig. 4.12). These genes were also present in HSC1, but were absent from 

HSC0. Given the expression of ID1 and ID2, lymphoid fate may be supressed in this 
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cluster. TCF7 regulator of T-cell and innate lymphoid cells was also upregulated in 

HSC3 (Harly et al., 2020). Overall, HSC3 and HSC1 showed a robust expression of 

lymphoid genes, though key genes in lymphoid commitment were not detected, 

suggesting lymphoid priming rather than engagement of lymphoid commitment. 

 

Figure 4.12. Lymphoid gene expression in HSC0-3 

Violin plots of the expression of lymohoid genes across clusters (points represent 
expression in individual cells). 
 

Suppression of lymphoid fates in HSCs has been tied with HSC maintenance 

as well as myeloid priming, so we looked into some myeloid genes. CEBPB was 

highly expressed in HSC1, but it was expressed also by a significant number of cells 
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in HSC0 and to lesser degree HSC3 (Fig. 4.13). Other members of the CEBP family 

were not expressed. SPI1 was only present in few cells in HSC1, HSC2 and HSC3. 

We also observed some LYZ expression in both HSC1 and HSC3. Interestingly, 

CSF3R was expressed in HSC0, 1 and 3 (Fig. 4.13). In addition, a few genes 

previously described as markers of immature myeloid progenitors, CD52, SPINK2 

and SELL, were all expressed in these clusters as well (Velten et al., 2017). EVI2B, 

a target gene of CEBPA and a known regulator of granulopoiesis, was also 

expressed in HSC0, HSC1, and HSC3 (Zjablovskaja et al., 2017). In terms of other 

transcription factors, we looked into ERG, EGR1, GATA2, MYB and IRF8. All except 

IRF8 were present in HSC2, while ERG, EGR1 and MYB were also detectable in 

HSC1 (Fig. 4.13). While MLPs tend to express predominantly lymphoid genes and 

GMPs predominantly myeloid, LMPPs tend to share gene signatures with both 

populations (Karamitros et al., 2018). We also showed that HSC0-2 express PBX1 

which has been implicated in supressing myeloid differentiation, while maintaining 

the lymphoid potential of LMPPs (Ficara et al., 2013).  
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Figure 4.13. Myeloid gene signatures 

Violin plot of expression transcription factors and genes associated with myeloid 
cell fates in HSC0, 1, 2, and 3.  
 
 

Finally, we looked into the expression of HSC-like genes. By looking at about 

20 genes that have well-described associations with HSC either functionally or as 

cell surface markers, we found that the majority of them were most highly expressed 

in HSC1 (Fig. 4.14). This included HOPX, HLF, MLLT3 and SPINK2. HOX genes 

HOXA9 and HOXB4 were also present at higher levels in this cluster. Suppressors 

of cytokine signalling SOCS2 and SOCS3 were also highly expressed, and taken 

into account that CSF3R is also present in HSC1, suggests that cells in this cluster 
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may be refractory to G-CSF (CSF3) stimulation. In terms of cell surface marker 

expression, this cluster was also well endowed with expression of CD34, PROM1 

and CXCR4. While flow cytometry analysis has been unable to confirm the 

expression of PROM1 on the surface of CD34-/CD38-/CD93+/CD117Hi cells, we 

cannot discount the possibility that it could still be transcribed. On the other hand, 

CXCR4 has been suggested previously as a potential purification marker for CD34- 

HSCs (Bhatia et al., 1999; Danet et al., 2002). A compelling marker we found to be 

expressed by HSC1 was CLEC9A, which has been recently reported to mark a 

CD34Low population enriched for HSC with long-term multipotent repopulation 

potential (Belluschi et al., 2018).  

In summary, our downstream analysis identified the expression of erythroid 

and megakaryocyte genes in HSC2. Interestingly, we found a number of lymphoid 

genes to be expressed in HSC0, 1, and 3, with HSC3 expressing higher levels of 

more mature lymphoid markers. While we found key lymphoid transcription factors 

like ETS1, TCF7 and IZKF1 to be expressed, some important regulators of more 

advanced lymphoid maturation like GFI1, EBF1 and PAX5 were absent which could 

indicate early lymphoid priming. In a similar pattern, we found myeloid TFs SPI1 and 

CEBPB to be present in HSC1, but very few cells to express IRF8. On the other 

hand, CSF3R was present in HSC0, 1, and 3, and low levels of LYZ in HSC1 and 

HSC2. Finally, we showed that a number of HSC regulators and markers were 

present in HSC0, 1, and 3, with high levels in HSC1. Some of these regulators 

included key transcription factors and transcription factor binding partners like HLF, 

HOPX, HOXA9, HOXB4, MEIS1, and PBX1. This promiscuous expression of 

transcription factors associated with different lineages was highly compelling as it 

has been previously shown to be characteristic of early HSCs (Miyamoto & Akashi, 

2005). What we also found interesting was the expression of CLEC9A, which has 

been recently shown to mark a population of immature populations of HSCs in cord 

blood (Belluschi et al., 2018).  
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Figure 4.14. HSC transcription factors, regulators and markers 

Violin plots of expression of functional and cell surface markers in clusters HSC0, 
1, 2, and 3 
 

4.4 Molecular pathway enrichment in HSC-like subsets of the 

CD34-/CD38-/CD93+/CD117Hi population 

Our attempt to characterise the identities of the subset HSC-like clusters, while 

successfully pointing out some differences, was still strongly suggesting that HSC0, 

HSC1, and HSC3 are highly similar. To further elucidated the differences between 

these populations we undertook GO processes enrichment analysis using the R 

package ClusterProfiler, which relies on the Bioconductor GO.db package as a gene 
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ontology repository. We calculated differentially expressed genes for each HSC 

cluster and excluded insignificant genes (Adjusted p-value>0.05). For the GO 

analysis, we calculated enriched GO processes separately for upregulated and 

downregulated processes for each cluster.  

HSC0 stood out with having far more downregulated than upregulated genes, 

132 and 56, respectively. Consequently, we found far more downregulated 

processes compared to upregulated ones. One of the top upregulated process that 

immediately stood out was related to regulation of mRNA catabolism, suggesting 

degradation of mRNA being an active process in these cells (Fig. 4.15). Another 

upregulated process that was indicative of the potential quiescence of this cluster 

compared to the rest was downregulation of protein secretion. Ossification is process 

that has been shown to be regulated by BMP signalling, and we observed that both 

negative regulation of ossification and BMP signalling are downregulated in this 

cluster. We also saw positive regulation of T cell-mediated immunity to be 

upregulated in HSC0, which was driven solely by the expression of HLA genes. On 

the other hand, the processes that were downregulated in this cluster included 

oxidative phosphorylation and ATP synthesis (Fig. 4.15). Quiescent HSCs are 

thought to be metabolically inactive and reliant on glycolysis rather than oxidative 

phosphorylation (Simsek et al., 2010; Takubo et al., 2013; Umemoto et al., 2018; 

Vannini et al., 2016). This could be a strong indicator that this is the most quiescent 

portion of the HSC-like subset, and its low metabolic state may also explain why 

catabolic mRNA processes are highly active.  
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Figure 4.15. Gene ontology processes enrichment in subset HSC0 of the CD34-

/CD38-/CD93+/CD117Hi population 

Bar plot of significantly enriched GO processes. Values on plotted on the x axis 
represent –log10 of adjusted p values for upregulated processes and log10 of 
adjusted p values for downregulated processes. Respective GO processes 
accession numbers are GO:0030279, GO:0061014, GO:0002711, GO:0030514, 
GO:0050709, GO:1901987, GO:0000398, GO:0002283, GO:0042776, 
GO:0006119 
 

The most highly enriched process in HSC1, “response to interferon-gamma”, 

came as a surprise as we could detect no expression of the IFNγ receptors, IFNGR1 

and IRNGR2 (Fig. 4.16A). Similarly, we could only detect very low expression of well-

known targets of IFNγ signalling like IRF2, IRF8, and IRF9, while others like IRF1, 

RELA and JUN were also expressed in other clusters (Fig. 4.16B). Two other 

processes that were upregulated were related to myeloid cell differentiation and 

neutrophil degranulation. We already noted that this cluster stood with a robust 

myeloid gene signature. Interestingly, erythrocyte homeostasis also came up in the 

upregulated processes due to genes like KLF2 and ZEB1. Downregulated processes 

involved RNA splicing, which we found compelling as it has been shown that 

quiescent HSCs are more enriched for unspliced transcripts (Bowman et al., 2006). 

However, alternative splicing feature in latter commitment, as it has been shown that 

the rate of intron retention increases in as granulocytes mature from promyelocytes 

which has been tied with drop of expression of splicing factors (J. Wong et al., 2013). 

Another report has also shown that knockout of RUNX1 alternative splicing isoforms 

in mouse resulted in significantly lower HSC numbers (Komeno et al., 2014). 

 



Chapter 4 Results 

 

126 

 

Figure 4.16. Gene ontology processes enrichment in subset HSC1 of the CD34-

/CD38-/CD93+/CD117Hi population 

Bar plot of significantly enriched GO processes. Values plotted on the x axis 
represent –log10 of adjusted p values for upregulated processes and log10 of 
adjusted p values for downregulated genes. Respective GO processes accession 
numbers are GO:0034341, GO:0045123, GO:0030099, GO:0043312, 
GO:0034101, GO:0005767, GO:0034248, GO:0006417, GO:0002218, 
GO:0000380. 
 

In HSC2, we found that the top upregulated processes are neutrophil and 

platelet degranulation, which involve similar set of genes (Fig. 4.17). This confirms 

our previous observation that some megakaryocyte genes were observed in this 

cluster. Another two connected processes were DNA synthesis and telomere 

maintenance, which could suggest that this cluster is enriched for cells preparing to 

enter S phase of the cell cycle. Protein folding is also a key process in the gradual 

maturation of specialised cells such as erythrocytes and megakaryocytes which must 

assemble large proteins such as haemoglobin or to expand the cell membrane in 

preparation for endomitosis. Some of the downregulated processes included myeloid 

and lymphoid differentiation, confirming that HSC2 is enriched for cells committed 

toward the megakaryocyte-erythroid lineage.  

 

 
 
Figure 4.17. Gene ontology processes enrichment in subset HSC2 of the CD34-

/CD38-/CD93+/CD117Hi population 

Bar plot of significantly enriched GO processes. Values plotted on the x axis 
represent –log10 of adjusted p values for upregulated processes and log10 of 
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adjusted p values for downregulated genes. Respective GO processes accession 
numbers are GO:0043312, GO:0002576, GO:2000573, GO:0006457, 
GO:0010833, GO:0030099, GO:0030098, GO:0002683, GO:0042113, 
GO:0034341 
 

In HSC3, we found that the top upregulated processes confirmed our earlier 

observations that this cluster is highly enriched for more late lymphoid genes. The 

biological processes upregulated in this cell population were involved with regulation 

of lymphocyte activation, lymphocyte/leukocyte proliferation and leukocyte migration 

(Fig. 4.18). In the downregulated processes, what stood out was the downregulation 

of MHC II class protein complex genes, which suggests that this cluster may 

represent a population with stronger divergence from the transcriptional programmes 

of innate immune cells, compared to HSC0 and HSC1. 

 
Figure 4.18. Gene ontology processes enrichment in subset HSC2 of the CD34-

/CD38-/CD93+/CD117Hi population 

Bar plot of significantly enriched GO processes. Values plotted on the x axis 
represent –log10 of adjusted p values for upregulated processes and log10 of 
adjusted p values for downregulated genes. Respective GO accession numbers 
are GO:0051249, GO:0050900, GO:0050670, GO:0032944, GO:0070663, 
GO:0032355, GO:0043434, GO:0060749, GO:0051591, GO:0042613. 
 
 

In summary, GO processes upregulated in HSC2 and HSC3 suggested the 

two populations may be slightly more mature with clearer signatures toward the 

megakaryocyte-erythroid and lymphoid lineages, respectively. In HSC3 we saw 

downregulation of MHC II genes with strong upregulated lymphoid signature. In 
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HSC2, platelet degranulation and protein folding were upregulated, while processes 

related to the myeloid and lymphoid lineages were downregulated.  

On the other hand, HSC0 and HSC1 were harder to type. We found very few 

upregulated genes in HSC0 and larger number of downregulated genes. One of the 

most upregulated processes in this cluster was mRNA catabolic processes which 

suggest active post-transcriptional gene silencing. On the other hand, oxidative 

phosphorylation and mitochondrial ATP synthesis were downregulated. We found no 

significant overrepresentation of genes involved in glycolysis in this cluster, but the 

strong downregulation of genes involved in mitochondrial activity could indicate 

quiescence. In HSC1, we saw processes like myeloid differentiation, neutrophil 

degranulation and erythrocyte homeostasis. It has been previously reported that 

myeloid and erythroid transcriptional programmes overlap (Laurenti et al., 2013). 

What we also found was significantly downregulated in HSC1, was alternative 

splicing programmes. Higher frequency of unspliced transcripts in HSCs has been 

reported before, but not fully elucidated in terms of functionality (Bowman et al., 

2006).  

 

4.5 Pre-ranked gene set enrichment analysis reveals different 

haematopoietic signatures within the HSC-like subsets of 

the CD34-/CD38-/CD93+/CD117Hi population  

While HSC2 and HSC3 appeared to contain more committed cells, we were 

interested to find out if lineage priming programmes may be already occurring in 

HSC0 and HSC1. Published gene sets generated from highly purified human HSC 

and progenitor populations and lineage-priming gene modules were used to conduct 

gene set enrichment analysis on the four subset clusters (Table 4.1). A pre-ranked 

GSEA was ran for each of the HSC clusters. The average log fold change was used 

to rank all significant differentially expressed genes for each cluster.  
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Gene Set Name Number 

of Genes 

Reference 

HAY_BONE_MARROW_CD34_POS_HSC 127 (Hay et al., 2018) 

EPPERT_CE_HSC_LSC 41 (Eppert et al., 2011) 

EPPERT_HSC_R 126 (Eppert et al., 2011) 

ZHENG _PUTATIVE_MEGAKARYOCYTE_PROGENITOR 98 (Zheng et al., 2018) 

ZHENG_MEGAKARYOCYTE_ERYTHROID_PROGENITOR 98 

ZHENG _PUTATIVE_EARLY_ERYTHROID_COMMITMENT 100 

ZHENG _HSC_MULTIPOTENT_PROGENITOR 97 

ZHENG_LYMPHOID_PRIMED_MULTIPOTENT_PROGENITOR_1 95 

ZHENG_LYMPHOID_PRIMED_MULTIPOTENT_PROGENITOR_2 97 

ZHENG_GM_PROGENITOR 100 

ZHENG _MULTILYMPHOID_PROGENITOR 97 

ProB_250 250 (Laurenti et al., 2013) 

MLP_250 250 

MEP_250 250 

HSC_250 250 

GMP_250 250 

ETP_250 250 

EarlyB_250 250 

CMP_250 250 

Table 4.1. Gene sets used in the gene set enrichment analysis, number of genes 

in each list and source publication. 

 

We found that HSC0 was significantly enriched for two HSC-specific gene 

signatures. Both gene sets were generated from population-specific studies that 

isolated and defined HSCs by positive CD34 cell surface marker expression  

(Laurenti et al., 2013; Zheng et al., 2018). The normalized enrichment scores (NES) 

of 3.8 and 2.5 indicated a strong overrepresentation of CD34+ HSC-specific 

signatures among the top-most upregulated genes in HSC0. This cluster had 

significant negative enrichment for one GMP gene set, indicating downregulation of 

myeloid genes.  



Chapter 4 Results 

 

130 

 

 

Figure 4.19. HSC0 population-specific enriched gene signatures 

Normalised enrichment scores (NES) for significantly (adjusted p-value<0.05)  
enriched gene signatures in HSC0. Bar with blue fill represents a signature with 
adjusted p-value=0.085). 
 

Similarly to HSC0, HSC1 was also significantly enriched for two separate 

HSC signatures, but also for an LMPP signature (Fig. 4.20). More specifically, the 

authors of the source of this gene set showed that cord blood LMPPs, characterised 

as CD34+/CD38-/CD45RA+ could be subdivided into two populations based on CD52 

and CSF3R expression which correspond to a lymphoid-primed and myeloid-primed 

LMPP, respectively (Zheng et al., 2018). HSC1 is enriched for the LMPP signature 

associated with stronger lymphoid priming. In accordance with the LMPP-like state 

of this cluster, one of the negatively enriched signatures is of MEPs, suggesting 

these cells may be losing their megakaryocyte-erythroid potential. In addition, the 

neutrophil-associated gene module, TRIM28_YBX1, is also negatively enriched in 

this cluster, which is supportive of the rest of the analysis, asserting the enrichment 

in this cluster for lymphoid gene signatures (Velten et al., 2017). 
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Figure 4.20. HSC1 population-specific enriched gene signatures 

Normalised enrichment scores (NES) for significantly (adjusted p-value<0.05) 
enriched gene signatures in HSC1.  
 

