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Abstract 

 Hematopoietic stem cells (HSCs) comprise a functionally and molecularly heterogeneous 

population of cells that collectively maintain the lifelong production of mature blood cells. 

Known developmental changes in their properties include an early postnatal switch from a 

rapidly cycling high self-renewal state to a quiescent state with an overall reduced self-renewal 

potential. Additional age-associated alterations in mouse HSC properties have been predicted but 

these have remained poorly explored in human HSCs. Of recent interest has been the finding that 

most healthy humans of advancing age possess enlarged clones of normal blood cells marked by 

somatic mutations in genes commonly involved in hematopoietic malignancies. Together, these 

findings suggest that altered regulation of HSC cycling may be a feature that develops with 

advancing age in humans. To examine this possibility, an investigation of the HSC and 

progenitor compartments in healthy human donors aged 0-69 years was initiated. A first 

characterization of cells within the HSC-enriched subset characterized by a CD34+CD38-

CD45RA-CD90+CD49f+ (CD49f+) phenotype showed that these cells are consistently present 

from birth to old age at similarly low frequencies. Functional assays showed their long-term and 

lympho-myeloid differentiation capacity in vitro and in vivo (in transplanted immunodeficient 

mice) to be similar but indicated a possible increased in vivo supportive requirement with age. 

Kinetic analyses of individually tracked CD49f+ cells further revealed a strong and progressive 

aging-related delay in completing their first and subsequent divisions in vitro that was 

exacerbated when the growth factor stimulus was reduced. Development of a method for 

simultaneous cell-cycle staging and multiplexed molecular analysis of single CD49f+ cells 

traced this delay to a mitogen-sensitive G1 elongation which was also evident at slightly later 

stages of hematopoietic cell differentiation. This delay appeared related to a reduced immediate 
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growth factor-induced activation of AKT and β-catenin obtained in adult cells. These findings 

point to a newly identified intrinsic and pervasive, aging-related alteration in specific early 

signaling intermediates that are required to drive G1 progression in HSCs (and their early 

progeny) and lay the foundation for further analyses of how this regulatory change may impact 

the acquisition of other aging-related phenotypes in the hematopoietic system.  
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Lay Summary 

 A small collection of cells (called “blood stem cells”) are responsible for continuously 

producing the blood cells needed throughout a person’s life. However, little is known about how 

aging may impact this process. To address this question, blood and bone marrow cells were 

obtained from healthy human donors ranging in age from birth to 69 years old. Characterization 

of the blood stem cells in these samples showed many of their features were unchanged by aging. 

However, one important difference found was that blood stem cells from older donors took 

longer to generate two daughter cells when stimulated to do so. This change was shown to be 

connected to the way that older blood stem cells respond to certain external growth signals. 

These results present a previously unknown feature of aging that may contribute to the 

acquisition of other effects of aging on blood cell production including the development of 

leukemia.  
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Chapter 1: Introduction 

1.1 Cellular Basis for Hematopoietic Reconstitution   

In the mid-1950’s, recognition of the severe effects of modest doses of ionizing radiation 

on bone marrow cellularity and blood cell production stimulated research into medical 

interventions against this effect. A major advance was the discovery that infusions of cells from 

the spleen (Jacobson et al., 1951) or bone marrow (Lorenz et al., 1951) could be protective when 

provided shortly after exposure of rodents to otherwise lethal doses of irradiation. Tracking the 

origin of the cells reconstituted in the recipients of marrow obtained from donors bearing a 

signature chromosomal translocation revealed their origin from the donor cells infused and hence 

that the reconstitution was not attributable simply to a humoral effect as had been previously 

postulated (Ford et al., 1956).  

These findings spurred the development of methods to identify the cells capable of 

reconstitution and prompted the use of a limiting dilution analysis (LDA) strategy to determine 

the number of viable hematopoietic cells required to rescue lethally irradiated mice (McCulloch 

& Till, 1960). In following experiments, irradiated mice receiving donor marrow were 

discovered to develop macroscopic spleen nodules containing rapidly proliferating cells 

including multiple lineages of differentiated blood cells (Till & McCulloch, 1961). These 

nodules were later shown to represent clonal populations in experiments in which the infused 

cells bore uniquely altered karyotypes due to irradiation of the donor (Becker et al., 1963). 

Moreover, because the number of spleen colonies produced in recipients was linearly related to 

the number of donor cells injected, the procedure was inferred to detect the cell of origin (Till & 
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McCulloch, 1961). However, as other properties of these cells remained uncharacterized, they 

were assigned the functional designation of ‘colony-forming units-spleen’ (CFU-S).  

However, some of the features of these spleen colonies provided the basis for several 

concepts still widely associated with hematopoietic stem cells (HSC). These included their 

content of mature cells from multiple different lineages as well as highly variable numbers of 

daughter CFU-S that would give rise to similar spleen colonies in secondary recipients 

(Siminovitch et al., 1963; Wu et al., 1967, 1968). These results suggested that CFU-S are 

multipotent with highly variable abilities to “self-renew” - that is, to generate progeny that 

maintain the defining functional properties of the cells from which they derived. The CFU-S 

present in adult mice were also found to be resistant to treatments that kill dividing cells, 

suggesting that most might exist in a non-cycling “quiescent” state (Becker et al., 1965; Bruce et 

al., 1966). Two decades later, it was revealed that most cells with CFU-S activity do not have the 

sustained blood cell output indicative of more primitive hematopoietic cells that are also found in 

the marrow throughout life, but rather represent a downstream stage of a cellular hierarchy 

arranged in an order of progressively lessening hematopoietic potential (Reviewed in Eaves, 

2015 and discussed further in section 1.3). 