HSC2 was significantly enriched only for MEP, early erythroid and 

megakaryocyte gene signatures. A number of genes associated with the lymphoid 

and myeloid lineages were downregulated, including LMPPs, MLPs, early thymic 

precursors (ETPs) as well as GMPs. Because the differentially expressed genes for 

each cluster are computed against the rest of the clusters, the presence of so many 

negatively enriched lymphoid signatures, implies these are positively enriched in the 

rest of the data. There was also strong negative enrichment for HSC gene 

signatures, suggesting this cluster is largely comprised of more committed cells.  



Chapter 4 Results 

 

132 

 

 

Figure 4.21. HSC2 population-specific enriched gene signatures 

Normalised enrichment scores (NES) for significantly (adjusted p-value<0.05)  
enriched gene signatures in HSC2. 
 

HSC2 was also positively enriched for a number of megakaryocyte/erythroid-

associated gene modules (Fig. 4.22) (Velten et al., 2017). Two of these signatures, 

GMPR_MINPP and NFE2_GATA2 are associated with MEPs, while 

CBFA2T3_STAT3 and GP1BB_PBX1 are megakaryocyte specific. While we found 

no enrichment for erythroid-restricted gene modules, we have observed a number of 

erythroid genes in this cluster as well. The negatively enriched gene signature, 

mirrored the population specific GSEA in consisting of lymphoid (EBF1_ID3 and 
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FLT3_SATB1) and HSC (HLF_ZFP36L2) signatures. While the downregulated gene 

expression profile of this population appeared enriched for some GMP gene 

signatures, no CMP signatures or myeloid gene modules were significantly 

downregulated. Therefore, the myeloid potential of this population remains to be 

addressed.  

 

 

Figure 4.22. HSC2 gene module-specific enriched signatures 

Normalised enrichment scores (NES) for significantly (adjusted p-value<0.05) 
enriched gene signatures in HSC2.  
 

The positively enriched gene signatures in HSC3 were predominantly related 

to the lymphoid lineage (Fig. 4.23). One lymphoid-restricted gene module, 

FLT3_SATB1, was also enriched among the upregulated genes of HSC3. Another 

gene set featuring in the positively enriched list was the 

ZHENG_GM_PROGENITOR, bringing the HSC3 gene profile closer to LMPPs, 

which are capable of generating lymphocytes, granulocytes, monocytes and NK 

cells. The negatively enriched gene sets were related to the erythroid, myeloid 
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progenitors and HSC populations. An MEP signature was also negatively enriched 

but not significant.  

 

Figure 4.23. HSC3 population-specific enriched signatures 

Normalised enrichment scores (NES) for significantly (adjusted p-value<0.05) 
enriched gene signatures in HSC3. Bar with green fill represents a signature with 
adjusted p-value=0.08. 
 
 

Through GSE analysis, we have reasserted the gene expression profiles of 

HSC2 and HSC3 are respectively enriched for Mk/E and lymphoid transcriptional 

programmes. HSC2 was positively enriched for multiple population-level and gene-

module signatures related to the megakaryocyte and erythroid commitment. HSC3 

had positive enrichment in LMPP, MLP and the lymphoid FLT3_SATB1 gene 

module. Both HSC2 and HSC3 were negatively enriched for HSC gene signatures, 

suggesting they are more mature than HSC0 and HSC1. 

HSC1 was enriched for LMPP as well as HSC gene expression programmes. 

This suggests a level of lymphoid priming in this subset. On the other hand, HSC0 

had no positively enriched programmes apart from ones related to HSCs. With no 

other lineage-associated genetic programmes prevailing in this subset, it is possible 

these cells are most immature in the dataset.  

To elaborate the differences between HSC0 and HSC1 we conducted pre-

ranked GSE analysis on the significant differentially expressed genes between the 

two clusters. HSC0 was significantly enriched for one HSC signature confirming it as 

the cluster with the stronger HSC gene expression profile (Fig 4.24). HSC0 was also 
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enriched for an LMPP signature which also co-expresses neutrophil/monocyte gene 

programmes (Zheng et al., 2018). HSC1 was enriched for GMP and early erythroid 

gene signatures, which falls in agreement with earlier observations that this cluster 

expresses a mixture of genes associated with erythroid and myeloid lineages such 

as CEBPB, ZEB2 and KLF2. The GSE analysis suggested that the LMPP signature 

expressing higher lymphoid gene modules was also enriched in HSC1 but this 

enrichment was not significant (p=0.11). 

 

Figure 4.24. HSC0 vs HSC1 population-specific enriched signatures 

Normalised enrichment scores (NES) for significantly (adjusted p-value<0.05) 
enriched gene signatures in differentially expressed genes between HSC0 and 
HSC1. Positive NES represent enrichment in HSC0 (coral bars) and negative NES 
represent HSC1 enrichment (green bars). 
 

HSC0 and HSC1 both appeared to be expressing HSC and lymphoid primed 

gene programmes. While HSC0 has a less dynamic transcriptional profile, HSC1 

expresses some myeloid and erythroid gene signatures as well.  

 

4.6 Integration of CD34+ and CD34- HSC single cell RNAseq 

datasets 

As we have established that the CD34-/CD38-/CD93+/CD117Hi population 

contains subsets of cells enriched for HSC genetic signatures characterised in the 

CD34+ population, the next question we wanted to answer is how CD34+ and CD34- 
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HSCs differ. To achieve this, we integrated a population-specific CD34+ HSC dataset 

with our own. We chose this dataset because it was conducted on two sorted 

populations of CD34+/CD38-/CD49f+ HSCs, defined as either CD34Low/CLEC9A+  or 

CD34High/CLEC9A- (Belluschi et al., 2018). The dataset was used to show myelo-

lymphoid lineage restriction occurs in the CD34+/CD38-/CD49f+/CD34High/CLEC9A- 

population, while the CD34+/CD38-/CD49f+/CD34Low/CLEC9A+ fraction was more 

immature (Belluschi et al., 2018).  

We started by conducting our own analysis of the published data, using our 

standard pipeline and obtained two distinct clusters, which is in concordance with the 

original publication of this data. We then plotted a heatmap of the top 25 expressed 

genes, finding 8 of them had also appeared among the top expressed genes in our 

own HSC subset (Fig. 4.25, Table 4.2). Five of these genes overlapped between our 

HSC1 cluster and the Belluschi 0 (B0) cluster.  
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Figure 4.25. Belluschi dataset preliminary analysis  

A. Dimensionality reduction (UMAP) plot with projected clusters. 
B. Heatmap of the top 25 expressed genes across the two clusters. 
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GENE Belluschi Data Cluster HSC Subset Cluster 

FTH1 0 0 

EZR 0 0 

TP53INP1 0 1 

AREG 0 1 

GADD45A 0 1 

FAM30A 0 1 

MAP3K8 0 1 

PHTF1 0 2 

Table 4.2. Overlapping expression of the top 25 expressed genes between the 

Belluschi dataset and our HSC subset with corresponding clusters 

 

To confirm the validity of our analysis pipeline, we also plotted a list of genes 

that had been identified Belluschi and colleagues as differentially expressed between 

the two clusters (Fig. 4.26). While our normalization methods differ, we observed 

similar expression pattern as reported in the publication (Belluschi et al., 2018). 

Taking together, the top 25 expressed genes and the differenatially expressed gene 

expression paterns (Fig. 4.25B & Fig. 4.26), we can confidently conclude that 

Belluschi cluster 0 and Belluschi cluster 1 (henceforth referred to as B0 and B1) 

correspond to the CD49f Subset 1 and CD49f Subset 2, respectively. CD49f subset 

1 was defined as the CD34Low/CLEC9A+ fraction and was shown to have potent long-

term multilineage in vivo engraftment capacity, while the CD49f Subset 2 

(CD34+/CLEC9A-) had long-term engraftment capacity but was myelolyphoid lineage 

restricted (Belluschi et al., 2018). The fact that the B0 cluster shared some highly 

expressed genes with our HSC1 cluster suggested that there may be some 

homology between these two populations. We proceeded to integrate our two 

datasets in order to explore both similarities and differences between the two 

datasets. 
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Figure 4.26. Expression of key genes in CD34+/CD38-/CD90+/CD49f+ published 

dataset. 

Violin plots for gene expression of genes reported to be expressed at varying levels 
by the two subpopulations defined as CD34Low/CLEC9A+ (cluster 0, coral) and 
CD34High/CLEC9A- (cluster 1, turquoise) within the CD34+/CD38-/CD90+/CD49f+ 
population.  
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We used pairwise anchor-based integration provided by the Seurat package 

to integrate our HSC subset with the Belluschi dataset. After scaling, we undertook 

dimensionality reduction, but didn’t recalculate new clusters. Instead we projected 

the former HSC subset clusters onto the UMAP projection (Fig. 4.27A). When we 

plotted UMAP and coloured the cells by their dataset identity, the Belluschi cells were 

primarily divided between our former HSC0 and HSC1 clusters with few cells also 

mapping to the former HSC2 cluster (Fig. 4.27B). To determine how the two Belluschi 

clusters are mapping to our own data, we mapped the cluster number and dataset 

onto the UMAP projection. The two Belluschi clusters still separated with B0 mapping 

to HSC0, while B1 mapped to HSC1 (Fig. 4.27C). A small number of B0 and B1 cells 

were scattered into HSC1 and HSC3, respectively. This visualisation of the 

integrated data suggested that potential similarities between B1 and HSC1 as well 

as B0 and HSC0. However, B0 and B1 remained tightly associated together and 

didn’t disperse into HSC0 and HSC1. So, we proceeded to recluster the data. 
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Figure 4.27. Dimensionality reduction of integrated datasets 

A. UMAP projection of integrated datasets, where clusters represent former cluster 
assignements of the HSC subset and the cells from the Belluschi dataset have 
been assigned to HSC clusters. 
B. UMAP projection of integrated datasets,  where the two datasets have been 
mapped in coral (Belluschi data) and turquise (HSC subset).  
C. UMAP projections of integrated dataset, where different cluster assignments 
have been mapped according to their cluster and dataset identity in their own 
individual analyses.  
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A total of 5 new clusters were computed for the integrated dataset. The new 

clusters maintained similar structures to the original HSC subset clustering, but 

notably some C1 cells that had co-localised with C2 (Fig. 4.27A)  were reassigned  

to C2 in the clustered data (Fig. 4.28A). These cells originally belonged to B0 and B1 

(Fig. 4.28C). A few cells that had been C0 but dispersed in the C1 cluster had also 

been reassigned to C1. An additional cluster, composed of only about 26 cells had 

also appeared in the reclustering. The original Belluschi clusters, B0 and B1, did not 

cluster together but remained separated between C0 and C1, asserting similarities 

in the gene expression profiles between HSC0 and B0 as well as HSC1 and B1.  

When we looked at the cell composition of the different clusters, C0 consisted 

mostly of HSC0 and smaller portion of B0 cells (Fig. 4.28B). C1 was composed 

mostly of HSC1, but also relatively even proportions of B0 and B1 cells. C2 contained 

all the HSC2 cells which were identified as MEP-like with some B1 cells also present 

in this cluster. This was surprising to us as the B1 cluster has been defined in the 

original publication as having limited erythroid differentiation capacity. This 

assignment of cells could potentially be also explained by the fact that meyloid and 

erythroid gene expression signatures overlap. C3 was predominantly composed of 

HSC3 cells as well as B1 and to lesser degree B0 cells. The small C3 cluster was 

made up mostly of HSC0 cells. 

We hypothesised HSC0 was possibly more immature than HSC1, and this is 

supported by a significant proportion of B0, an immature HSC population with 

multilineage capapcity, clustering with HSC0 in our integration analysis. In contrast 

B1, which is myelo-lymphoid lineage restricted was assigned together with HSC1, 

HSC2, and HSC3, the latter two being more mature clusters (Fig. 4.28B). In addition, 

the contribution B0 gradually diminished from C1 to C3, which can suggest that C1 

and C3 are less enriched for immature HSC gene expression signatures. 
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Figure 4.28. Reclustering of integrated datasets 

A. UMAP projection of the integrated Belluschi dataset and the HSC subset with 
recomputed clusters.  
B. Bar plot of the the compositions of the new clusters according to original dataset 
and cluster assignments.   
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By integrating our own HSC subset transcriptomic data with a published 

scRNAseq dataset of two sorted CD34+/CD38- populations with robust repopulation 

and differentiation capacity, we have shown that gene expression similarities exist 

between the CD34- and CD34+ HSCs. Additional information on the levels of maturity 

of the two populations within the published dataset has also enabled us to identify 

HSC0 as more immature cluster compared to HSC1. We have been unable to 

generate differentially expressed gene lists between the two datasets because of the 

fact these tests cannot be carried out on integrated data due to violation of the 

statistical assumptions these analyses rely on. But through the different distributions 

of the separated datasets across clusters, we have shown that the most immature 

B0 cluster has a number of cells that cluster together with HSC1 and HSC3, the latter 

of which we have identified as a more mature cluster. This may imply that even within 

this immature population another level of heterogeneity exists. For our own data, the 

integration also confirmed that HSC1 may share features with both published CD34+ 

populations as it clustered together with cells originally assigned to both B0 and B1. 

 

4.7 Chapter summary and discussion 

In this chapter we have presented an analysis of single cell transcriptomics 

data of the CD34-/CD38-/CD93+/CD117Hi population. Following QC, clustering and 

dimensionality reduction, we used known marker genes to assign identities to the 

different cell populations within our data. We identified a mature myeloid cluster (C6) 

expressing genes coding for cell surface markers such as CD14 and ANPEP as well 

as functional myeloid genes such as LYZ and myeloid transcription factors. We also 

looked in depth into a cluster that was partitioned in two distinct subclusters (C7). 

We showed that one these subclusters (C7.1) was expressing innate lymphoid cell 

gene signature, KLRB1, IL7R, GATA3 and RORA, while the other (C7.2) expressed 

genes such as GATA2, CD9 and HDC, which were indicative of mast cells. We also 

detected a maturing erythroid population (C5) that was expressing high levels of a 

number of globin genes. Two different clusters expressing megakaryocyte and 

erythroid genes were also identified (C3 and C4), with the distinction that C4 was 

highly enriched for S-phase genes, suggesting a maturing erythroid population. 

Expression of known HSC genes identified three distinct clusters (C0-2) as more 
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immature, which compelled us to subset these populations for downstream analysis. 

In this subset we also included C3, which in addition to megakaryocyte and erythroid 

genes, also promiscuously expressed a number of transcription factors associated 

with other haematopoietic lineages.  

After isolating these four clusters, we rescaled and re-clustered the data, which 

resulted again in 4 new clusters. We identified a robust HSC signature in clusters 

HSC0 and HSC1. We also observed an MEP-like signature in HSC2. In addition, we 

also detected a number of lymphoid-associated transcription factors and genes 

expressed in HSC3. Some of these transcription factors were also expressed in 

HSC1 and to lesser degree HSC0. However, we were unable to detect expression 

of more mature lymphoid genes such as EBF1 and PAX5 or their targets, which could 

be indicative of early lymphoid priming events in these cells. 

 We next undertook gene ontology enrichment analysis using differentially 

expressed gene lists for each cluster. The defining features in HSC0 was a low 

number of upregulated genes, positive enrichment for mRNA catabolic processes 

and negative enrichment for oxidative phosphorylation, which were all indicative of a 

highly quiescent cell population with minimal cellular activity compared to the other 

clusters. HSC1 was enriched for pathways associated with myeloid and erythroid 

processes, and negatively enriched for alternative splicing processes. In HSC2, 

processes associated with erythroid and megakaryocyte cell maturation were 

enriched, such as protein folding and DNA synthesis, which also was suggestive of 

a more active cell state. Finally, HSC3 had positive enrichment for processes 

associated with leukocytes.  

Our next step was to conduct pre-ranked GSEA using publicly available HSC 

datasets and population specific gene modules. Using this approach, we showed 

that HSC0 and HSC1 showed significant enrichment for available HSC gene sets, 

while the latter also showed enrichment for an LMPP gene set. HSC2 tightly 

associated with MEP gene sets and MEP gene modules. HSC3 was highly enriched 

for LMPP and MLP gene sets. In addition, both HSC2 and HSC3 had negative 

enrichment for HSC gene sets.  

Finally, we integrated our HSC subsets with a published scRNAseq dataset of 

two sorted CD34+/CD38- HSC populations. We showed that our HSC0 clustered 

predominantly with a population that was identified by the authors of the dataset as 

more immature. On the other hand, the more mature of the published populations 
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associated with HSC1, HSC2, and HSC3, which had also been identified as more 

mature in our earlier analysis. This integration analysis allowed us to visualise CD34+ 

and CD34- HSC data together and reveal potential similarities between the two 

populations. We were interested into also identifying the differences between these 

two HSC populations, but differentially expressed gene lists can only be generated 

from raw normalized data. As the two datasets have different sequencing depth, such 

analysis would be skewed.  

Unexpectedly, our scRNAseq revealed a high proportion of cells with HSC 

gene signatures present within the CD34-/CD38-/CD93+/CD117Hi. Furthermore, 

these cells with high expression of HSC-associated genes were subdivided into three 

distinct clusters suggesting a level of heterogeneity. While clustering algorithms can 

result in “over-clustering”, we furthered the analysis by subsetting the suspected 

HSC clusters and conducting GO pathway and gene set enrichment analysis by 

using differentially expressed gene lists. Both analyses reasserted tangible 

differences between the different HSC clusters based on enriched biological 

processes and enrichment of different population-specific gene signatures. They 

also presented us with the evidence to identify two clusters as more mature (HSC2 

and HSC3) compared to the more enriched for immature HSC signatures, HSC0 and 

HSC1. All these findings suggest high degree of HSC-level heterogeneity within the 

CD34-/CD38-/CD93+/CD117Hi population. Furthermore, increasingly maturing and 

cell-fate restricted gene signature enrichment identified in clusters HSC1, HSC2, and 

HSC3, could also be suggesting fate priming events or early cell fate restriction. More 

specifically, HSC0, HSC1, and HSC3 were expressing lymphoid transcription 

factors, while HSC3 also expressed higher levels of more mature lymphoid genes. 

To establish whether gradual lineage restriction is taking place within these three 

populations, we would have to carry out single-cell functionality assays and assess 

differentiation outputs. One of the features of lymphoid fate restriction is loss of 

erythroid and megakaryocyte potential, but CD34-/CD38-/CD93Hi  cells have been 

shown to generate BFU-Es, in vitro indicating the presence of cells with erythroid 

differentiation capacity (Anjos-Afonso et al., 2013). These cells however could 

represent the MEP population we also identified. We never assayed mice 

repopulated with CD34- SRCs for human erythroid cells as human erythropoiesis is 

highly inefficient in vivo. This limitation can be circumvented in future experiments by 

administering mice with EPO post-transplantation (Belluschi et al., 2018).  



Chapter 4 Results 

 

147 

 

Another surprise in our scRNAseq analysis was the substantial amount of cells 

that were sequenced and passed QC, expressed genes associated with HSCs. The 

original 3 clusters we identified as HSC-like (C0-C2) came to a total of 410 cells, 

while the whole dataset consisted of 697 cells. Our in vivo repopulation experiments 

estimated the SRC frequency of the CD34-/CD38-/CD93+/CD117Hi population at 1/52 

(19%). Our scRNAseq data estimates the fraction of cells with stem cell gene 

signature at almost 59%, which excludes the MEP-like population we included in the 

HSC-like subset. While technical steps required for the preparation of cell 

suspensions for IV injections could result in some cell loss, this cannot fully account 

for the discrepancy. Another possible explanation for the high number of cells 

expressing HSC gene signatures but low estimated HSC frequency could be that all 

of these cell populations could represent true HSCs, but fail to home and establish a 

niche in the murine bone marrow. This is supported by the fact that the NSG mouse 

model only supports low levels of engraftment of this population unless cytokines 

such as SCF and G-CSF are administered to the mouse recipients post-

transplantation. While we have shown that the C-KitMutant and NSG-S mouse models 

are more permissive to CD34- SRC engraftment, it is possible that they also can 

support only some of the CD34- HSC populations. Another possibility is that some 

cells within the CD34-/CD38-/CD93+/CD117Hi population have more short-term 

repopulation capacity, which peaks soon after transplantation and quickly declines 

before our first bone marrow aspiration at 6 weeks. However, in previous 

repopulation studies of the CD34-/CD38-/CD93Hi population, we did not observe at 

three weeks post-transplantation any repopulation, even when the whole bone 

marrow was analysed rather than just sampled by bone marrow aspiration (Anjos-

Afonso et al., 2013). This analysis was only conducted in NSG with administration of 

G-CSF and SCF, not in C-KitMutant  or the NSG-S mouse strains.  

Another curious finding was the presence of multiple populations with 

megakaryocyte, erythroid and mature erythroid gene expression patterns. One of 

these clusters, we included in our HSC subset analysis, HSC2, was of interest, 

because MEP populations have been previously characterised as expressing both 

CD34 and CD38 (Doulatov et al., 2010; Edvardsson et al., 2006). This population, 

however, lacked expression of both genes, while also maintaining expression of all 

the heptad transcription factors. It was also largely devoid of a more mature lymphoid 

gene signature. The differentially expressed genes in HSC2 tightly associated with 
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both the erythroid and megakaryocyte cell fates, suggesting this cluster is more likely 

to represent a bipotent MEP population rather than multipotent HSCs. While it is 

possible that this might be a contaminating population that expresses CD34 and 

CD38, this is not supported by the gene expression data, where HSC2 expressed 

the lowest levels of CD34 in the entire HSC subset, and CD38 is not expressed at 

all in the entire dataset.  

On the topic of CD34, we found that this gene was actually expressed at low 

level in HSC0, HSC1, and HSC3. A potential explanation for this could be that the 

CD34 gene is transcribed, but not translated, which could indeed be happening in a 

cluster like HSC0, where mRNA catabolic processes were positively enriched. CD34 

has also been reported to be internalised by endocytosis (Krauter et al., 2001). 

Depending on the CD34 protein turnover following internalisation, intracellular CD34 

expression can be checked by immunofluorescence staining. A third option is that 

CD34 is indeed expressed at low levels by the population we characterise as CD34-

. CD34Low human HSCs have been reported before, however, relative to the CD34-

/CD38-/CD93+/CD117Hi population we sort, CD34Low cells have a significantly higher 

expression and fall within a gating strategy traditionally used for isolating 

CD34+/CD38- cells (Fig. 4.29D). By back-gating of the CD34-/CD38-/CD93+/CD117Hi 

population we observe that these cells are mostly scattered along the positive CD34 

edge of the CD34-/CD38- gate (Fig. 4.29D).  
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Figure 4.29. Back-gating of CD34-/CD38-/CD93+/CD117Hi population 

A-C. Gating strategy for CD34-/CD38-/CD93+/CD117Hi cells. 
D. Back-gated CD34-/CD38-/CD93+/CD117Hi cells onto the CD34 vs CD38 plot (a 
gate, red points). Gates b and c represent gating for the CD34Low and CD34+ 
HSCs, respectively.  
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Chapter 5. Prenatal haematopoietic stem cell 

heterogeneity 

5.1 Introduction 

Our understanding of definitive HSCs and progenitors in foetal haematopoiesis 

has been mainly advanced by studies in mouse, which have been extrapolated to 

the human system. But some major differences between the genesis of the 

haematopoietic system between the two species have also been identified.  

The primitive wave of human haematopoiesis originates in the yolk sac, which differs 

structurally between mice and humans. The major yolk sac haematopoietic output at 

Carnegie Stage (CS) 7-8 is nucleated erythrocytes and to lesser degree 

macrophages and megakaryocytes (Fukuda, 1973; Takashina, 1987; Wang et al., 

2020). These cells can be detected in the embryo proper from CS 10 onwards 

(Tavian, Hallais, & Péault, 1999). Definitive HSCs emerge from the aorta-gonad-

mesonephros (AGM) region of the dorsal aorta. HSCs arise from intra-aortic 

haematopoietic clusters and express KDR (VEGF receptor 2) and CD34 (Cortés et 

al., 1999; Tavian et al., 1996, 2001; Tavian, Hallais, & Péault, 1999). 

Transplantations of cells from different haematopoietic regions derived from CS 12-

17 human embryos has shown that multipotent repopulating HSC are primarily 

detected in the AGM region starting from CS 14 (Ivanovs et al., 2011). These 

repopulating cells are CD34, CD144 (VE-cadherin), and CD45 positive, and also 

CD45RA-/CD38Low/- (Ivanovs, Rybtsov, Anderson, Turner, et al., 2014; North et al., 

2002). Yolk sac HSCs were only detected after CS 17, and repopulation of mouse 

recipients tended to be poorer and rarer with yolk sac cells. Repopulating foetal liver 

(FL) HSCs are detected later, 7-8 post-conception weeks (pcw) and still express VE-

cadherin (CD144) (Ivanovs et al., 2011; Oberlin et al., 2010).  

Foetal liver HSCs are less well defined. Similarly to adult and UCB-derived 

HSCs, the CD34+/CD38-/CD90+ fraction has been shown to be enriched for 

repopulating cells (Doulatov et al., 2012; R. Majeti et al., 2007). Over the years 

various markers have been reported as potentially useful in the positive enrichment 

of human FL HSCs such as CD143, GPI-80, EPCR, and CD117 (Calvanese et al., 

2014; Jokubaitis et al., 2008; Maillard et al., 2020; Subramaniam et al., 2019). 
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Other purifying markers have only been reported in murine foetal haematopoiesis 

such as Mpl (CD110) (Petit Cocault et al., 2016).  

Although compelling evidence of the stem cell heterogeneity in foetal 

haematopoiesis exists, and scRNAseq and mass cytometry data of foetal 

haematopoietic tissues is quickly becoming available, still little is known about the 

cell surface markers phenotype of human foetal HSCs. While several potential 

purifying markers have been reported, most of them have been tested at isolated 

developmental stages and mostly on FL-derived HSCs. How the expression of these 

markers changes with gestational age and colonisation of the bone marrow niches 

has not yet been explored. 

In this chapter, we report the design and optimisation of an 18-colour flow 

cytometry panel, aiming to assay a list of HSC markers in late first trimester and 

second trimester foetal liver (FL) and foetal bone marrow (FBM). We are also 

presented multiparameter analysis of the data that helped us identify a population 

enriched for cells capable of multilineage repopulation in C-KitMutant  recipients.  

 

5.2 Flow cytometry antibody panel optimisation 

Our first step was to compile a list of the HSC cell surface markers we wanted 

to investigate in early haematopoietic development. We started by including markers 

of general interest and markers that have been reported to be common between 

adult and foetal haematopoiesis such as CD45, CD34, CD38, CD45RA, CD90 and 

GPI-80. We also included markers that are of personal research interest such as 

CD93 and CD117. Earlier in this thesis, we described a population of CD34-/CD38-

/CD93+/CD117Hi HSCs in postnatal haematopoiesis and were interested in 

investigating whether a population with similar phenotype exists in early 

development. CD49f has been shown to purify umbilical cord blood HSCs, but 

whether it is also expressed in early development remains a question. In the 

differentiation of HSCs from human embryonic stem cells (hESCs), CD43 is an early 

HSC marker that precedes CD45 appearance (Vodyanik et al., 2006). The rest of the 

markers, CD143, CD144, CD110, EPCR and CD7 have been previously reported 

either in human or murine foetal haematopoiesis. We identified all the relevant 
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reports and picked our antibody clones in accordance with published methodologies 

(Table 5.1).  

 

Table 5.1. List of foetal HSC cell surface markers, corresponding antibody clones 

and respective functions. 

 

We also required an exhaustive list of lineage-committed cell surface markers 

in order ensure that we would be eliminating the majority of lineage-positive cells in 

our analyses. Our finalized list included standard lineage cocktail (Table 5.2). In 

addition, HSCs in the foetal liver have been shown to associate with blood vessels, 

and endothelial cells can express CD31 as well as a number of other markers, which 

are present in our main panel (e.g. EPCR, CD144 and CD143) (Table 5.2). 

Therefore, we also included CD31 in the lineage panel. We didn’t include any 

Antigen (Clone) Function 

CD45 (HI30) Haematopoietic identity marker 

CD143 (BB9) Angiotensin-converting enzyme, meadiates production of 

angiotensin II 

GPI-80 (3H9) Vannin-2, a mediator of transendothelial migration and 

neutrophil adhesion 

CD110 (1.6.1) Mpl, receptor for thrombopoietin  

EPCR (RCR-

252) 

Endothelial protein C receptor, role in anticoagulation  

CD41 (HIP8) Integrin alpha chain B, cell-to-cell signalling  

CD43 (IG10) Leukosialin  

CD144 (BV9)  VE-cadherin, cell adhesion molecule  

CD117 (104D2) Receptor for SCF 

CD93 (VIMD2) Complement receptor  

CD38 (HB7) Cyclic ADP ribose hydrolase 

CD34 (G812) Glycoprotein and a cell-cell adhesion molecule 

CD90 (5E10) Glycophosphatidylinositol, adult stem cell marker  

CD49f (GOH3) An integrin, adult stem cell marker 

CD45RA CD45 isoform associated with more mature cell types 

CD7 Naïve T cell marker 
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hepatocyte markers as one of our processing steps of FL samples includes density 

gradient centrifugation, where hepatocytes are excluded. 

 

Marker Cell type 

CD2 T cells/NK 

CD3 T cells 

CD10 NK cells 

CD11b Myeloid 

CD14 Macrophages/Monocytes 

CD16 Gran./Mono./NK/Macr. 

CD19 B cells 

CD20 B cells 

CD24 B cells/Granulocytes 

CD31 Endothelial 

CD56 NK cells 

CD66b Granulocytes 

CD235a Erythrocytes 
Table 5.2. List of lineage cocktail antibody panel. 

 

After selecting our markers of interest, our next step was to allocate the 

fluorochrome conjugates to the different antibodies. For some we were restrained by 

commercial availability. For example, we were compelled to assign PE to GPI-80 as 

we wanted to use the same format of this antibody as it has been reported in the 

literature. For the rest of the antibodies, we were faced with the challenge of having 

to assign different fluorochromes with limited understanding of the antigen 

abundance across FL and FBM haematopoietic cells. This is potentially confounding 

as there was the issue that if a dimmer fluorochrome conjugate was assigned to an 

antibody recognizing a rare cell surface marker, it could be impossible to distinguish 

the positive signal. This is also one of the major challenges of flow cytometry – 

revealing dim events. Therefore, we undertook quantification of the average 

abundance of molecules present per cell for each marker in FL. As little information 

was available for how cell surface marker expression may change in cells across 

different developmental stages, we picked FL samples from three stages, 6, 12, and 

18 post-conception weeks (pcw).  

To quantify cell surface marker abundance per cell in these tissues, we took 

each sample and stained it individually with a PE conjugated antibody against each 

of our HSC and lineage markers of interest. PE (R-phycoerythrin) is a unique 
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fluorophore, not only because is bright, but also because of its large size which only 

allows one PE molecule to be bound to a single antibody. When this feature of PE 

antibodies is used together with BD Quantibrite™ Beads, which can be used to 

calculate a linear regression for fluorescence intensity against PE molecules per 

bead, we can accurately estimate the average abundance of bound antibodies per 

cell. We stained the three FL samples for each PE antibody and calculated the 

average number of bound antibodies per cell. We found that the abundance of 

different antibodies tended to follow the same pattern in the three different stages of 

FL. One marker, CD235a (Glycophorin A) was significantly more abundant on the 

cell surface of 6 pcw FL. This could be possibly explained by higher presence of 

mature erythrocytes in this sample due to incomplete red cell blood lysis during the 

initial sample processing. Otherwise, the average bound antibodies per cell were 

similar between samples. CD43 was the most intensely expressed marker followed 

by CD31, CD45, and CD38. The majority of HSC markers, CD144, CD143, CD90, 

CD117, & CD93 had an overall lower average marker density per cell. The average 

marker abundance per cell varied between lineage markers with CD31 and CD24 

being relatively abundant, while CD66b and CD3 had very low average numbers of 

bound antibodies per cell.  