1.2 Hematopoietic Cell Transplantation Therapies 

The therapeutic potential suggested by these early findings was immediately realized and 

the first successful use of bone marrow transplantation to abrogate the effects of otherwise lethal 

treatments for pediatric leukemia using cells from an identical twin donor to avoid rejection were 

reported in 1959 (Thomas et al., 1959). Although the eventual outcomes of these transplants 
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proved ultimately non-curative, they demonstrated the reappearance of cytologically normal cells 

in the marrow of the patients following transplantation and therefore the therapeutic potential of 

this approach. Subsequent advances in understanding the mechanisms of graft rejection and 

graft-versus-host disease (GVHD) now allow transplantation of hematopoietic cells into patients 

also from allogeneic (matched-related donors or matched-unrelated donors) as curative therapies 

not only for hematological malignancies but also multiple other conditions (Ljungman et al., 

2010; Naldini, 2019). Methods for mobilizing clinically useful transplantable hematopoietic cells 

into the blood (Panch et al., 2017), the use of autologous hematopoietic transplants (Ljungman et 

al., 2010) and more recent coupling of these strategies with therapeutic genetic modification of 

the cells (reviewed in Naldini, 2019) are all now consequences of the early discoveries in the 

1950’s and 1960’s.  

1.3 Organization of the Hematopoietic Compartment 

Hematopoiesis is now recognized to be a hierarchically organized cellular process 

spanning many cell divisions to produce huge numbers of generally short-lived mature blood 

cells from a relatively small number of cells with considerable self-sustaining ability. Cells with 

different functional characteristics such as regenerative potential and differentiation capabilities 

demonstrated in vitro and in vivo are placed within different regions of this hierarchy with those 

having the most durable regenerative activity, the HSCs, residing at the apex and the terminally 

differentiated mature cells at the end. Specific assays designed to detect the presence of 

individual cells at different regions of this hierarchy were later linked with various viable cell 

separation methods, of which fluorescence-activated cell sorting (FACS)-based isolation of cells 
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defined by their combinatorial surface marker profiles has now become the most powerful 

(Doulatov et al., 2012; Eaves, 2015; Figure 1.1 A/B) 

Surface marker phenotypes are continuing to identify features that subset the 

hematopoietic compartments of mice and humans as well as an increasing number of other 

model organisms. However, differences in surface marker profiles between even the mouse and 

human systems has made finding analogues between them problematic. For example, the Sca-1 

marker present on mouse HSCs has no human homolog (Bradfute et al., 2005). In addition, the 

expression of several markers on primitive subsets of mouse and human cells appear to be 

opposingly regulated. For instance, the CD34 sialomucin is expressed on very early as well as 

later stages of primitive human hematopoietic cells whereas it is not expressed on HSCs in the 

mouse (Baum et al., 1992; Nakauchi et al., 2000; Osawa et al., 1996) with an opposite scenario 

for CD38 (Bhatia et al., 1997; Randall et al., 1996). Nevertheless, the general conceptualisation 

of the hematopoietic hierarchy in both mice and humans as being organized as a series of distinct 

cell types with specific potentialities and molecular differences mostly concordant with unique 

surface marker phenotypes and a generally bifurcating lineage restriction process has persisted 

for several decades (Figure 1.1B). However, in the last few years, the weaknesses of this model 

in allowing further insights into the detailed mechanisms of hematopoietic differentiation control 

have become apparent. In particular, the coupled use of single-cell sequencing strategies and 

functional assays of individually-assessed index-sorted cells have revealed that the hierarchy 

rather resembles a continuum of cells with overlapping functional potentials and that phenotypic 

classifications are restricted to isolating cells within different, but overlapping stages of this 

continual and variable process (Belluschi et al., 2018; Buenrostro et al., 2018; Giustacchini et al., 

2017; Karamitros et al., 2018; Knapp et al., 2018, 2019; Velten et al., 2017; Zhao et al., 2017; 
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Zheng et al., 2018). Cellular movement across this landscape is then representative of alterations 

in molecular states contributing to the differing inherent functional potentials of the cells 

(Buenrostro et al., 2018; Knapp et al., 2018, 2019; Velten et al., 2017; Figure 1.1C). 

Phenotypes of adult mouse bone marrow cells that can individually sustain the lifetime 

production of a high proportion of the mature blood cells in a transplanted congenic recipient are 

now well established (Kent et al., 2009). However, identification of a phenotype that selectively 

enriches for human cells with similar properties has been more challenging in part because of the 

evolving appreciation for the limitations of the assays available. A phenotype shown in LDA 

experiments to produce progeny in primary and secondary immunodeficient mouse recipients is 

now considered to identify an analogous human HSC compartment with ~10% purity (Knapp et 

al., 2017, 2018; Notta et al., 2011). Direct clonal tracking of this CD34+CD38-CD45RA-

CD90+CD49f+ phenotype, hereafter referred to as CD49f+ cells, as well as clonal analyses of 

populations regenerated after ≥6 months in xenotransplants, or within gene-therapy patients, has 

revealed extensive heterogeneity in the kinetics and cellular outputs of individual HSCs 

including the identification of HSCs which robustly contribute to only a single mature lineage, 

drawing into question the multipotent ‘requirement’ of HSC outputs (Aiuti et al., 2013; Belluschi 

et al., 2018; Biasco et al., 2016; Biffi et al., 2013; Cheung et al., 2013; Knapp et al., 2018; Ravin 

et al., 2016; discussed further in section 1.7). However, the mechanisms and stages of lineage 

restriction that account for this heterogeneity remain poorly understood. Nevertheless, cell 

phenotypes remain a useful tool for isolating populations enriched in specific functional abilities 

and thereby enable in-depth functional and molecular profiling, recognizing that such findings 

then require reconciliation with their relevance within the more diffuse concept of the 

hematopoietic hierarchy as a multidimensional continuum. 
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1.4 Origin and Development-Related Changes of HSCs 