Using the average abundance of different markers, we assigned 

fluorochromes to different antibodies, by picking brighter dyes for markers with lower 

expression intensity and dimmer dyes for the more highly expressed antigens (Table 

5.3). We assigned FITC to all lineage markers as it is a moderately bright 

fluorochrome and available for all the lineage markers in our panel. We proceeded 

with assigning bright fluorochromes such as BV786, BV711, BV421, PEcy7 and PE-

CF594 to the cell surface markers with the lowest antigen density per cell. We also 

assigned dim fluorochormes (APCH7, APC700, BUV395, and BUV805) to the most 

abundant markers. Due do commercial availability, we had to assign some bright 

fluorochromes to relatively abundant markers such as CD7 and CD38. As our CD93 

staining protocol relies on a biotinylated antibody, we assigned the secondary 

antibody to a moderately bright fluorochrome, BUV496. To minimise occupation of 

other channels, we decided to use Sytox Green as a Live/Dead dye, which has 

similar emission spectrum as FITC. 
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Figure 5.1. Quantification of bound antibodies per cell for HSC and lineage 

markers 

A. Quantification of average number of bound antibodies per cell for the HSC and 
lineage markers of interest in FL samples at stages 6, 12, and 18 pcw.  
B-C. Quantification of bound antibodies per cell for both HSC and lineage markers 
(B) and HSC markers only (C) and respective fluorochrome assignments.  
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Laser Very Bright Bright Moderate Dim 

Ultraviolet 

(355 nm)  

 BUV737 BUV395 

BUV496 

BUV805 

Violet 

(405 nm) 

BV421 

BV650 

BV711 

BV605 

BV786 

  

Blue 

(488 nm) 

BB700  FITC  

Yellow/Green 

(561 nm) 

PE 

PE-CF594 

PE.cy7 

   

Red 

(640 nm) 

 APC  APCR700 

APCH7 

 

Table 5.3. Fluorochromes grouped according to respective excitation lasers and 

relative brightness (adapted from BD website).  

 

After we finalised the antibody panel, we proceeded to titrate all of the 

antibodies. This is a necessary step in the use of any new antibody as overstaining 

can lead to negative cells appearing positive. This has negative impacts on resolution 

and can also increase spillover into other channels. Proper titration is also highly 

important in large panels, because it can help reduce the staining volume as large 

staining volumes can result in poorer cell staining. We used cord blood mononuclear 

cells for the titrations and tested each antibody at volumes of 1, 2, 3, 4 and 5 µl in a 

staining volume of 100 µl and stained 10x106 cells per titration. We stained cells for 

30 minutes at 4°C. We excluded dead cells and doublets before concatenating data 

for each antibody to visualise the best staining. For a number of antibodies, we 

observed two distinct populations of positives and negatives (e.g. CD45RA, CD93, 

CD7, CD45, CD38, CD41, CD34, CD43, CD49f and GPI-80) (Fig. 5.2). We also 

computed titre curves based on staining index, but staining indexes were fairly similar 

for most of the antibodies.  
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Figure 5.2. Titrations for HSC antibodies. 

Concatenated flow plots of titrations with different antibody volumes. Prior to 
concatenation files were gated for single, live and Lin- cells with the exception of 
GPI-80, where Lin+ cells were included to include higher numbers of positive cells.  
 

A few antibodies such as CD110, CD143, and EPCR appeared to be staining a fair 

amount of cells, even at the lowest antibody volume, which we found unrealistic and 

possibly the result of overstaining as these antigens are fairly rare in cord blood 
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mononuclear cells (Fig. 5.2). Therefore, we repeated these titrations with lower 

antibody volumes on the same type of cells. (Fig. 5.3).  For all antibodies, we again 

observed overstaining at volumes of 1 µl, and for CD143 at 0.5 µl as well. We 

determined that overstaining was no longer a problem if we used volume of 0.25 µl 

for CD143 and 0.5 µl for EPCR, CD144, CD110 and CD117.   

 

 

Figure 5.3. Low volume antibody titrations for EPCR, CD144, CD143, CD110 and 

CD117 

Concatenated flow plots of titrations with respective antibody volumes. Prior to 
concatenation individual samples were gated for single, live and Lin- cells. Antibody 
volumes used are 2 µl (CD117 only), 1 µl, 0.5 µl, 0.25 µl, 0.125 µl but have been 
rounded in the figure. 
 

These experiments provided a good indication of which antibody volumes no 

longer present a risk of overstaining. But as very few cells were positive for the 

markers in mononuclear cells, we proceeded to stain samples that have higher 

expression frequency for the respective markers. We lineage depleted mononuclear 

cells to test the CD117 and CD110 antibodies, and cultured HUVEC (an endothelial 

cell line) to test the antibodies for CD143, CD144 and EPCR.   

We stained 10x106 HUVEC cells with an antibody volume of 0.5 µl for CD144 and 

EPCR, and 0.25 µl for CD143. We also carried out staining for the respective PE 

antibodies at equivalent amounts to compare the frequency of positives. We 



Chapter 5. Results 

 

159 

 

observed large degree of similarity in both the frequency of the positives as well as 

the pattern of staining between PE and BV conjugates for all antibodies we tested. 

Almost all HUVEC cells were positive for CD144 and EPCR (Fig. 5.4A & 5.4C). A 

smaller fraction of HUVEC cells was positive for CD143, but the frequency of 

positives as well as pattern of staining was similar between PE-CD143 and BV786-

CD143 (Fig. 5.4B). For CD110, we used lineage-depleted cord blood mononuclear 

cells and found very limited expression, but at similar frequencies (Fig. 5.4D). We 

attempted to look more closely into the CD34+/CD38- fraction but found very limited 

number of positive cells.  

 

Figure 5.4. Testing antibody volume and specificity 

A. Flow cytometry plots for single live HUVEC cells stained for CD144 conjugated 
to BV711 (top left panel) or PE (bottom left panel) and respective FMO controls 
(BV711 – top right; PE – bottom right). 
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B. Flow cytometry plots for single live HUVEC cells stained for CD143 conjugated 
to BV786 (top left panel) or PE (bottom left panel) and respective FMO controls 
(BV785 – top right; PE – bottom right). 
C. Flow cytometry plots for single live HUVEC cells stained for EPCR conjugated to 
BV421 (top left panel) or PE (bottom left panel) and respective FMO controls 
(BV421 – top right; PE – bottom right). 
D. Flow cytometry plots for single live lineage-depleted cord blood mononuclear 
cells stained for CD110 conjugated to BV650 (top left panel) or PE (bottom left 
panel) and respective FMO controls (BV650 – top right; PE – bottom right). 
 

For the validation of the BB700-CD117 antibody we used an APC-conjugated 

antibody of the same clone, we had high confidence in. We stained lineage-depleted 

mononuclear cells gated for single, live, Lin-/CD34+/CD38- cells and visualised 

CD117 for the respective antibody formats (Fig. 5.5). We found both CD117-APC 

and CD117-BB700 were giving us a similar staining and the expected frequency of 

positive cells, which we have shown is between 90 and 100% for the CD34+/CD38- 

population.  

 

Figure 5.5. Validation of BB700-conjugated CD117 antibody 

Staining of lineage-lineage depleted cord blood mononuclear cells with BB700-
CD117 (top left panel) and APC-CD117 (bottom left panel) and respective FMO 
controls (top right and bottom right panels). 
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To summarise, we have designed and optimised a 17-colour flow cytometry 

panel for the study of HSC cell surface marker dynamics during ontogeny. We have 

quantified the antigen density of these markers in three different FL stages, 6, 12 

and 18 pcw. We assigned fluorochromes according to cell surface abundance by 

assigning brighter dyes to rarer cell surface markers and dimmer ones to more 

abundant antigens. We then titrated our antibodies and further validated CD143, 

CD144, EPCR, CD110, and CD110 using cells with higher frequency of positive 

expression.  

 

5.3 Multidimensional analysis and clustering 

We selected a total of 13 foetal samples for analysis, consisting of 8 FL (staged 

between 7 and 18 pcw) and 6 FBM (staged between 12 and 20 pcw) samples (Table 

5.4). 

 

Sample Type Stage (pcw) Sample ID 

Foetal liver 7 L07 

Foetal liver 8 L08 

Foetal liver 10 L10 

Foetal liver 11 L11 

Foetal liver 12 L12 

Foetal liver 14 L14 

Foetal liver 18 L18 

Foetal bone marrow 12 BM12 

Foetal bone marrow 13 BM13 

Foetal bone marrow 15 BM15 

Foetal bone marrow 17 BM17 

Foetal bone marrow 18 BM18 

Foetal bone marrow 20 BM20 

Table 5.4. List of foetal samples used for analysis 

 

All samples were thawed after having been stored in liquid nitrogen. Cells 

were spun down and counted. All samples were stained and analysed on the same 
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day to minimise batch effects. For samples, where more than 40x106 cells were 

counted, amount of antibodies was adjusted. Data was collected at approximately 5, 

000 events per second. Compensation was calculated automatically using single-

colour bead controls prior to data collection. Pre-processing of files was undertaken 

with FlowJo to select for single, live, Lin- and CD45+ cells. Gated populations were 

exported and used in downstream analysis.  

We used several packages developed for high-parameter flow cytometry 

analysis to import, transform and scale the data (see Material and Methods). We 

plotted per-sample, markers expression distribution (Fig. 5.6). We observed some 

distinguishing markers between FBM and FL samples such as CD45RA, which was 

more highly expressed in bone marrow samples. Despite selecting for CD45-

expressing cells, we kept the marker as an analysis variable, as CD45 expression 

levels can vary between different populations.  

 

 

Figure 5.6. Per-sample marker expression distribution 

Per-sample densities of marker expression (arcsinh-transformed with a cofactor of 
250) of 16 cell surface markers. Sample types are presented as conditions, 
Bone_marrow (coral) and Liver (turquoise).  
 
 

To visualise global similarities and differences between samples, we used a 

multi-dimensional scaling (MDS) plot, which performs unsupervised clustering of 

samples using median marker expression across all cells per sample (Fig. 5.7). In 

our MDS plot, we observed that the first dimension (MDS dim. 1) separates the data 
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by the tissue types. The second dimension separates samples by gestational age to 

some degree. This is particularly prominent for the FL samples, where first trimester 

samples (L07, L08, L010 and L011) cluster around the top of the chart, while second 

trimester (L14 and L18) are localised in the bottom corner. Interestingly, FL12 and 

BM12 clustered closely together. At this stage of development, haematopoietic cells 

from the FL are likely to be actively colonising the FBM. It is therefore possible that 

the Lin-/CD45+ composition of the two tissues is similar. Separation of FBM samples 

by MDS dim. 2 was significantly less pronounced, which indicates higher similarity in 

measured variables in these samples.  

 

Figure 5.7. MDS plot for individual FL and FBM samples 

MDS plot base on transformed median marker expression of 16 cell surface 
markers across all cells per sample. Plot labels represent sample IDs.  
  

To gather more insight into the structure of the data by specific markers, we 

generated a heatmap of median marker intensities. In addition, we undertook 

hierarchical clustering by Euclidean distance (Fig. 5.8). This plot is useful for 

visualising which markers may best explain similarities and differences between 

samples. We observed that, again, samples clustered according to condition. 

Notably, FBM samples had higher median CD93, CD45RA and CD45 expression. 

On the other hand, CD201, CD90, CD143, CD110, and CD144 had higher median 

expression in FL samples. In terms of sample clustering, second trimester FL 

samples (L14 and L18) clustered separately from first trimester samples. In FBM, 

samples also clustered by developmental age with BM17, BM18 and BM20 
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clustering, while BM15 clustered closer to BM13. Similarly, to the MDS plot, BM12 

clustered closer to L11 and L12. The markers that differentiated L11 and L12 from 

BM12 were CD41 and CD45 (highly expressed in BM12) as well as CD144 and CD34 

(lowly expressed in BM12). BM12 also has the lowest expression of all FBM samples 

for the markers, CD45RA and CD38, which appeared to be responsible for the 

stratification of FBM and FL samples in the clustering. 

 

 

Figure 5.8. Heatmap of the median marker expression across samples 

The heatmap represents scaled median expression (yellow-low expression; blue-
high expression). Dendograms represent hierarchical clustering of samples and 
markers. Row annotation (lilac and green) represent sample conditions (Liver and 
Bone_marrow, respectively). 
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To identify which markers, contribute to the variance, within individual 

samples, we calculated non-redundancy scores. Higher scores are assigned to 

markers that are responsible for larger proportion of the intra-sample variability 

(Levine et al., 2015). The marker with the highest NRS score was CD45RA, followed 

by CD117, CD93 and CD38 (Fig. 5.9). CD45RA and CD38 expression define more 

mature populations, so likely represent the mature-immature population variability 

within individual samples.  

The lowest NRS scores were assigned to CD110, CD143, CD144, GPI-80 

and CD41, which appeared to have little contribution to the variability within individual 

samples. This is expected for markers that are expressed by few cells.  

For quite a few of the markers, we noted individual NRS scores appeared to 

be higher in FL samples (Liver). It is possible that this is due to higher population 

diversity in FL samples compared to FBM ones. To check this, we proceeded with 

carrying out clustering analysis.  

 

Figure 5.9. Non-redundancy scores for the cell surface markers 

Box-plots of non-redundancy scores where full points represent individual samples 
(coral points – FBM; turquoise – FL). Empty circles represent mean NRS values 
per markers.  
 



Chapter 5. Results 

 

166 

 

5.4 FlowSOM clustering of HSC cell surface marker expression 

reveals population diversity in foetal liver and foetal bone 

marrow samples 

While cell population identification is typically carried out by manual gating, 

unsupervised clustering has the advantage of being less subjective, efficient and 

reproducible in the analysis of large datasets. We applied FlowSOM clustering to the 

dataset, which results in the mapping of all cells from every sample to a cluster. For 

flow cytometry data, automatic approaches of determining ideal cluster number are 

not always optimal, so it is recommended that the initial number of clusters supplied 

to the algorithm is relatively high. In our case, we tested 30 and 20 clusters and found 

that no new clusters, with significantly different distribution of median scaled marker 

expression emerged with higher number of clusters. Therefore, we performed the 

initial analysis using a setting of 20 clusters. We also performed meta-clustering of 

the 20 FlowSOM clusters to help us determine similarity between clusters.  

The most prominent clusters with a relative size adding up to approximately 

62% of all clusters were C2, C4 and C19 (Fig. 5.10). In C19, the scaled median 

expression for CD38 was high, with intermediate levels for CD45RA, and to lesser 

degree CD201. On the other hand, C2 was expressing intermediate levels of CD38 

and higher levels of CD43. Other interesting clusters we identified, were C1 and C15. 

C1 expressed the highest levels of CD117 of all clusters, while C15 appeared to 

express high levels of markers CD144, CD90, CD49f and CD143. Both clusters 

appeared to be CD45RA-. We also noted a set of clusters that the meta-clustering 

grouped together by what appeared to be shared expression of CD45RA, CD38 and 

to lesser degree CD7. These clusters, C11, C12, C17, C19, C20, we marked as 

potentially committed.  

As human foetal HSCs have been reported to be CD34+/CD38-, we looked 

for a cluster with an expression pattern that could define such a population. The only 

clusters that we could note using globally scaled median marker expression (Fig. 

5.10) were C3, C10 and C15. But while scaled median marker expression can be 

useful in giving an overview of a dataset, it is inadequate in representing the 

expression specifics of a cluster. 
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Figure 5.10. Heatmap of the median marker expression across FlowSOM clusters 

The heatmap represents scaled median transformed marker expression across all 
cells and samples. Dendograms represent hierarchical similarity between all 
clusters (rows) and markers (columns). Bar plots on the right side represent relative 
sized of clusters with absolute values in brackets. 
 

We plotted the marker expression distribution for each individual cluster. 

What immediately stood out was C7, as it had abnormal expression distribution for 

every marker (Fig. 5.11). In the heatmap (Fig. 5.10), it appeared positive for most 

markers. Such pattern of expression can be observed in dying cells or debris. As this 

cluster represented only 0.05% of the dataset, we excluded it from further analysis.  

We used the average expression distribution (blue ridge plots) to determine 

whether a marker had a lower or higher relative expression distribution in a particular 



Chapter 5. Results 

 

168 

 

cluster (Fig. 5.11). The average expression distribution for CD38 was higher 

compared to other markers, suggesting that scaled median expression values may 

not accurately represent the actual data. As a reference, the cluster with the lowest 

expression was C13 with peak falling between 0 and 1. The highest expression was 

in C19 (peak falling around 4). In comparison, the clusters with the highest CD34 

expression (C15 and C10) had expression peaking well below 4, while cluster, C18 

had CD34 expression distributed below zero. 

 C1, which we highlighted for its high CD117 expression, did indeed have 

exceedingly bright CD117 expression distribution. Its CD34 expression was widely 

spread around 0, which indicated the presence of some CD34Low cells in this 

population. Its CD38 expression distribution was below 4 and spread toward 0, which 

could indicate the population is CD38Low. This cluster also had positive expression 

distribution for CD144 and CD143.  

 C3 had high CD34 and low CD38 expression distribution, while also being 

positive for CD117 and CD144, and to lesser degree CD143 and CD90. C15, in 

addition to being highly positive for CD34 was one of the clusters with the highest 

expression for CD144, CD143, and CD90, while also being positive for CD117. Both 

of these clusters are quite interesting as they potentially represent CD34+/CD38- 

populations while expressing a number of potential HSC markers.  

We were also interested whether a population with the CD34-/CD38-

/CD93+/CD117+ phenotype could be identified, but no such clusters stood out at this 

stage of the analysis. C10 had a CD34 expression with two peaks, suggesting that 

this population may contain both CD34+ and CD34Low cells. But while it did express 

CD117, its expression for CD93 was low. 

 Visualisation of expression distribution suggested that data transformation 

had succeeded at enabling us to visualise all captured cells. It also helped us identify 

a cluster potentially containing debris or dying cells. What also stood out was that 

some markers had a positive shift in the expression distribution compared to others. 

This was the case with CD38. The possible explanation for this is that due to 

constraints in commercial availability, we assigned this relatively abundant marker to 

a bright fluorochrome. This can be resolved computationally by increasing the 

cofactor in the arcsin transformation, which would result in bringing the CD38 

expression distribution closer to zero. However, as the transformation is applied 

globally, this could result in loss of expression resolution for the rest of the markers. 
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This would have impact on markers such as GPI-80 and CD41 by further narrowing 

down their expression distribution. Therefore, we proceeded with the current 

settings. However, insufficiently high co-factor in arcsin transformation can lead to 

low expression being presented as intermediate and even high.  

 

 

Figure 5.11. Distribution of non-scaled marker intensities across FlowSom 

clusters 

Red ridge plots represent marker expression distribution per individual clusters. 
Blue ridge plots represent average expression distribution of marker across all 
clusters. 
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5.5 Dimensionality reduction analysis  

To help us asses our clustering, we proceeded with dimensionality reduction 

analysis. The dimension reduction method we chose was UMAP and it was 

computed independently of FlowSOM clustering. We were also interested in 

visualising potential differences between FBM and FL samples, so we plotted UMAP 

projections separately for each tissue type, overlaying the plots with the computed 

FlowSOM clusters.  

The differences between FBM and FL that stood out were a few clusters that 

appeared to be differentially abundant between the two conditions (Fig. 5.12). For 

example, C13 and C19 seemed more abundant in FBM, while C2 and C9 appeared 

more abundant in FL.  

 “Spillover” of FlowSOM clusters could be observed from one UMAP dimension 

area into another. This was true for C17 which was separated by UMAP dim.2. This 

was also observed to a lesser degree in C3, C4 and C11. This can sometimes be 

due to under-clustering or insufficient amount of variables, however, we 

hypothesized that this may be due to some clusters being absent at some stages of 

development, adding a layer of complexity UMAP cannot resolve. 

 

 

Figure 5.12. UMAP based on marker expression across FBM (Bone_marrow) and 

FL (Liver) samples 
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UMAP projections coloured according to the 20 FlowSOM clusters (excluding C5 
and C19) and stratified by conditions (Bone_marrow & Liver). Cluster colour codes 
have been amended as a result of the removal of two clusters, but the numbering 
remains the same.  
 

To check this, we plotted UMAP projections for each individual sample (Fig. 

5.13). Interestingly, we observed an abundance of clusters already present at early 

stages of FL development. The majority of L07 and L08 clusters could be detected 

in more advanced FL as well. A notable exception is C19, which is a relatively large 

cluster. It is mostly absent in first trimester samples but steadily increasing and 

reaching a peak at L14 before beginning to diminish again. In contrast, this cluster is 

present in all FBM samples. Another notable feature of the data was C2. In FL 

samples, this was an abundant cluster. In FBM, while present, it appeared 

significantly sparser.  

Another trend that encompassed both FL and FBM samples, were the group 

of clusters in the lower section of the UMAP dim. 2 (clusters 3, 4, 8, 9, 13, 14, 15, 16 

and 18). These clusters were present in the earliest FL samples and appeared to be 

relatively stable in the first trimester. However, in second trimester this group of 

clusters steadily diminished with C15, C16 and C18 disappearing almost entirely. 

These three clusters, in addition to C9 appeared to be almost entirely absent from 

the FBM. 

The remaining clusters of this group, C3, C4, C13, and C14 were present at 

the earliest FBM stage of our dataset, BM12, but grew sparser with advancing 

developmental age.  

Some clusters seemed to remain stable over different stages. C11, C17 and 

C20 were present in all samples, while others like C1, C10 and C12 seemed to be 

relatively stable in the FL, but disappeared in late stage FBM samples. 
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Figure 5.13. UMAP projections stratified by sample 

UMAP projections of individual FL (top panel) and FBM (bottom panel) samples 
coloured by FlowSOM cluster. 
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5.6 Cluster dynamics across samples and developmental 

stages 

Seeing that there were differences between both sample types and 

developmental stages, we were interested in capturing the changes in cluster 

dynamics at a finer level. While UMAP projection proved to be useful, high cell 

density doesn’t allow accurate estimation of changes in individual cluster 

abundances over developmental age. Therefore, we plotted the proportions of each 

cluster per sample.  

 

 

Figure 5.14. Relative FlowSOM cluster abundance 
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Stacked barplots of 18 FlowSOM clusters across samples stratified by tissue type 
(left panel – FBM; right panel – FL).  
 

Some of the clusters already highlighted in the dimensionality reduction stood 

out again. One of them was C19, which steadily increased in relative size in the FBM 

with advancing stages. In FBM20 this population accounted for over 75% of the Lin-

/CD45+ bone marrow cell content. Interestingly, this cluster constituted less than 1% 

in first trimester FL samples, only reaching a notable size at L12 before decreasing 

again. While the FBM is known to be actively colonised by FL haematopoietic cells 

from 11 pcw onwards, little is known about whether some of the cells that colonise 

the FBM can shuttle back to the FL. C19 isn’t expressing many of the markers on 

our panel. Most notably it’s highly positive for CD38 and CD45RA, suggesting it is 

either a committed or progenitor population (Fig. 5.15). This is further confirmed by 

the rapid relative growth of this cluster in the FBM. Different foetal haematopoietic 

organs have different capacities to support haematopoietic progenitors in different 

developmental stages, which may explain why it is not abundant in the FL. Seeing 

that the levels of this population are quite high it probably plays an important role in 

foetal homeostasis.  

C11 was similar to C19 with intermediate to high CD38 expression, and 

intermediate CD45RA expression. C11, however, had wide expression distributions 

for both CD117 and CD34, suggesting the population encompasses CD34+ and 

CD117+ cells. C11 was also notable with its dynamics over gestational stages, being 

one of the clusters that was present in both FL and FBM samples across all stages. 

It did, however, remain quite stable in the FL, while in the FBM it was quite abundant 

at 12 pcw only to slowly decrease in size with advancing stages.  
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Figure 5.15. Median marker expression in FlowSOM clusters 11 and 19 

Boxplots of median marker expression in C11 (top panel) and C19 (bottom panel). 
Horizontal line across boxes represents median expression across all samples. 
 

A smaller cluster that was noticeable in the FBM, but was mostly absent from 

the FL, was C13. C13 gradually decreased in size in FBM samples with advancing 

stages, but it was one of the most abundant bone marrow clusters in BM12. It was 

negative for most markers with the exception of CD201, CD93 and CD49f (Fig. 5.16). 

The presence of this cluster in the FBM at 12 pcw suggests it is either one of the first 

populations to populate the bone marrow or one of the first to be generated by the 

newly residing HSCs and progenitors. Some mature haematopoietic cells like 

macrophages have been shown to play a role in the homing and retention of HSCs 

during development in zebrafish (D. Li et al., 2018). It is possible that other mature 
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lineages also participate in the priming of the foetal bone marrow niches and 

retention of migrating HSCs in mammals. It is also possible that this population is 

produced in the FL but rapidly expands once it reaches the FBM. In the mouse foetal 

liver, CD93+/CD45RALow cells have also been shown to be lymphoid progenitors 

(Montecino-Rodriguez et al., 2006; Yamane et al., 2009). 

 

Figure 5.16. Median marker expression in FlowSOM cluster 13 

Boxplots of median marker expression in C13. Horizontal line across boxes 
represents median expression across all samples. 
 

Other clusters like C2 and C9 were more abundant in FL samples. C2 was 

one of the most abundant clusters, steadily increasing in size with advancing 

gestational age. It was observed at lower levels in the FBM, where it decreased with 

advancing stages. C2 expressed relatively high levels of CD38 (Fig. 5.17), and its 

expression distribution for CD34 was spread out, suggesting the presence of some 

CD34+ cells (Fig. 5.11). Its median CD49f and CD93 expression was also relatively 

high (Fig. 5.17 & 5.11). This cluster was quite large, and therefore unlikely to 

represent an immature HSC population. However, its relative expansion in the liver 

is more controlled compared to the expansion of C19 in the bone marrow, which 

could hint at an immature progenitor. 

C9 was also a notable cluster in FL samples with relatively large proportions, 

but decreased in size in late second trimester samples and was absent from L18. In 

the FBM, it was mostly absent. With higher expression of CD45RA than C2, C9 was 

more likely to represent a maturing population (Fig. 5.11 & 5.14).  
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Figure 5.17. Median marker expression in FlowSOM clusters 2 and 9 

Boxplots of median marker expression in C2 and C9. Horizontal line across boxes 
represents median expression across all samples. 
 

 We observed that some clusters were most abundant in early stage FL and 

FBM samples and gradually decreased in relative size with developmental age. C3 

and C4 were two clusters that were relatively big in early FL but gradually decreased 

in proportion. Both clusters were present in the FBM at 12 pcw. C3 was relatively 

small, while C4 was of significant size, but gradually decreased. Of the two clusters, 

C3 was quite interesting appearing to be CD34+/CD38-/CD117+. C4 appeared to 

have low expression for all markers with the exception of CD201 (Fig. 5.18).  It is 

possible that these populations play a role in the early colonisation of the FL and 
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FBM, but are no longer needed, once the haematopoietic niches are established. It 

could also be that the cell surface marker phenotype of populations changes 

following FBM colonisation, but persists in the foetal liver until later in gestation. C4 

could represent a mature haematopoietic population that seeds other 

haematopoietic organs or enters circulation. 

 

Figure 5.18. Median marker expression in FlowSOM clusters 3 and 4 

Boxplots of median marker expression in C2 and C9. Horizontal line across boxes 
represents median expression across all samples. 
 

 

 Three clusters of relatively small size appeared to be most prominent only in 

first trimester FL samples. C15, C16, and C18 were detectable in L07, L08, L10, L11. 
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C15 and C18 could also be observed in L12 but at very small proportions (Fig. 5.14). 

These clusters were mostly absent from FBM samples.   

C15 had a widely spread distribution for CD34 expression but was one of the 

most positive clusters for CD34 (Fig. 5.11). In addition, C15 expressed the highest 

levels of CD144, C143 and CD90, while also being CD45RA- (Fig. 5.11 & 5.19). In 

terms of CD38 it expressed more intermediate levels.  

C16 and C18 were highly similar in expression patterns. Both were negative 

for CD34 and CD45RA. Both clusters expressed CD93, with C18 being the cluster 

with the highest expression for CD93. C18 also had slightly elevated expression for 

CD38. Due to the high degree of similarity between these clusters, it is possible that 

they actually represent the same biological population that has been split up in the 

analysis because of over-clustering. We also noted the transformation cofactor may 

not have been suitable for CD38, which may have also contributed to them being 

split up.  

The defining feature of C15, C16, and C18 is that they are restricted to first 

trimester FL samples. C15 was of particular interest with high expression of a number 

of markers. However, this population is not maintained in the FBM. It is possible that 

once it colonises the FBM, its cell surface marker phenotype changes in response to 

the new conditions of the bone marrow niche. C16 and C18, on the other hand, being 

restricted to early liver, can potentially be haematopoietic cells originating from the 

yolk sac (YS). Murine YS-derived haematopoietic cells have been reported to 

express both CD38 and CD93 (Dagher et al., 1998; Yoder et al., 1997). 
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Figure 5.19. Median marker expression in FlowSOM clusters 15, 16, and 18 

Boxplots of median marker expression in C15, C16 and C18. Horizontal line across 
boxes represents median expression across all samples. 
 

C1 was a cluster of relatively small size that was observed in all samples in 

all stages (Fig. 5.14). Its size fluctuated in both tissues. It decreased in size during 

first trimester FL samples, only to increase in L12 and steadily decrease again until 

L18. Interestingly, in the FBM, this cluster increased from 13 pcw until 17 pcw. In 

BM18 and BM20 it has decreased again. The dynamics of this cluster could indicate 

two waves of migration from FL to FBM at approximately 12 pcw and 17 pcw, which 

are preceded by population expansion in the FL. This cluster had widely spread 

expression distribution for CD34 which potentially encompasses CD34- and CD34Low  

cells (Fig. 5.11). It was also highly positive for CD117 and had relatively high 

expression for CD144, while lacking CD45RA expression (Fig. 5.20). The CD38 

expression distribution in C1 was wide as well and potentially includes CD38Low  cells 

as well (Fig. 5.11) 

Another potential HSC cluster, C10, also fluctuated in size. Like C1, it went 

through waves of shrinking and expansion in FL samples (Fig. 5.14). It was relatively 

small in FBM12 and grew smaller with increasing stages. This cluster expressed 

CD41 and CD49f at high levels (Fig. 5.20). CD41 has been shown to be expressed 

by murine foetal HSCs and play a role in their trafficking across haematopoietic 

tissues (Emambokus & Frampton, 2003). CD49f has been shown to mark human 

cord blood and adult HSCs, but whether it has similar roles in foetal haematopoiesis 

is still unknown. Integrins such as CD49f have been reported to play a role in cell 

anchoring to niches (Corbel & Salaün, 2002; Yoshitake et al., 2003). Blocking of 

CD49f, on the other hand, has been reported not to affect trafficking of 

haematopoietic cells from the FL to the FBM (Qian et al., 2007). This, however, has 

been only shown in mouse.  
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Figure 5.20. Median marker expression in FlowSOM clusters 1 and 10 

Boxplots of median marker expression in C1 and C10. Horizontal line across boxes 
represents median expression across all samples. 
 

Two other clusters with an interesting dynamic were C17 and C20. C10 was 

present in early FL samples and gradually increased with progressive gestational 

stages with the exception of L14, where it marked a decrease (Fig. 5.14). C17 

remained relatively small in proportion until L14, when it grew in size. Both clusters 

were also notable in FBM samples, BM12, BM13, BM15, and BM17, but their relative 

proportions decreased in later samples. In terms of markers, these populations are 

likely to represent progenitors as they have high CD38 and CD45RA expression (Fig. 

5.21). They may play a role in early colonisation of the FBM, but also be required in 
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the FL in later gestational stages. Both clusters defined by the same pattern of 

marker expression but slightly different intensities. These two clusters could 

represent the same population split by over-clustering.  

 

Figure 5.21. Median marker expression in FlowSOM clusters 16 and 20 

Boxplots of median marker expression in C16 and C20. Horizontal line across 
boxes represents median expression across all samples. 
 

 

C12 was a peculiar cluster as it was present in high proportion in L07 and 

then was abruptly lost until L14 (Fig. 5.14). It was observable in early FBM samples, 

BM12, BM13, BM15 and BM17, but decreased in relative size in BM18 and BM20. It 

appears to represent a CD34Low/CD38+/CD45RA+ population (Fig. 5.22). CD41, 
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CD49f and CD7 were also expressed here. These group of markers are strange 

combination. CD41+/CD49f+ megakaryocytes have been described in the murine FL, 

but this population is also reported as CD45- (Cortegano et al., 2019). CD7, however, 

is a lymphoid marker, which has also been reported to be expressed by FL T cell 

precursors (Bárcena et al., 1993; Haddad et al., 2006). The sudden loss of C12 from 

FL after L07 may be due to these cells migrating to the foetal thymus (Haynes et al., 

1988). This strange combination of cell surface markers in C12 may suggest a mix 

of populations that haven’t been successfully resolved in the clustering.  

 C14 was present in all samples and stages but wasn’t one of the most 

abundant clusters (Fig. 5.14). In the FBM, it became smaller with progressive 

gestational stages. It appeared mostly negative with low expression for CD38, CD41, 

and CD49f, bearing some resemblance to C12.  
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Figure 5.22. Median marker expression in FlowSOM clusters 12 and 14 

Boxplots of median marker expression in C12 and C14. Horizontal line across 
boxes represents median expression across all samples. 
 

5.7 Patterns of cluster marker expression across gestational 

stages  

 

After establishing that populations defined by the markers in our panel 

dynamically changed over developmental stages in specific tissues, we proceeded 

to explore if marker expression also varies in a stage-dependent manner. We were 

particularly interested in looking at CD34, CD144 and CD117, which have been 
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reported to be expressed by HSCs in the early stages of FL colonisation. We also 

looked at CD143, another marker associated with endothelial lineages. In order to 

identify the top and bottom expressing clusters for each marker, we used median 

expression values scaled for each individual marker.  