 In mice, the embryonic origin of definitive HSCs, those responsible for the lifelong 

production of mature blood cells, has been identified to occur at embryonic day 10.5 in the aorta-

gonad-mesonephros (AGM) region and by inference at the same site approximately 30 days 

post-conception in humans (Ivanovs et al., 2017; Rowe et al., 2016). The emergence of 

functionally defined HSCs in mice is driven by a Runx1-dependent endothelial-to-hematopoietic 

transition (EHT) and the resulting definitive HSCs are marked by expression of HoxB4 (Rowe et 

al., 2016). However, an earlier wave of primitive blood cells with limited cellular outputs, 

including nucleated red blood cells and myeloid cells, arise earlier in the yolk sac within ‘blood 

islands’ and migrate to the liver ahead of the definitive HSCs (Ivanovs et al., 2017; Rowe et al., 

2016). However, even in mice, it is still unclear if or how these two cell types may be 

developmentally related since it has been shown that yolk sac cells cultured on AGM-derived 

stroma can produce progeny that are capable of repopulating adult mice (Matsuoka et al., 2001). 

Once seeded by the incoming definitive HSCs, the liver remains the primary site for 

hematopoiesis in the developing fetal mouse with colonization of the bone marrow occurring 

later (Ivanovs et al., 2017; Rowe et al., 2016). While the human fetal liver (FL) is similarly 

colonized prior to the bone marrow (BM), limited hematopoiesis can be found in the BM as early 

as 10.5 weeks post-conception, developmentally prior to what is seen in the mouse (Charbord et 

al., 1996; O’Byrne et al., 2019). Interestingly, several functional properties of these initial 

definitive HSCs do not remain stable during development with distinct differences from HSCs 

found in adult sources.  
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In some of the earliest experiments looking at the CFU-S content of hematopoietic cells 

in the FL or the BM of adult mice, it was revealed that CFU-S in the FL were highly sensitive to 

high-specific activity tritiated thymidine (3H-Tdr) and therefore were mostly in cycle while those 

in the adult BM were not (Becker et al., 1965). This property was later seen to extend into the 

HSC compartment with fetal HSCs remaining rapidly cycling until 3-4 weeks post-birth where 

they were found to then switch rapidly, within a week, to the mostly quiescent state of adult 

HSCs (Bowie et al., 2006, 2007a). Evidence of a similar developmentally controlled switch in 

the cycling behavior of human and baboon HSCs has been inferred to occur in the first 1-3 years 

after birth through observation of a change in the rate of telomere decay in short-lived terminally 

differentiated blood cells (Baerlocher et al., 2007; Sidorov et al., 2009). However, the cells 

within the CD34+ stem and progenitor compartment in normal human umbilical cord blood (CB) 

are already mainly quiescent, perhaps indicative of a differently timed developmental switch in 

mice and humans (Wilpshaar et al., 2000). However, it is important to note that despite human 

CB containing relatively abundant frequencies of stem and progenitor cells, these must represent 

a small fraction of the body’s total, with many still in the liver and already in the BM. 

Additionally, studies have previously shown a selection against or an inability of cycling 

stem/progenitor cells to enter the circulation (Bowie et al., 2006; Morrison et al., 1997; Ponchio 

et al., 1995). Nevertheless, it seems clear that, in both the mouse and human systems, the 

hematopoietic cells from the FL have enhanced regenerative properties when transplanted 

relative to those from the adult, with human CB being intermediate (Holyoake et al., 1999; 

Nicolini et al., 1999; Rebel et al., 1996). This enhanced regenerative capacity of fetal HSCs 

appears to be linked to a heightened self-renewal activity driven by expression of Lin28b and an 

increased sensitivity to Stem Cell Factor (SCF; Audet et al., 2002; Bowie et al., 2007b; Copley et 
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al., 2013). In this context, Lin28b functions to inhibit the let-7 family of micro RNAs (miRs) 

which leads to higher levels of Hmga2. Overexpression of Lin28 or Hmga2 in adult mouse BM 

enhanced self-renewal to levels similar to those of fetal HSC, conversely HSC from the FL of 

Hmga2-/- mice had reduced self-renewal activity (Copley et al., 2013). In humans, the repressive 

LET-7 family members are more highly expressed in adult BM CD34+CD38-CD45RA-CD90+ 

cells, followed by those from CB, then lowest in FL with the opposite trend observed for 

LIN28B (Cesana et al., 2018). This study also found that while HMGA2 levels were lowest in 

adult BM, both FL and CB expressed high levels but displayed differential abundance of 

HMGA2 isoforms: a longer isoform in FL and shorter in CB suggesting differential splicing 

precedes transcriptional downregulation (Cesana et al., 2018). Altogether, these findings suggest 

that the LIN28b-LET-7-HMGA2 axis is a conserved mechanism regulating some of the altered 

features that adult HSCs display and distinguish them soon after birth from the rapid cycling and 

high self-renewal properties of the FL HSCs from which they develop. 