We observed CD144 and CD143 tended to be more highly expressed in FL 

samples. This was particularly true for CD144 which had high to intermediate 

expression in FL clusters 1, 3, 4, 8, 9, 15, 16 and 18. Its expression appeared to 

decrease in corresponding BM samples, but most of the clusters it was expressed in 

were either absent or consisted of very few cells in FBM samples (Fig. 5.23). CD143 

expression persisted even in FBM samples for cluster 3, which persisted across FBM 

samples. In C3, we also observed that CD144 was quite high in early FL samples 

(L07, L08 and L10), but decreased in later stages, while CD143 expression 

increased and continued to be highly expressed in this cluster across FBM samples 

(Fig. 5.23). CD143 has been shown to be expressed in cord blood, adult and foetal 

human HSCs, while CD144 marks early foetal HSCs. It is possible that CD144 is 

steadily downregulated over time after HSCs colonise the FL in the first trimester, 

and upregulation of other markers begins to take place. C3 was also positive for 

CD117 and CD34. While their expression dynamic varied across samples, we noted 

CD144 and CD143 tended to be co-expressed. This was true for C3, 8, 9, and 15. 

However, CD144 appeared to be specific to C1, while CD143 was expressed at 

intermediate levels in C17. 

C1 stood out as one of the clusters with the highest levels of CD117 expression 

across samples and stages. This cluster was also positive for CD144 in early FL 

samples, but appeared to express CD34 at low levels (Fig. 5.23).  

C3 was of particular interest as it appeared to be CD34+/CD117+/CD143+ and 

also CD144+ in early FL samples.  C10 lacked high expression for CD143 and CD144 

but was double positive for CD34 and CD117. Finally, C15, which was observed to 

be mostly absent from FBM samples in the previous section, appeared to be 

CD34+/CD144+/CD143+.  
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Figure 5.23. Scaled median marker expression for CD34, CD117, CD144 and 

CD143 across clusters and individual samples 

Heatmap of the scaled median marker intensities of CD34, CD117, CD144, and 
CD143 for each cluster (row) and individual samples (columns). Expression is 
scaled per each individual marker. Zero expression values (dark blue squares) 
represent absent data points where clusters were not present in respective sample. 
 
 
 CD41 has been reported as one of the earliest markers of definitive HSCs in 

the murine embryo (Ferkowicz et al., 2003; Mikkola et al., 2003; Mitjavila-Garcia et 

al., 2002; Robin et al., 2011). In humans, however, reports have suggested CD43 

may precede CD41 expression (Ivanovs, Rybtsov, Anderson, & Medvinsky, 2014; 

Vodyanik et al., 2006). CD41 was highly expressed in clusters 5, 10, 12 and to lesser 

degree C14 (Fig. 5.24). It overlapped with other early HSC markers CD34 and 

CD117 in C10, where CD43 was expressed as well (Fig. 5.24). In C3, CD43 

expression overlapped with CD34, CD117 and CD143. However, CD43 was most 

highly expressed in C2 and C5. C2 was a highly abundant cluster that steadily 

increased in relative size in FL samples. 

CD90, a well described marker of human foetal HSCs, correlated with CD144 

in cluster 8, 9, 15, 16 and 18 (Fig. 5.24 and 5.23) (Ivanovs et al., 2011). Unlike 

CD144, CD90 continued to be highly expressed in FBM samples in C8 and C9 (Fig. 

5.24). All of these clusters, however, were quite small across FBM samples. 

Positive selection for CD110 has been shown to purify cord blood and adult 

bone marrow CD34+/CD38- HSCs (Petit Cocault et al., 2016). Little is known about 

its role in human foetal haematopoiesis, but separation of murine FL HSCs by CD110 

expression demonstrated it positively selects for in vivo repopulating cells (Solar et 

al., 1998). It was most highly expressed in clusters 8, 9 and 15. CD41 and CD110 
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expression both define megakaryocyte-erythroid lineages, but the two markers 

correlated only in one cluster, C9.  

 
 
Figure 5.24. Scaled median marker expression for CD41, CD43, CD90 and CD110 

across clusters and individual samples 

Heatmap of the scaled median marker intensities of CD41, CD43, CD90 and 
CD110 for each cluster (row) and individual sample (column). Expression is scaled 
per marker. Zero expression values (dark blue squares) represent absent data 
points where clusters were not present in respective sample. 
 

 

CD201 (EPCR), has been widely reported as an HSC marker in both mouse 

and human. In human FL, it has been shown to separate the CD34+/CD38-

/CD90+/GPI-80+ population. Furthermore, CD34+/CD38-/CD90+/GPI-80+/EPCR+ 

cells repopulated conditioned mouse recipients, while CD34+/CD38-/CD90+/GPI-

80+/EPCR- cells did not (Subramaniam et al., 2019). We observed robust EPCR 

expression in C9 as well as C15 in FL samples (Fig. 5.25). This cluster was also 

positive for GPI-80, as well as CD90 (Fig. 5.25).  

While well-described in postnatal haematopoiesis, the importance of CD49f 

in marking human foetal HSCs remains a question. Human mesodermal pre-

haematopoietic cells have been reported to co-express CD49f and CD143, however, 

CD49f expression does not appear to persist in definitive HSCs (Julien et al., 2016). 

While CD49f can be expressed by YS-derived haematopoietic cells, these are 

CD45-, and have been excluded from the analysis. In our dataset, CD49f was highly 

expressed in C6 and C15 and moderately expressed in C9, C10 and C12 (Fig. 5.25). 

Another marker expressed in C6 was CD117, while C15 expressed also a range of 

other markers (Fig. 5.23 & 5.24). 
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CD93, first identified in the murine foetal liver as a purifying HSC marker, was 

also highly expressed in C15 as well as C16 and C18. Both C16 and C18 also co-

expressed CD144 and CD90, but the expression was restricted to FL samples only, 

while CD93 persisted in the FBM samples for these two clusters.  C16 and C18, 

however, were quite small in FBM samples, and insufficient cell numbers could make 

expression readouts unreliable.  

GPI-80 was most highly expressed in C8 and C9. However, both of these 

clusters were mostly absent from the FBM. GPI-80 has been well-reported as a 

purification marker for both FL and FBM HSCs (Prashad et al., 2015).  In clusters 4, 

13, and 14, GPI-80 expression was restricted only to FBM samples. While all three 

of these clusters decrease in size in FBM samples, C4 remains relatively large. The 

scaled expression values for C4 suggested the cluster had low CD34 expression 

(Fig. 5.23), but the spread of the unscaled CD34 expression distribution suggests 

this cluster may also contain CD34+ cells (Fig. 5.11). C4 also expressed CD117 and 

CD143.  

 

 

 

 

Figure 5.25. Scaled median CD201, CD49f, CD93 and GPI-80 marker expression 

Heatmap of the scaled median marker intensities of CD201, CD49f, CD93 and 
GPI-80 for each cluster (row) and individual sample (column). Expression is scaled 
per marker. Zero expression values (dark blue squares) represent absent data 
points where clusters were not present in respective sample. 
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Expression of mature markers CD45RA and CD38 tended to overlap, 

encompassing clusters C11, C12, C17, C19, and C20. Intermediate CD38 

expression also extended to clusters 1, 2, 8, 9 and 10. CD45RA had low to 

intermediate expression in C8 and C9, as well as FBM samples fir C10. Interestingly 

in C18, CD45RA expression was absent in most FL samples, but high in FBM 

samples. C18 was one of the smaller clusters in the analysis and also decreased in 

size with progressive stages both in the FL and FBM. By comparing relative size to 

CD45RA expression, we observed CD45RA expression was only high in samples 

where the size of this cluster was reduced to just a few cells (Fig. 5.26 & 5.14). 

C19 was one of the largest clusters in FBM samples and increased in relative 

size through progressive stages in the FBM. We observed that CD38 expression was 

present in FL samples for this cluster at intermediate levels, but increased in the FBM 

(Fig. 5.26). CD34 appeared to be expressed at low levels, so it is likely this cluster 

represents multiple mature populations that cannot be resolved by the markers in 

our panel.   

CD7 expression was restricted to clusters 11, 12, 17, and 20, which were also 

CD45RA+ and CD38+, suggesting these represent mature populations potentially 

associated with the lymphoid lineage (Fig. 5.26).  

 

 

Figure 5.26. Scaled median CD45RA, CD38 and CD7 expression across clusters 

and individual samples. 
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Heatmap of the scaled median marker intensities of CD45RA, CD38 and CD7 for 
each cluster (row) and individual sample (column). Expression is scaled per each 
individual marker. Zero expression values (dark blue squares) represent absent 
data points where clusters were not present in respective sample. 
 
 By analysing the scaled expression of each marker in our panel across 

clusters and samples, we identified a number of populations of interest. C3 was quite 

an abundant cluster in both FL and FBM samples, but gradually decreased in relative 

size with progressive stages. Marker expression analysis suggested this population 

is CD34+/CD38-/CD117+/CD143+. CD144 was also expressed by these cells in early 

FL.  

 C10 appeared to be CD34+/CD117+/CD41+, but there was potentially 

moderate expression of CD38 in this population as well. Furthermore, this cluster 

was quite rare in FBM.  

 C1 was present in both FL and FBM at similar levels. But while it co-

expressed CD117 and CD144, this population also appeared to be CD34Low and 

CD38+. As CD38 expression levels may be overestimated, and we are interested in 

potential candidate populations that may represent the equivalent of cord blood 

CD34- HSCs, C1 remains a population of interest.  

 

5.8 Analysis of CD38-/CD45RA-/CD7- cell subsets in FL and FBM 

samples  

As it was established by the non-redundancy scores in the previous section, 

the variability within individual samples was mostly attributed to the expression of 

CD45RA, CD38 and CD7. These are also markers associated with more committed 

cells and in order to focus the analysis onto potential HSC populations, we repeated 

the analysis by gating out all CD45RA+/CD38+/CD7+ cells. While the CD34- fraction 

possibly contains large proportions of committed cells, we retained these to enable 

us to look for potential CD34- HSC candidate populations. We analysed 

approximately 5, 200 cells per sample.  

 Multidimensional scaling of the data was carried out, revealing strong 

changes in the intra-sample variability. The removal of CD45RA+/CD38+/CD7+ cells 

resulted in bringing all bone marrow samples closely together (Fig. 5.27). In 

comparison FL samples were spread out in MDS dim. 1 by trimester. First trimester 
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FL samples appeared to cluster closer to FBM samples, but the two conditions were 

still separated by MDS dim. 2. The FL and FBM samples with the highest proximity 

were BM12 and L10. While L12 had been the most closely related sample to BM12 

in the initial analysis, here it clustered away from FBM samples (Fig. 5.7 & 5.27). 

This indicates that the similarities between BM12 and L12 are likely driven by cells 

expressing CD45RA, CD38 or both.   

 

 

Figure 5.27. MDS plot for individual FL and FBM samples 

MDS plot base on transformed median marker expression of 16 cell surface 
markers across all cells per sample. Plot labels represent sample IDs.  
 

Next, we clustered the data, supplying a number of 12 clusters. One of the 

clusters amounted to approximately 56% of the whole dataset (Fig. 5.28A). This 

cluster was CD34- and had low median expression for CD201. By increasing the 

number of clusters, we could further explore it, however, as many as 20 clusters 

failed to resolve the population, suggesting that either the measured variables are 

not sufficient for this task, or even higher number of clusters may be required. 

Therefore, we filtered this population out.  

In this analysis we noted four CD34+ clusters (C1, C2, C11, and C12) (Fig. 

5.28A). The unscaled expression distribution of CD34 across the different clusters 

suggested that C3 and C4 may also contain CD34 expressing cells (Fig. 5.28B). In 

addition, C12 also expressed CD201, CD90, CD144 and CD49f Fig. 5.28A & B). C11 

had similar expression profile but at lower intensity, while C1 also expressed CD117 
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and CD41. C2 and C11 were also two of the biggest clusters (Fig. 5.28A). The rest 

of the clusters could be defined as CD34-. C7 had one of the highest median 

expressions for CD90, while C5 was highly positive for CD49f. C8 was positive for 

both CD41 and CD43.  
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Figure 5.28. FlowSOM clusters and corresponding marker expression profiles 

A. Heatmap of scaled median transformed marker expression across all cells and 
samples. Dendograms represent hierarchical similarity between all clusters (rows) 
and markers (columns). Bar plots on the right side represent relative sized of 
clusters with absolute values in brackets. 
B. Red ridge plots represent marker expression distribution per individual clusters. 
Blue ridge plots represent average expression distribution of marker across all 
clusters. 
 
 

 Similarly to the unfiltered dataset, cluster dynamics varied across stages and 

tissue types. A few clusters however appeared to have a similar dynamic in both 

tissues. C2, C3, and C4 were present at similar proportions in both tissue types and 

increased with progressive stages (Fig. 5.29A). C11, the biggest cluster in first 

trimester FL sampels, increased until L11, before dropping sharply in size. In the 

FBM, it constituted approximately 25% of all cells before it was gradually outsized by 

other clusters. It sharply drops in size at L11 in the FL while it is quite large in BM12, 

which could indicate that C11 constitutes a population that rapidly colonises the FBM 

between 10 and 12 pcw. This kind of dynamic was also observed for C6. While C11 

was CD34+, C6 was CD34- and expressed CD93 and CD49f (Fig. 5.28A & B).  

 C9 was absent in most first trimester FL samples, but was surprisingly 

abundant in the FBM (Fig. 5.29A & B). From 12 pcw it expanded in relative size, 

peaked in FBM17 and began decreasing again. C9 is CD34-/CD41+ with some 

expression of CD43 and CD49f (Fig. 5.28A & B).  

While smaller in size, C7 and C12 stood out as two clusters that were specific 

to the FL (Fig. 5.29A & B). C12 was highly positive for CD34, CD144, CD49f and 

CD201 (Fig. 5.28A & B). On the other hand, C7 was the most negative cluster for 

CD34, but was positive for CD117 (Fig. 5.28A & B). The unscaled expression 

distribution also suggested there may be some CD144+ and CD143+ in this cluster 

(Fig. 5.28B).  

C1 was relatively small cluster present in the FL (Fig. 5. 29A & B). In the FBM 

is apeared to be a rarer population. C1 was a cluster of special interest as scaled 

median marker expressions suggested its phenotype as 

CD34+/CD144+/CD143+/CD90+/CD201+ (Fig. 5.28A). Unscaled expression 

distribution also indicated this cluster is likely to be CD117-expressing  as well (Fig. 

5.28B). 
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Figure 5.29. Cluster dynamics across sample sand dimensionality reduction 

A. Stacked barplots of 11 FlowSOM clusters across samples stratified by tissue type 
(left panel – FBM; right panel – FL).  
B. UMAP projections coloured according to the 11 FlowSOM clusters stratified by 
conditions (Bone_marrow & Liver). Cluster colour have been amended as a result of 
the removal of two clusters, but the numbering remains the same.  
 

 

 As we observed some potential HSC populations in FL, but not FBM samples, 

we supposed these populations may change their marker phenotype prior or at the 

time of FBM colonisation. We undertook multidimensional scaling analysis of the 

different clusters across samples in order to estimate the degree of similarity 

between clusters.  
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 C12, which was specific to the FL, clustered closely together with C11 (Fig. 

5.30). C7 clustered tightly with C2, indicates the two clusters may represent the same 

population. The main differences between that C7 was a very small cluster and also 

appeared to be CD34- (Fig. 5.28A & 5.29A). C8 was quite spread out across to MDS 

dimensions, which is probably due to the high spread of expression for multiple 

markers (Fig. 5.30 & 5. 28B). Overall the data was split in two by MDS dim. 1. One 

group contained clusters 1, 2, 3, 4, 5, and 7, while the other was composed of 

clusters 6, 11 and 12 with cluster 9 localising apart (Fig. 5.30). The first group 

contained all the clusters that explanded in relative size over time or remained stable. 

The second group contained the clusters that decreased in relative size over time.  

 

 

Figure 5.30. Multidimensional scaling plot for FlowSOM clusters 

MDS plot on pseudobulks computed for each cluster and sample. Points are 
coloured by their cluster identity and shaped by condition.  
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 By subsetting the data collected across FL and FBM of different stages for 

CD45RA-/CD38-/CD7- cells, we carried out a more focused search for potential HSC 

populations. We identified clusters that co-expressed a number of the markers in our 

panel in different combinations. By subsetting the data, we also showed that 

CD45RA and/or CD38 expressing cells are likely to be the populations contributing 

to the similarity between second trimester FL samples and the FBM. When we 

excluded these cells from the analysis, we revealed that L12, L14, and L18 were 

quite different from the rest of the samples, which strongly suggests that rather in 

waves, immature HSC and progenitor populations colonise the liver rapidly before 

the onset of the second trimester.  