1.5 Contribution of HSCs to Steady-State Hematopoiesis 

 Due to the very large number of new blood cells produced daily to sustain normal 

physiological requirements, it has been of long-term interest to determine the role of HSCs in 

maintaining this output under homeostatic conditions. As noted, early investigations indicated 

that the majority of adult cells capable of regenerating the hematopoietic system are quiescent 

(Becker et al., 1965; Bruce et al., 1966) and this was later supported by experiments showing that 

prolonged administration of bromodeoxyuridine (BrdU) was required to label the DNA of these 

cells. The rate at which the BrdU signal was lost in different populations was then used to 

determine the relative frequency at which these populations divided. From these experiments it 
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was estimated that adult mouse HSCs continuously and asynchronously enter the cell cycle 

during normal steady-state hematopoiesis at an estimated rate of 6-8% per day (Cheshier et al., 

1999; Kiel et al., 2007). However, it has since been shown that the administration of BrdU 

necessary to label the DNA of the cells is sufficient to induce BM stress which enhances the rate 

of entry of HSCs into the cell cycle (Wilson et al., 2008). Subsequent strategies using an 

inducible histone H2B coupled to green fluorescent protein (GFP) were developed to avoid this 

and to specifically mark primitive populations. This strategy revealed that HSCs with high self-

renewal activity divide less frequently in situ but could be rapidly stimulated into the cell cycle 

following an in vivo administration of 5-fluorouracil (5-FU) or G-CSF (Foudi et al., 2009; 

Morcos et al., 2020; Wilson et al., 2008) but could then return to dormancy (Wilson et al., 2008). 

This reversible activation of the HSC compartment has also been documented in response to a 

chronic inflammatory stimulus provided by administration of interleukin-1 (IL-1) which likewise 

stimulates HSC cycling at the expense of self-renewal activity followed by a reversal of this 

effect upon IL-1 withdrawal (Pietras et al., 2016). HSCs therefore regularly, but variably 

complete cell divisions and represent a fraction of cells that can be induced into a proliferative 

state by mechanisms that stimulate a rapid output of mature blood cells.  

 To determine the proportion of mature cells arising from HSCs under steady-state 

conditions, various clonal tracking techniques in mice have been deployed and have arrived at 

different conclusions. A study by Sun et. al. using the Sleeping Beauty hyperactive transposase 

system determined that steady-state hematopoiesis was maintained by thousands of long-lived 

progenitor clones each of which minimally contributed to the overall mature cell population (J. 

Sun et al., 2014). However, subsequent studies argue this methodology had an insufficient 

detection threshold and did not specifically label the HSC fraction. Use of an inducible label 
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under control of the Tie2 locus granted higher specificity in labeling HSCs although at a low 

efficiency (~1% of HSCs labeled; Busch et al., 2015). Nevertheless, this method demonstrated 

that ~30% of HSCs contribute albeit infrequently to hematopoiesis (~1/110 dividing per day, 

with an assumed total of ~17,000 HSCs in a mouse), but mainly through contribution to shorter-

term, but still long-lived, multipotent progenitors which greatly amplify their outputs (Busch et 

al., 2015). This was extended through use of a similar strategy with an inducible label expressed 

under the Pdzk1ip1 locus which is expressed in mouse but not human HSCs. This alternative 

strategy enabled the labeling of ~30% of HSCs after induction (Sawai et al., 2016). In contrast to 

the previous studies, this strategy also demonstrated a higher continuous contribution of the HSC 

compartment to the output of mature cells, with the majority of these being derived from HSCs 

within 9 months. This finding was further underscored by the increased rate at which HSC 

contributed to the mature cell population when the mice were exposed to a poly:I-C-driven 

inflammatory stimulus (platelets and myeloid cells arising from labeled HSCs reached ~70% by 

32 weeks in non-treated mice versus the same proportion reached around week 16 in poly:I-C-

treated mice). Taken together, these latter results support the view that HSCs act both to maintain 

steady-state hematopoiesis and act as a reservoir in cases of BM stress. 

 In the human system, direct labeling of HSCs to assess their steady-state contributions in 

situ has been a technical challenge. However, time course tracking of the data obtained from 

patients in ongoing gene therapy trials has enabled many individual clones to be tracked via their 

unique viral insertion sites. These data show that a predominant contribution of the transplanted 

HSCs to steady-state hematopoiesis can be achieved within ~6 months and may continue for at 

least an additional 2.5 years (Biasco et al., 2016). Tracking of somatic transversions occurring in 

CD49f+ cells and linking those to mature cells with the same nucleotide transversion in normal 
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adults under steady-state conditions has similarly indicated long-term contribution to multiple 

mature lineages by the CD49f+ HSC compartment (Wang et al., 2020). In both cases, the 

contribution from the HSC compartment was also determined to be polyclonal. However, deep 

sequencing studies performed on blood taken from normal adults of varying ages now reveals 

that older persons frequently contain a readily detectable portion (variant allele fraction (VAF) 

>0.1) of their circulating (very short-lived) neutrophils that contain unique somatic mutations 

indicating their origin from a more limited pool of primitive hematopoietic cells (Genovese et al., 

2014; Jaiswal et al., 2014). Interestingly, these mutations were most frequently found in genes 

associated with leukemias, primarily TET2, DNMT3A, and ASXL1 (Genovese et al., 2014; 

Jaiswal et al., 2014) and persons bearing these mutated clones were at increased risk of 

developing a hematologic cancer (hazard ratio >10; Genovese et al., 2014; Jaiswal et al., 2014). 

An indication of this type of perturbed but non-neoplastic growth, recently termed “clonal 

hematopoiesis of indeterminate potential” (CHIP) had been previously suggested by occasional 

evidence of highly skewed ratios of G6PD alleles (on the X-chromosome) in normal older 

women who were G6PD heterozygotes (Champion et al., 1997; Fey et al., 1994). More recent 

analyses have found that the presence of such mutant clones with enhanced growth potential, but 

are otherwise apparently phenotypically normal is nearly ubiquitous in healthy adults over 50 

years old and that clones bearing DNMT3a mutations can be detectable decades earlier 

(McKerrell et al., 2015; Young et al., 2016). The presence of these somatic clones in the blood 

measured years apart also strongly suggests an origin within the HSC compartment (Young et 

al., 2016). This aging-associated rise in oligoclonal maintenance of tissues by mutant but non-

transformed cells has also been found to extend to other tissues beyond the blood system (Yizhak 
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et al., 2019), most notably in the skin (Martincorena et al., 2015), esophagus (Martincorena et al., 

2018), and endometrium (Suda et al., 2018).  

 In summary, the HSC compartment acts both as a continuous source of cells that, while 

individual clones contribute at a very low rate, meets the needs of steady-state blood cell renewal 

requirements, in addition to serving as a reservoir able to respond rapidly to stimuli that signal 

for increased needs. However, as individuals age, the appearance of mature cells arising from 

HSCs bearing somatic mutations in leukemia-associated genes becomes increasingly evident. 

These findings add to the interest in obtaining an improved understanding of the functional and 

molecular properties of HSCs that change with age and the mechanisms responsible for their 

appearance. 

1.6 Features of Aging Hematopoiesis 

 The process of aging is seen in many organisms and has been associated with the 

appearance of several hallmarks common across many tissues. These include changes in the 

(epi)genome that include increased mutational loads, shortened telomeres, and altered 

epigenomic features. In addition, alterations to metabolism and proteostasis are widely 

recognized (López-Otín et al., 2013). Functional evidence of an accumulation of cells with 

senescent features and reduced regenerative activity of the stem cell compartment have also been 

commonly associated with aging in several tissues, including the skin, muscle, intestine, brain, 

and blood (López-Otín et al., 2013). Despite the shared nature of these changes across different 

tissues, exactly what is driving their acquisition at a cellular level remains unclear. Elevation in 

the plasma levels of several inflammatory cytokines including IL-6, tumor necrosis factor (TNF), 
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and IL-1β in the elderly is thought to contribute to the acquisition and progression of at least 

some aging-related features and the development of diseases in a process termed “inflamm-

aging” (Franceschi et al., 2006, 2018; Geiger et al., 2013).  

 It is also appreciated that DNA replication is imperfect, leading to the accumulation of 

somatic mutations over time, estimated at a frequency of ~40 novel mutations per year in adult 

stem cell populations across different human tissues (Blokzijl et al., 2016). In addition, telomeres 

undergo progressive shortening with each cell division, and when these become critically short it 

leads to chromosomal fusions, translocations, and aneuploidy (Aubert & Lansdorp, 2008). These 

findings support a model in which damage to the genome is a major driver of acquiring aging 

phenotypes. Further support for this concept is that mutations in genes influencing DNA 

replication and repair including telomere maintenance are responsible for many progeroid 

diseases which are characterized by multiple symptoms of premature aging (Carrero et al., 2016; 

López-Otín et al., 2013). As well, mouse models with deficient DNA base-excision repair, non-

homologous end-joining (NHEJ), or telomere maintenance also show signs of premature aging 

of the blood system characterized by the appearance of anemias, lymphopenias, and decreased 

functional abilities of their stem and progenitor cells (Allsopp et al., 2003; Lee et al., 1998; 

Nijnik et al., 2007; Prasher et al., 2005; Rossi et al., 2007). In addition, telomerase deficiencies in 

humans have visible disease phenotypes (Blasco, 2005), which are not immediately seen in 

laboratory mice due to their possession of much longer telomeres requiring several generations 

before effects are observed (Allsopp et al., 2003; Blasco et al., 1997; Lee et al., 1998). In 

addition, increased γH2AX foci and intracellular reactive oxygen species (ROS) have also been 

observed in CD34+CD38- cells from older humans and in those regenerated in hematopoietic 
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cell transplant patients (Yahata et al., 2011), reinforcing a likely link between aging features and 

genomic stability. 

 However, increased DNA damage alone is unlikely to be responsible for aging in the 

hematopoietic system. While aged HSCs in mice were found to have higher levels of mutations 

(Moehrle et al., 2015), γH2AX foci (Rossi et al., 2007), and a corresponding increase in DNA 

breaks, this damage was repaired when the aged cells were stimulated to cycle, ending up at 

levels similar to those seen in the HSCs of younger mice (Beerman et al., 2014). This outcome 

was also accompanied with finding that the DNA damage response is not compromised in aged 

HSCs, with repair proceeding efficiently in both aged and younger HSCs (Moehrle et al., 2015). 

Furthermore, the genes found to be most commonly mutated in age-related CHIP are not DNA 

damage response genes but are more involved in mechanisms regulating the epigenome 

(DNMT3A, TET2, ASXL1) and splicing (SF3B1, SRSF2), suggesting that malfunctioning DNA 

damage responses are not a primary driver of normal aging.  