5.9 In vivo  validation of FL and FBM populations identified by 

multiparameter flow cytometry 

We identified a number of clusters of interest in the previous section. We noted 

both in the full and subset data the existence of clusters that appeared to co-express 

a range of markers from our panel. One of such marker, CD117, was one of the 

brightest markers in the dataset (Fig. 5.28B). We also observed that CD144 and 

CD143 were often co-expressed, but CD144 median expression tended to decrease 

in later stages. The three markers were also co-expressed with C1, C2 and C3 in the 

analysis of the CD45RA-/CD38-/CD7- data subset.  

To begin with, we decided to target one population, C3 of the subset analysis. 

We chose this cluster because it has the brightest CD117 population. Based on 

previous experience on using this marker, we were confident we could identify this 

population using our standard gating strategy. We ran two independent experiments, 

using a 13 pcw FL and 17 pcw FBM sample. We decided on these samples as C3 

appeared in both tissue types and across all stages. We gated for live, single, 

CD45+/Lin-/CD45RA-/CD34+/CD38- and gated for the highest-expressing CD117 

cells in this population, using a CD117 FMO as a guide (Fig. 5.31). This population 

will be referred as CD34+/CD38-/CD117Hi from here on. It should be noted that the 

CD117 gates in this part of the project were higher compared to the ones we used 

to sort for CD34-/CD38-/CD93+/CD117Hi population in Chapter 3.  
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Figure 5.31. Gating strategy for sorting CD34+/CD38-/CD117Hi cells 

Representative flow cytometry plots of gating strategy for CD34+/CD38-/CD117Hi 
cells (left and middle panel) and CD117 FMP control (right panel). Sample used in 
plots is 18 pcw FBM. 
 

Cells were transplanted in C-KitMutant mice as previous work with this strain 

had suggested, they can sustain human repopulation at high levels and over long 

periods of time. Engraftment and lineage distribution were tracked via bone marrow 

aspirations every six weeks and assayed using flow cytometry. The first experiment 

we conducted was with 13 pcw FL, and we culled the mice 12 weeks post-

transplantation. All subsequent experiments were carried out for 24 weeks.  

We observed high engraftment in all mice injected with CD34+/CD38-

/CD117Hi cells from both 13 pcw FL and 18 pcw FBM. The percentage of human 

CD45+ cells in all assayed mice was over 60% as early as 6 weeks post-

transplantation (Fig. 5.32A). Mice transplanted with 13 pcw FL were culled at 12 

weeks, but engraftment persisted up to 24 weeks post-transplantation in mice 

repopulated with 18 pcw FBM cells. Lineage distribution in mice that received 13 pcw 

FL cells indicated higher proportion of CD33+ myeloid cells compared to CD19+ B 

cells (Fig. 5.32B). Almost no CD3+ cells were present in the bone marrow, but these 

cells could be detected in the spleens which were also highly repopulated with 

human CD45+ cells (Fig. 5.32A & B). In mice transplanted with 18 pcw FBM cells, 

the proportions of CD19+ B cells were higher than the myeloid cells in the first two 

time points at 6 and 12 weeks following injections (Fig. 5.32C). At later stages, CD33+ 

myeloid cells became more abundant than the B cells. In the spleen we observed a 

significantly higher engraftment of CD3+ T cells compared to 13 pcw FL mice, but 

this difference may be due to the longer duration of the experiment of 17 pcw FBM 

cells (Fig. 5.32B & C).  
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Figure 5.32. CD34+/CD38-/CD117Hi FBM and FL cells repopulate C-KitMutant mice 

A. Quantification of human chimerism as percentage of human CD45+ (hCD45+) cells 
of all single live cells. NSG-c-KitMutant mice were injected with 4, 000 CD34+/CD38-

/CD117Hi cells from 13 pcw FL (n=2; blue) or 3, 000 CD34+/CD38-/CD117Hi cells from 
18 pcw FBM (n=2; red). 
B-C. Quantification of lineage distribution normalised to total lineage-positive cells in 
NSG-c-KitMutant mice injected with CD34+/CD38-/CD117Hi cells from 13 pcw FL (B) 
and 18 pcw FBM (C).  
 
 After culling the mice transplanted with 13 pcw FL cells 12, we undertook 

secondary transplantation to assay the long-term reconstitution capacity of the foetal 

CD34+/CD38-/CD117Hi population. We only used one of the transplanted mice, for 

the human CD45 selection. We split the yielded cells and injected two secondary 

mouse recipients, effectively splitting the graft from one donor into two recipients. 

We also carried out staining for CD34, CD38 and CD117 to assess the marker 

phenotype of the population after 12 weeks of primary reconstitution and found that 

the expression distribution of CD34 and CD38 had been conserved through the 
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duration of the primary reconstitution, and CD117 expression in the CD34+/CD38 – 

population had been maintained (Fig. 5.33A).  

 Both of the secondary C-KitMutant mouse recipients were repopulated with 

human cells at 6 and 12 weeks following the secondary transplantation (Fig. 5. 33C). 

We also observed multilineage engraftment pattern similar to that observed in the 

primary recipients (Fig. 5. 33D, 5.33B). Furthermore, the distribution of CD34 and 

CD38 expression following 12 weeks of secondary transplantation still resembled the 

phenotype at the end of the primary reconstitution and primary samples (Fig. 5.31A-

B).  

 

Figure 5.33. CD34+/CD38-/CD117Hi 13 pcw FL cells have long-term reconstitution 

capacity 
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A-B. Representative flow cytometry plots for CD34, CD38 and CD117 expression at 
the end of primary (A) and secondary (B) reconstitution with 13 pcw FL CD34+/CD38-

CD117Hi cells. 
C. Quantification of human chimerism as percentage of human CD45+ (hCD45+) cells 
of all single live cells. C-KitMutant mice injected with 25, 000 hCD45+ from a single 
primary xenograft generated by 4, 000 13 pcw FL CD34+/CD38-/CD117Hi cells (n=2). 
D. Quantification of lineage distribution normalised to total lineage-positive cells in 
secondary C-KitMutant recipients.  
 
 We successfully demonstrated that high CD117 expression successfully 

purified CD34+/CD38- repopulating cells derived from 13 pcw FL and 18 pcw FBM. 

In addition, we showed these populations are capable of multi-lineage engraftment. 

For the population from 13 pcw FL, we also carried out a 12-week plus 12-week 

serial transplantation, which demonstrated robust multilineage reconstitution in 

secondary recipients. This experiment, however, was based on a single FL sample 

and one primary xenograft. In order, to confirm the long-term repopulation capacity 

of this population more experiments are required. In addition, the duration of the 

serial transplantations would have to be extended to truly test the long-term self-

renewal potential of the CD34+/CD38-/CD117Hi foetal HSCs.  

 As a first step, in verifying the hypothesised HSC clusters from our multi-

parameter marker analysis in the FL and FBM, we began by sorting for a 

CD34+/CD38- population expressing high levels of CD117. This specific cluster was 

identified as C3. In addition to being present in both FBM and FL samples, it also 

expressed CD144. We added CD144 to our panel and sorted for CD34+/CD38-

/CD117Hi/CD144+ and CD34+/CD38-/CD117Hi/CD144- to investigate if CD144 

expression could further stratify this population (Fig. 5.34).  
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Figure 5.34. Gating strategy for the isolation of CD34+/CD38-/CD117Hi/CD144+/- 

cells from FBM and FL samples 

Representative flow cytometry plots for gating strategy CD34+/CD38-

/CD117Hi/CD144+/- cells in 20 pcw FBM (top panels) and 20 pcw FL (bottom panels) 
plus CD144 FM0 control. 
 
 We used 20 pcw and 18 pcw FBM and FL samples for these repopulation 

experiments, but the mice injected with 18 pcw FL cells had to be culled soon after 

the start of the experiment.  Following the transplantation of 20 pcw FBM populations, 

we tracked the engraftment every 6 weeks from the twelfth-week time point. We 

observed engraftment in all injected mice. FBM CD144+ cells appeared to have the 

lowest engraftment level, though we lost one mouse before the 24-week time point 

(Fig. 5.35). However, these mice were injected with very low cell doses (Table 5.5), 

which could also explain the lower engraftment. CD144- FBM cells repopulated C-

KitMutant mice in both experiments, but the engraftment was only detectable from 18 

weeks onwards. At 24 weeks the engraftment in these mice was quite high, with 

presence of myeloid, B and T cells (Fig. 5.35A-B). In the FL, we detected robust high 

engraftment at every time point for both cell populations, but the lineage distributions 

were distinct. The mouse injected with CD144+ FL cells had high proportion of CD33+ 

myeloid cell repopulation, which was similar to what we observed in the CD144+ FBM 

experiments. But unlike the mice repopulated with CD144+ FBM cells, CD3+ T cell 

proportions were quite high in the spleen of the CD144+ FL mouse (Fig. 5.35B). We 
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also found high degree of similarity between the lineage distribution of CD144- FBM 

and CD144- FL repopulated mice. The mouse injected with FL cells, however, 

established engraftment earlier. 

 

 

 

 
Figure 5.35. Repopulation kinetics and lineage distribution of second trimester 

FBM and FL CD34+/CD38-/CD117Hi/CD144+/- cells 

A. Quantification of human chimerism as percentage of human CD45+ (hCD45+) cells 
of all single live cells. C-KitMutant mice injected with FBM and FL CD34+/CD38-

/CD117Hi/CD144+/- cells. See Table 5.5 for cell doses and sample staging. 
B. Quantification of lineage distribution normalised to total lineage-positive cells in 
secondary C-KitMutant recipients. Colours of plot borders correspond to panel A. 
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Phenotype Tissue Origin Stage Cell Dose 

CD144+ FBM 20 160 
 FBM 18 170 

 FL 20 1450 

CD144- FBM 20 831 

 FBM 18 200 

 FL 20 3400 

 
Table 5.5. Cell dose numbers for repopulation experiments 

 

 By conducting in vivo repopulation assays in C-KitMutant mice, we have 

demonstrated that high CD117 expression selects for a population with primary and 

secondary repopulation potential. We have also demonstrated successful multi-

lineage engraftment of as little as 160 CD34+CD38-/CD117Hi/CD144+ from second 

trimester FBM. The long-term self-renewal capacity of these cells, however remains 

to be tested. Additional replicates and samples from earlier stages would also be 

required to confirm the existence of these populations in haematopoietic 

development.  

 

 

5.10 . Chapter Summary and Discussion 

In this chapter we have presented the optimisation and execution of high-

parameter flow cytometry antibody panel, aiming to advance our understanding of 

the expression patterns of reported HSC markers in human foetal haematopoiesis. 

Using clustering algorithms and dimensionality reduction, we successfully identified 

a CD34+/CD38-/CD117Hi/CD144+/- FBM and FL population with in vivo repopulation 

potential.  We also conducted a secondary transplantation experiment that provided 

preliminary evidence CD34+/CD38-/CD117Hi FL cells may have long-term self-

renewal capacity. Further validations will be required to confirm this. Our data 

analysis of the subset data in section 5.8 of this chapter also indicated the presence 

of two clusters that appeared to contain CD34- populations with some expression of 

CD93 and CD117. Compelled by the work conducted in Chapter 3 of this thesis, we 

attempted repopulation assays by sorting for different populations within the CD34-

/CD38- compartment of FL and FBM samples in parallel with the work in section 5.9. 
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No multilineage human engraftement was detected in any of the mice transplanted 

with CD34- cells 24 weeks post-transplantation (Table. 5.6). These experiments 

suggested that the CD34- compartment in human FL and FBM may not be enriched 

for CD34- SRC between 13 and 20 pcw. Further experiments with larger cell doses 

may be required to confirm this. For CD34-/CD38-/CD93+/CD117+ derived from CB, 

we pooled MNCs from multiple donors and carried out high-efficiency lineage 

depletion before FACS. For our experiments on FL and FBM, samples were not 

pooled and committed cells were excluded only during FACS using a standard 

Lineage antibody cocktail. While it is possible that the CD34- HSCs emerge later in 

gestation, it could be that they are too rare to be efficiently captured in individual 

foetal samples without pre-processing steps that exclude committed cells and 

without larger starting cell quantities.  

Stage 

(pcw) 

Tissue Phenotype Cell dose Number of 

mice 

18 FBM CD34-CD38-CD117+ 18,000 2 

20 FL CD34-CD38-

CD93+CD117+ 

11000 1 

20 FBM CD34-CD38-

CD93+CD117+ 

170 1 

17 FBM CD34-CD38-

CD93+CD117+ 

94 1 

18 FBM CD34-CD38-

CD93+CD117+ 

165 1 

18 FBM CD34-CD38-

CD93+CD117+ 

500 2 

13 FL CD34-CD38-

CD93+CD117+ 

4000 2 

20 FL CD34-CD38-CD93-

CD117+ 

50000 1 

20 FBM CD34-CD38-CD93-

CD117+ 

18000 1 

17 FBM CD34-CD38-CD93-

CD117+ 

7290 1 

18 FBM CD34-CD38-CD93-

CD117+ 

4814 1 
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Table 5.6. List of CD34- FL and FBM populations and respective cell doses tested 

in C-KitMutant for repopulation capacity 

 

While much more powerful techniques for studying single cell heterogeneity 

such as scRNAseq and mass cytometry have become the norm, we have 

demonstrated that high-parameter flow cytometry can still be an effective tool in 

identifying populations of interest. Still, we cannot discount some inherent limitations 

that come with such analyses. One major challenge in flow cytometric data is spectral 

overlap. Spectral overlap, or “spillover”, results from the use of fluorochromes that 

are measurable in more than one detector. Compensation is meant to correct for 

spillovers of all fluorochormes used in a flow cytometry run, so that the collected data 

are normalised and each parameter contains information from a single fluorochrome. 

Compensation is a powerful tool, but the challenge of spillover becomes more severe 

with every additional parameter and interaction between parameters cannot be 

discounted in large panels even with compensation.  

While efforts have been made to expand the measuring capacity of flow 

cytometry instruments with the creation of new fluorochormes, little has been done 

to improve the mathematical methods for compensation corrections. Compensation 

also does not take into account cell-fluorochrome interactions that can interfere with 

excitement and emission spectrum of a dye. To complicate matters further, beads, 

which tend to stain more brightly than cells, are used in automatic compensations, 

resulting in a compensation matrix that does not always accurately normalise the 

actual data acquired.  

New flow cytometry instruments capable of measuring over 30-parameters are 

now commercially available, but the aims of individual experiments and the nature of 

the parameters examined must be carefully considered in designing 30-plus panels. 

In this chapter we showed that even in a 17-colour panel, challenges can be 

encountered at pre-processing. For some markers, it was apparent different 

parameters may have been better suited for the data transformation. Some online 

tools developed for mass cytometry recommend that separate transformations are 

applied for each individual marker in a dataset. However, this is not the case in the 

packages used in this analysis. The use of different transformation settings for 

individual parameters in a dataset may also introduce a level of bias to the data.  
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 Mass cytometry (MC) has several advantages over flow cytometry. It is more 

permissive of larger panels as the issue of “spillover” is not as pronounced. While 

sample runs can take significantly longer in MC, methods for sample indexing have 

been developed so multiple samples can be run at the same time. Some caveats in 

MC, however, is that choice of antibodies is still more limited and samples are lost 

during the data collection. Fluorescence-activated cell sorting remains the most 

reliable method to isolate cells based on cell surface marker expression. 

Undoubtedly, new developments in engineering and chemistry coupled with 

improvements in parameter normalisation methods will aid the development of 

instruments and software that will be capable of meeting the growing demand in 

biomedical research for multi-parameter measurements of cell markers.  
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Chapter 6. Discussion 

Haematology research in the 1990s marked a significant advancement in the 

identification of human HSCs. Following the isolation of a CD34+/CD90+ population 

with long-term in vitro self-renewal and differentiation capacity from foetal bone 

marrow, similar populations were isolated from umbilical cord blood, adult bone 

marrow, and peripheral blood in patients after G-CSF or GM-CSF mobilisation (Baum 

et al., 1992b; Bhatia et al., 1997; L. Murray et al., 1994, 1995). Succeeding studies 

reported the existence of a CD34- human HSC with in vivo repopulation potential, 

providing the first clues of the heterogeneity of the human HSC compartment (Bhatia 

et al., 1998; Zanjani et al., 1998). Work over the next decades reaffirmed the CD34- 

compartment as a potent source of HSCs in both umbilical cord blood and adult bone 

marrow, while also making strides toward elucidating the molecular mechanisms 

underlying this population (Anjos-Afonso et al., 2013; Danet et al., 2002). Despite 

these advances, the study of this unique population has been hampered by lacking 

strategies to isolate it at higher purity and its quiescent nature, which adds an extra 

layer of challenge in testing its functionality both in vitro and in vivo. While the NSG 

mouse model has been used in the past to study CD34- SRCs, their engraftment has 

been highly inefficient without administration of G-CSF and SCF (Anjos-Afonso et 

al., 2013). Many questions regarding the CD34- HSC have remained unanswered 

due to the limitations posed by our limited capacity to assay its functionality. 