 Advancing age in both mice and humans is associated with several changes in the 

composition and function of mature blood cells. These include decreases in the number of 

circulating lymphocytes, reduced immune responses, increases in the appearance of anemia 

(Geiger et al., 2013; Guralnik et al., 2004; Ogawa et al., 2000), and an increasing prevalence of 

CHIP (Jaiswal & Ebert, 2019). In mice, an altered balance of mature lymphoid and myeloid 

progeny has been shown to be associated with a selectively reduced output of lymphoid 

progenitors and the appearance of an increasing proportion of HSCs that predominantly or 

exclusively produce myeloid progeny (Benz et al., 2012; Cho et al., 2008; Dykstra et al., 2007, 

2011; Yamamoto et al., 2018). Aging in mice has also been canonically associated with a 



15 
 

somewhat counterintuitive increase in the frequency of phenotypic HSCs while the overall 

regenerative ability of the hematopoietic compartment declines (Beerman et al., 2010; de Haan et 

al., 1997; Dykstra et al., 2011; Flach et al., 2014; Morrison et al., 1996; Rossi et al., 2005; Sudo 

et al., 2000). Importantly, some of these aging-related functional alterations have been linked to 

cell-extrinsic effects caused by changes in the tissue environment of the aging host rather than 

being attributable exclusively to intrinsic alterations in the HSCs. For example, transplants of 

BM from old mice into young recipients produced a less biased output of myeloid progeny and a 

higher level of chimerism than was seen when transplanted into older hosts (Ergen et al., 2012). 

Conversely, young BM transplanted into old mice produced a lower overall chimerism and a 

reduced output of T cells (Ergen et al., 2012). Similar results have also been obtained when the 

outputs of more purified HSC populations from mice of different ages were compared 

(Kuribayashi et al., 2021; Rossi et al., 2005; Young et al., 2021). These effects were attributed in 

part to an increased level of Ccl5/Rantes in the older mice (Ergen et al., 2012) and a decreased 

level of Igf1 appearing by middle-age (Young et al., 2021). However, this variable but apparent 

shift in these heterochronic transplants was ultimately incomplete and old BM transplanted into 

young hosts still showed reduced overall engraftment, an increased proportion of myeloid 

progeny, and a lower proportion of lymphoid cells, suggesting persistent intrinsic alterations in 

these cells with aging (Kuribayashi et al., 2021; Rossi et al., 2005; Young et al., 2021).  

 Comparison of the epigenomic states of young and old HSCs in mice has demonstrated 

hypermethylation of genes regulated by the Polycomb Repressive Complex 2 (PRC2; Beerman 

et al., 2013; D. Sun et al., 2014), broader genomic coverage of both the active H3K4me3 and 

repressive H3K27me3 histone marks, and reduced expression of several epigenetic modifiers (D. 

Sun et al., 2014). Additional features of HSCs from older mice include reduced polarity resulting 
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from increased Cdc42 activity (Florian et al., 2012), altered autophagy, an overactive oxidative 

phosphorylation metabolism, and elevated ROS (Ho et al., 2017). Taken together, it seems likely 

that the processes causing the acquisition of aging features reflect the contribution of a 

combination of many systems with varying impacts and temporal regulation. 

Although laboratory strains of inbred mice have been very useful for revealing many 

features of mammalian cell aging, very few studies examining how age affects human HSC 

properties have, as of yet, been reported. Similarities between the mouse and human systems so 

far noted include an age-associated expansion of hematopoietic cells with a primitive phenotype 

(Kuranda et al., 2011; Nilsson et al., 2016; Pang et al., 2011) and a relatively reduced chimerism 

obtained when transplanted into immunodeficient mice (Pang et al., 2011). Less clear is whether 

human HSCs from older donors display an age-related reduced output of lymphoid cells given 

the singular report of selectively reduced B lymphoid output in xenografts of an HSC-enriched 

subset of cells from older donors (Pang et al., 2011) that was not confirmed in another study 

(Kuranda et al., 2011). Additionally, data from human patients receiving hematopoietic 

transplants have not been consistent in associating a poorer recovery with hematopoietic cell 

transplants obtained from older donors. For example, although autologous transplants in older 

patients were associated with reduced multi-lineage recoveries than younger patients (Woolthuis 

et al., 2014) and recipients of allogeneic transplants between HLA-matched pairs were also 

found to show reduced rates of overall survival with increasing donor age in three studies (Finke 

et al., 2012; Kollman et al., 2001, 2016), a similar relationship was not found in another such 

study (Rezvani et al., 2015). Unfortunately, these studies are confounded by the use of differing 

categorizations of young and old donors, different rates of GVHD apparent between transplants 
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of related and unrelated donors, and the use of different conditioning regimens (Finke et al., 

2012; Kollman et al., 2001, 2016; Rezvani et al., 2015).  

Long-term clonal tracking of autologously transplanted young and old rhesus macaques 

has however, yielded potentially more informative results. These investigations found an 

increase in the proportion of clones that mainly produced mature B lymphoid cells or mature 

myeloid cells in aged macaque recipients whereas long-term clones in younger macaque hosts 

were mainly bi- or multi-potent (Yu et al., 2018). Aged macaques also displayed a gradual 

decrease in the number of clones which contributed over time, suggesting possible clonal 

exhaustion or altered cycling control relative to the more stable number of contributing clones 

observed in the younger macaques (Yu et al., 2018). In summary, much evidence points to the 

accrual of functionally important changes in human HSCs during aging, but their precise nature 

and underlying mechanisms remain largely unexplored.    

1.7 Heterogeneity of HSC Properties 

 Single-cell transplants of very primitive mouse hematopoietic cells over the last 20 years 

have repeatedly demonstrated an extensive heterogeneity in the regenerative activity they 

display. Tracking the outputs of single HSCs in syngeneic transplants revealed differences in 

their repopulating kinetics, lineage output capabilities, and self-renewal activities (Benz et al., 

2012; Carrelha et al., 2018; Dykstra et al., 2007; Lu et al., 2011; Muller-Sieburg et al., 2004; 

Sanjuan-Pla et al., 2013; Sieburg et al., 2006; Yamamoto et al., 2013, 2018). The repeated 

demonstration of sustained outputs from HSCs of mature cells of a single lineage for long 

periods of time also contradicts the long-held concept of HSCs as a relatively homogeneous 
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multipotent population (Dykstra et al., 2007; Sanjuan-Pla et al., 2013; Yamamoto et al., 2013). 

Additionally, these features appear to be intrinsically regulated and transmitted with relative 

stability through many HSC self-renewal divisions resulting in similar mature outputs being 

detected even in serial transplantation experiments. These findings have strongly suggested that 

stably sustained epigenomic features determine the unique patterns of differentiation outputs 

their progeny display (Benz et al., 2012; Dykstra et al., 2007; Yu et al., 2016). Shifting of these 

functional behaviours during aging, such as the shift towards an increased proportion of 

lymphoid-deficient HSCs and megakaryocyte/platelet-restricted HSCs, have also been connected 

to alterations in the epigenome using single-cell techniques (Grover et al., 2016; Kowalczyk et 

al., 2015; Mann et al., 2018; Yu et al., 2016). 

 In the human system, single-cell transplants of HSCs have historically been difficult due 

to the lower prospective purity of long-term repopulating cells obtainable. These remain 

obtainable at a purity of ~10% for human CB using the CD49f+ phenotype which has, 

nevertheless, begun to open up possibilities for exploring their molecular and functional 

heterogeneity (Knapp et al., 2017, 2018; Notta et al., 2011). Clonal tracking studies of bulk 

CD34+ stem and progenitor cells or individually DNA barcoded CD49f+ cells have similarly 

demonstrated their extensive heterogeneity, paralleling the findings from analyses of long-term 

repopulating cells from mice (Aiuti et al., 2013; Biasco et al., 2016; Biffi et al., 2013; Cheung et 

al., 2013; Knapp et al., 2018; Ravin et al., 2016). Heterogeneity in the clonal outputs of single 

human HSC-enriched populations in vitro have also been documented (Belluschi et al., 2018; 

Knapp et al., 2018, 2019; Notta et al., 2016). Tracking of the proliferation kinetics of subsets of 

CD49f+ cells from CB with differing in vivo repopulating ability demonstrated similar but 

separable kinetics observed within the first 3 divisions in vitro (Belluschi et al., 2018; Knapp et 
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al., 2018). In addition, these CD49f+ cell subsets were found to display different patterns of 

signaling activation in response to the same cytokine stimuli with different cytokines eliciting 

different proportions of CD49f+ cells to display an activation response (Knapp et al., 2016). The 

use of single-cell profiling techniques has also demonstrated that heterogeneity within the 

CD49f+ subset also extends to the entire human CD34+ population supporting the concept that 

the hematopoietic cell differentiation process is best modeled as a continuum of cells that may 

transit through overlapping molecular states and functional potentials rather than via a highly 

restricted series of changes that define discrete cell types (Belluschi et al., 2018; Buenrostro et 

al., 2018; Knapp et al., 2018, 2019; Pellin et al., 2019; Velten et al., 2017; Zheng et al., 2018; 

Figure 1.1C). Importantly, this model supports that certain transitions through this continuum 

would be marked by identifiable changes in the cellular transcriptome, DNA methylation profile, 

or chromatin accessibility features indicative of significant functional changes (Belluschi et al., 

2018; Bock et al., 2012; Buenrostro et al., 2018; Farlik et al., 2016; Pellin et al., 2019; Velten et 

al., 2017; Zheng et al., 2018). Adding further heterogeneity to human HSC data has been the 

finding of strong donor-specific DNA methylation patterns overwhelming methylation 

differences between closely related but nevertheless functionally distinct HSC subsets (Hui et al., 

2018; Knapp et al., 2018). However, these did not preclude the identification of differences in 

DNA methylation profiles which were able to separate CD49f+ subsets that differed in their 

ability to serially transplant immunodeficient mice, unlike transcriptomes from single-cell RNA-

sequencing (scRNA-Seq) or multiparameter proteomic profiling (Knapp et al., 2018). 

Recent studies have also identified additional cell-surface markers that enable 

functionally distinct subsets of CB CD49f+ cells to be prospectively isolated. For example, the 

presence of CD33 on CD49f+ cells in CB was found to mark a population containing the long-
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term repopulating cells capable of initiating serial transplants in immunodeficient mice (Knapp et 

al., 2018). Additionally, a CLEC9AhiCD34low phenotype was found to isolate a subset of CB 

CD49f+ cells enriched for multipotent lineage outputs in vivo and contained a higher proportion 

of long-term repopulating cells than those of the CLEC9AlowCD34+ fraction (Belluschi et al., 

2018). However, the extent to which these two more recently described subsets may overlap is 

not yet known. It is also not yet known whether or how well these additional phenotypes may 

similarly enrich for functional HSCs from donors of different ages. This extensive heterogeneity 

now appreciated to exist in all features so far examined in the CD49f+ population, including the 

diversity of their regenerative activity, underscores the importance of single cell analyses to 

analyze the molecular mechanisms underlying the functional properties of HSCs. 