Furthermore, the low frequency of SRCs within the CD34-/CD38-/CD93+ poses a 

significant challenge in attempts to understand their molecular profile at the gene 

expression level both by bulk and single cell RNAseq.  

In Chapter 3 of this thesis, we have reported our efforts at addressing these 

challenges. By screening the expression of a number of potential purifying cell 

surface markers, we showed that CD117 demarcates a distinct population within the 

CD34-/CD38-/CD93+ compartment. By adding CD117 to our gating strategy, we 

showed first in the NSG mouse model that CD34-/CD38-/CD93+/CD117+ population 

reconstitutes conditioned recipients with multilineage engraftment. This was followed 

up by testing both CD34-/CD38-/CD93+/CD117+ and CD34-/CD38-/CD93+/CD117-  

populations in enhanced NSG mouse models, NSG-S and C-KitMutant. In the NSG-S 

we demonstrated enhanced engraftment compared to the NSG. In addition, we 

achieved faster readouts, observing engraftment in this strain as early as 6 weeks, 
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which had never been reported before for the CD34- SRCs. In the C-KitMutant strain 

we observed a distinct engraftment kinetic beginning at 12 weeks post 

transplantation. The levels of reconstitution, however, steadily increased through the 

duration of the experiment reaching levels over 50%. While we observed human 

engraftment in all mice injected with CD34-/CD38-/CD93+/CD117+, this was not true 

for recipients transplanted with CD34-/CD38-/CD93+/CD117- , where as many as 10, 

000 cells failed to engraft. With these experiments we made the first strides toward 

validating CD117 as positive selection marker for CD34- SRCs as well as the first 

insights in the benefits of the NSG-S and C-KitMutant mouse models in revealing 

quiescent stem cell populations. We also further refined the gating strategy for the 

CD34- SRC, but dividing the CD117+ compartment into CD117Hi and CD117Int. By 

injecting NSG, NSG-S, and C-KitMutant mice with these two populations, we 

demonstrated that the cells driving in vivo reconstitution are restricted to the CD117Hi 

fraction. Limiting dilution analysis estimated the SRC frequency in CD34-/CD38-

/CD93+/CD117Hi population at 1/52 cells.  

We also conducted preliminary experiments that aimed to explore the potential 

presence of SRC populations within the CD34-/CD38-/CD93- compartment, where 

we could also detect expression CD117. We didn’t observe any reconstitution in 

NSG-S mice transplanted with CD34-/CD38-/CD93-/CD117+/-, but these experiments 

need to be repeated with higher cell doses. 

While the results reported in Chapter 3 of this thesis reaffirm the potency of the 

CD34- SRC, the experiments highlighted that any functional validations studies for 

potential HSC populations are highly dependent on the mouse models used. By 

testing CD34- SRCs in C-KitMutant and NSG-S mouse models we achieved levels of 

reconstitution never observed before in NSG without the support of cytokine 

injections post-transplantation. Further to the tangible differences in engraftment 

kinetics and differentiation outputs in C-KitMutant and NSG-S mice, the estimated 

frequencies of the CD34-/CD38-/CD93+/CD117Hi population differed significantly 

between strains: 1/52 in C-KitMutant mice and 1/242 in NSG-S mice. We cannot 

discount the possibility that this discrepancy is due to technical issues as we 

observed engraftment in NSG-S mice transplanted with 50 cells, but only few mice 

injected with 100 cells. These experiments would need to be repeated to reaffirm if 

the estimated numbers of CD34- SRCs truly differ between strains. It is, however, 

entirely possible that some strains are better at revealing certain stem cell 
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populations compared with others. We have shown in this thesis that NSG-S and C-

KitMutant strains support CD34- HSC engraftment far better than the classic NSG 

strain. The reason underlying remain speculative at this point. In the NSG-S, which 

requires irradiation conditioning like the NSG, we have seen increase in engraftment 

compared to the NSG and quicker engraftment. This is likely to be entirely driven by 

the human SCF, IL-3, and GM-CSF expressed in this mouse strain. In our scRNAseq 

data, we also explored the expression of a number of receptors involved in mediating 

cytokine signalling. In Table 6.1 we have summarised a list of interleukins and 

signalling molecules and their corresponding receptor complexes. The single cell 

RNAseq data suggested that a large number of receptors were not captured at all 

(coloured in red in Table 6.1), while some were captured at only very low levels 

(coloured in orange in Table 6.1). Expression of the primary subunits of the GM-CSF 

and IL-3 receptors were not expressed or expressed at low levels, respectively. This 

can suggest that the CD34-/CD38-/CD93+/CD117Hi lack the machinery to respond to 

IL-3 and GM-CSF stimulation. On the other hand, these cells do express CD117 (the 

SCF receptor) and CSF3R, which should enable them to respond to SCF and G-

CSF. This is supported by the fact both of these cytokines were useful in increasing 

the engraftment of CD34- SRCs in NSG (Anjos-Afonso et al., 2013). Of course, the 

fact we couldn’t detect expression of other receptors doesn’t necessarily mean they 

are not expressed. One of the caveats of scRNAseq data is that it can be informative 

about highly expressed genes and relative differences in gene expression between 

clustered populations, but cannot be used to reliably assess low-expressed genes. 

Quite a few receptors mediating interleukin signalling share subunits, and we found 

the genes for these shared subunits to be expressed. These genes are likely to be 

expressed at higher levels as their multi-functionality infers higher cellular demand 

for them. To reveal the expression patterns of the non-redundant subunits with higher 

confidence, other scRNAseq technologies that can achieve higher read depth can 

be used. Better understanding of the expression of these receptors can be useful in 

providing insight into signalling pathways that may aid the expansion the CD34- HSC 

in vitro. In vitro work has not been the subject of this thesis, but is an important area 

of research with significant clinical potential that should not be ignored.  

 

Signalling 
molecule 

Receptor complex 
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IL-1 – TYPE 
1 

IL1R1, IL1RAP 

IL-1 – TYPE 
2 

IL1R2, 1L1RAP 

IL-2 IL2RA, IL2RB, IL2RG 

IL-3 IL3RA, CSF2RB 

IL-5 IL5RA, CSF2RB 

IL-7 IL7RA, IL2RG 

IL-9 IL9R 

IL-15 IL15RA, IL2RB, IL2RG 

IL-18 IL18R1, IL18RAP 

IL-21 IL21R, IL2RG 

GM-CSF CSF2RA, CSF2RB 

G-CSF CSF3R 

M-CSF CSF1R 

Table 6.1. Summary of common interleukins and chemokines, corresponding 

receptor complexes. 

Text colours in Receptor Complex column correspond to expression status of 
receptor in scRNAseq data in Chapter 4. Red – not expressed; Orange – low 
expression; Black – expressed. 
 
 While our scRNAseq may not have been able to identify target pathways that 

could potentially help us study CD34- SRC in vitro, it did provide us with useful 

insights into the molecular makeup of this rare population. Surprisingly, we found a 

large number of cells expressed a robust HSC signature, suggesting that the HSC 

frequency we estimated for the population in our C-KitMutant LDA experiments may 

have actually grossly underestimated the number of HSCs within the CD34-/CD38-

/CD93+/CD117Hi compartment. What this suggests is that only a fraction of the cells 

we transplant in mice actually engraft. Possibly, only a few CD34-/CD38-

/CD93+/CD117Hi cells have the capacity to home to the bone marrow. However, 

CXCR4, an important mediator haematopoietic cell bone marrow homing, was 
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expressed in the three clusters that seemed to contain the majority of HSC-like cells. 

Furthermore, it has been confirmed that CD34- SRCs do home to the murine marrow 

quickly after transplantation in NSG (Anjos-Afonso et al., 2013). If homing is not what 

impedes the engraftment of some of these cells, then it is likely that they fail to 

establish a niche in the murine bone marrow and expand. This is an interesting 

question to be addressed and can be potentially answered by clonal tracking using 

barcoding. These experiments conducted over serial transplants can reveal if some 

clones emerge only in secondary or even tertiary recipients, which may explain the 

lower in vivo HSC frequency than the scRNAseq data suggests. Barcoding of cells, 

however, usually involves transduction using a viral vector and successful integration 

of the barcodes requires a cycle of cell division. With CD34- HSCs being so difficult 

to culture, barcoding may be highly inefficient.  

 While our scRNAseq data was highly informative and established high level 

of similarity in gene expression between the CD34+ and CD34- HSCs, it failed to 

address the differences between the two. To achieve this in the context of our own 

dataset, CD34+ HSCs should have been submitted for scRNAseq together with the 

CD34- sample. This would have allowed us to sequence the transcripts in the two 

populations simultaneously using the same kits and sequencing platforms, producing 

data of comparable quality, which would have enabled us to generate differentially 

expressed gene lists. But the challenge of this experimental design would have been 

to decide which CD34+ fraction to isolate. The HSC frequency in the CD34+/CD38- 

fraction is too low and would have required high numbers of cells to be sequenced, 

while recent reports have cast into doubt the reliability of CD49f as a marker for the 

most potent CD34+ HSCs (Belluschi et al., 2018; Notta et al., 2011). Another way of 

answering the question about the differences between CD34- and CD34+ HSCs 

would be to use published CITEseq datasets, which provide simultaneously gene 

expression and cell surface maker expression data. After identifying the HSC 

populations based on their transcriptomic profile, CD34 cell surface marker 

expression can be mapped to distinguish the CD34- HSCs from the CD34+ and 

enable differential gene expression analysis between the two. This also comes with 

challenges, of course. Most CITEseq datasets are done only on CD34+ enriched 

populations, which would mean a very low representation of the CD34- HSCs, if any. 

Furthermore, the CD34- HSCs are extremely rare. In most of our experiments, we 

required several pools of cord blood in order to obtain sufficient numbers for in vivo 
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experiments and scRNAseq submission. Most scRNAseq datasets are generated 

from one patient or donor, decreasing the possibility that it would be able to capture 

a sufficient amount of CD34- HSCs for analysis.  

 While many questions remain to be addressed, in Chapters 3 and 4 of this 

thesis, we reported data that reaffirmed the existence of the CD34- HSC. Using 

functional and single cell transcriptomic approaches we have demonstrated that 

CD34- HSCs, despite challenges posed by their intrinsic nature, these cells can be 

studied with improved purification strategies and better mouse models. This rare and 

largely understudied stem cell population, similarly to findings in the CD34+ 

compartment, may also hold heterogeneity of its own. However, for all the challenges 

the study of this population poses, it holds immense clinical potential.   

 

 One of the major goals of the project reported in Chapter 5 was to design a 

flow cytometry panel that brings together multiple HSC markers that have been 

reported independently over the years in mouse and human foetal haematopoiesis. 

By achieving this goal, we were able to conduct an analysis based on marker 

expression distribution, which enabled us to identify an HSC population present in 

both foetal liver and foetal bone marrow that was capable of in vivo reconstitution of 

C-KitMutant mice. We also identified a number of additional populations, whose self-

renewal and differentiation potential remains to be tested. The data also enabled us 

to look into the population dynamics of different populations. The limitations posed 

by the cell surface markers we selected for our panel, disabled us from identifying 

cell populations that were more mature. Inclusion of some markers distinguishing 

different progenitors may have helped provide insight into the dynamics of these 

populations in early foetal haematopoiesis. Also, markers such as CXCR4 and some 

integrins implicated in the migration of foetal liver cells to the bone marrow, would 

have been also interesting to track over gestational stages. Still, our panel captured 

quite a few markers already and it is possible that the quality of the data may have 

diminished with further additions of antibodies.  

 What we also found fascinating during the analysis was the actively changing 

population dynamics taking place in early foetal haematopoiesis. We were observing 

a number of populations changing in size over time. By looking at the median 

expression of markers in specific clusters we could speculate about the potential 

identity of a population, but not the relationship between clusters. For example, one 
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question that was raised in the process of data analysis is if we can use the data to 

infer relationships between clusters at different time points in ancestor-descendant 

manner. Such methods have not been developed for high-parameter flow cytometry 

data. One reason for that is the limited nature of the data; even in a big panel, the 

number of measured variables may be insufficient to achieve this. But mathematical 

methods that could model this on the scale of flow cytometry data do exist. One such 

mathematical theory, Optimal Transport, has been used before and applied to 

scRNAseq data, establishing this form of mathematical modelling as a viable strategy 

to reconstructing temporally-related population relationships. This kind of analyses, 

however, require rates of cell division-related expansion of specific populations to be 

supplied, so that the algorithm can effectively distinguish between a cluster growing 

due to cell division or the influx of cells that belonged to different cluster in the 

preceding time point.  

 In this thesis, leveraging the power of high-parameter single cell analysis, we 

have presented evidence of the significant haematopoietic stem cell heterogeneity 

in prenatal and postnatal haematopoiesis. Through the use of in vivo repopulation 

assays we have validated populations of interest both in umbilical cord blood, foetal 

liver and foetal bone marrow. Much work remains to be done to establish the source 

of haematopoietic stem cell heterogeneity, but we have reported methodologies and 

findings that will hopefully inform further efforts into this area of research.  

 

 

 

 

 

 

 

 

 

 

Chapter 7. Appendix 

Marker Fluorochrome Clone Catalogue 
Number 

Company 



Appendix 

 

216 

 

CD10 FITC HI10a 347503 BD 

CD10 PE HI10a 561707 BD 

CD110 BV650 1.6.1 743579 BD 

CD110 PE 1.6.1 562159 BD 

CD117 BB700 104D2 742284 BD 

CD117 PE 104D2 332785 BD 

CD117 APC 104D2 17117842 eBioscience 

CD11b FITC ICRF44 562793 BD  

CD14 PE M5E2 560995 BD 

CD143 BV786 BB9 742900 BD 

CD143 PE BB9 557929 BD 

CD144 BV711 55-7H1 743707 BD 

CD144 PE 55-7H1 561714 BD 

CD16 FITC 3G8 555406 BD 

CD16 PE 3G8 345789 BD 

CD19 FITC SJ25C1 555412 BD 

CD19 PE SJ25C1 560961 BD 

CD19 EF450 HIB19 48019942 eBioscience 

CD2 FITC RPA2.10 555326 BD 

CD2 PE RPA2.10 561760 BD 

CD20 FITC 2H7 555622 BD 

CD20 PE 2H7 561002 BD 

CD201 BV421 RCR-252 743552 BD 

CD201 PE RCR-252 557950 BD 

CD235A FITC HIR2 559943 BD 

CD235A PE HIR2 555570 BD 

CD24 FITC ML5 555427 BD 

CD24 PE ML5 560991 BD 

CD3 FITC UCHT1 561806 BD 

CD3 PE UCHT1 561808 BD 

CD3 APC UCHT1 555335 BD  

CD31 FITC MEC13.3 555445 BD 

CD31 PE MEC13.3 345812 BD 

CD33 PE WM53 555450 BD  

CD34 APCR700 8G12 659123 BD 

CD34 PE 8G12 345802 BD 

CD34 PerCP-Cy5.5 8G12  347222 BD  

CD38 BUV737 HB7 564686 BD 

CD38 PE HB7 347687 BD 

CD41 APC HIP8 559777 BD 

CD41 PE HIP8 555467 BD 

CD43 APCH7 IG10 655407 BD 

CD43 PE IG10 560199 BD 
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CD45 BUV805 Hi30 555482 BD 

CD45 PE Hi30 555483 BD 

CD45 PEcy7 HI30 25045942 eBioscience 

CD45RA BUV395 HI100 740298 BD 

CD45RA PE HI100 555489 BD 

CD45RA FITC HI100 555488 BD 

CD49F PE GOH3 561894 BD 

CD49F PECF594 GOH3 562474 BD 

CD49f APC-Cy7 GoH3 313628 Biolegend 

CD56 FITC B159 562794 BD 

CD56 PE B159 561650 BD 

CD66B FITC G10F5 555724 BD 

CD66B PE G10F5 561051 BD 

CD7 BV605 M-T701 740392 BD 

CD7 PE M-T701 561934 BD 

CD7 FITC M-T701 555360 BD  

CD90 PE 5E10 555596 BD 

CD90 PECY7 5E10 561558 BD 

CD90 BV605 5E10 747750 BD  

CD93 PE VIMD2 336107 Biologend 

CD93 Biotin VIMD2 336104 Biolegend 

GPI-80 PE 3H9 D087-5 MBL 
International 

Lineage 
Cocktail 

FITC  340546 BD  

mouse CD45 PERCPcy5.5 30-F11 45045182 eBioscience 

Streptavidin BUV496  564666 BD 

Streptavidin PE  554061 BD  

 

Table 7.1. List of antibodies used
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