1.8 Regulation of HSC Behaviour 

 A cell’s functional state at a particular point in time reflects the states of a series of highly 

interconnected regulatory networks that include temporally associated features of their genomes, 

epigenomes, transcriptomes, proteomes, metabolic states, and structural organization. The 

components of these networks can also influence one another and be profoundly influenced by 

elements in the environment external to the cell. It is the culmination of these influences that 

determine the timing and likelihood of a cell displaying a particular behaviour. Of prime interest 

here is whether a cell with HSC potential when stimulated to divide will self-renew by producing 

a least one daughter cell that retains the original potential. Indeed, the role of individual elements 

and cellular states in regulating these outcomes has been of high interest ever since CFU-S were 

first identified more than half a century ago.  
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1.8.1 Intrinsic Regulation 

 As discussed in section 1.4, the Lin28b-let-7-Hmga2 axis appears to be a conserved 

mechanism influencing an alteration in HSC self-renewal activity that distinguishes fetal and 

adult HSC behaviour (Cesana et al., 2018; Copley et al., 2013). However, this is far from the 

only mechanism influencing developmental changes in HSC self-renewal behaviour (Babovic & 

Eaves, 2014). In the mouse, Sox17 has been identified as a transcription factor required in fetal 

HSCs, but is dispensable for adult HSC functions (Kim et al., 2007), although Sox17 can act to 

increase the self-renewal activity of adult HSC and activate several fetal HSC genes when 

overexpressed (He et al., 2011). Retroviral overexpression of HOXB4 in mouse BM cells has 

also been connected with increased self-renewal activity of HSCs (Antonchuk et al., 2002; 

Sauvageau et al., 1995). This expanded self-renewal activity could be further improved by using 

a fusion of Nup98 with Hoxb4 or Hoxa10 which was found to be related to the homeodomain of 

the Hox gene (Ohta et al., 2007). However, this effect was greatly reduced when applied to 

human cells and only modestly expanded CB long-term culture-initiating cell (LTC-IC) numbers 

in vitro (Sloma et al., 2013). Several other transcription factors including Evi-1 (Goyama et al., 

2008; Zhang et al., 2011), Gfi1 (Hock et al., 2004; Zeng et al., 2004), Gata2 (de Pater et al., 

2013; Rodrigues, 2005; Rodrigues et al., 2012), and Gata3 (Frelin et al., 2013; Ku et al., 2012) 

have also been implicated with roles in maintaining HSC homeostasis in mice.  

 Interestingly, the effects of several of these factors have been linked to alterations in the 

regulation of HSC proliferation with increased cycling typically associated with reduced HSC 

function (Hock et al., 2004; Zeng et al., 2004; Zhang et al., 2011). This finding agrees well with 

the results of HSC labeling studies in mice that have suggested that HSC dormancy correlates 
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with the most durable repopulating activity in transplanted recipients (Foudi et al., 2009; Wilson 

et al., 2008). It is further supported by findings of cell-cycle regulator manipulation causing 

impacts on HSC homeostasis that link sustained proliferative activity with the loss of self-

renewal ability (reviewed in Pietras et al., 2011; discussed further in 1.10). However, this is not 

always the case. For example, loss of Gata3 was found to reduce both HSC responsiveness to 

proliferative stimuli and their ability to self-maintain (Ku et al., 2012). Additionally, knockdown 

of miR126 in human hematopoietic cells increased both their cycling and self-renewal activity 

without signs of exhaustion via a de-repression of the PI3K/AKT/GSK3-β signaling axis 

(Lechman et al., 2012). Similarly, CDK6, a regulator of early G1 entry and progression which is 

expressed at low levels in human HSCs and at higher levels in progenitor cells with less durable 

outputs is consistent with the extended time required for HSC to exit quiescence (Laurenti et al., 

2015); and yet, forced overexpression of CDK6 was found to reduce the time required for HSC 

to exit quiescence while also increasing their self-renewal activity without affecting their 

differentiation behaviour (Laurenti et al., 2015). Together these findings suggest a complex 

relationship between HSC cycling and self-renewal control that allows different factors to 

differently modulate these two responses (Fig. 1.2). 

 As mentioned above in section 1.7, certain alterations in the epigenomic landscapes of 

cells within the hematopoietic hierarchy can reflect and may help dictate their different 

functional potentials. Comprehensive profiling of histone marks and the corresponding enhancer 

states in mouse hematopoietic stem and progenitor cells have identified a number of dynamic 

changes in enhancer use between different subsets of cells defined by classical cell surface 

phenotypes. These in turn, have implicated cell-type-specific transcription factor regulators of 

cellular identity based on their expression and motif accessibility at active enhancers (Lara-
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Astiaso et al., 2014). Potential HSC regulators thus identified included Meis1, Hoxa9, and Erg, 

all of which had previously been indicated as key regulators of HSC function (Lara-Astiaso et 

al., 2014; Wilson et al., 2011). In single-cell sequencing studies of the human hematopoietic 

stem and progenitor compartments, movement away from the HSC state has been associated 

with gradual priming of lineage-associated programs and loss of HSC-associated programs 

(Buenrostro et al., 2018; Farlik et al., 2016; Pellin et al., 2019; Velten et al., 2017; Zheng et al., 

2018; Figure 1.1C). Tracking of transcription factor motif accessibility during the transition 

away from the HSC compartment showed early loss of GATA motif accessibility which 

preceded the loss of HOX motif accessibility at later steps (Buenrostro et al., 2018). Loss of 

HOX motif accessibility also appears to correspond with reduced expression of GATA3 and HOX 

gene family members at the stage when HSCs are exiting the HSC compartment (Velten et al., 

2017). The role of epigenomic alterations therefore appears to be linked to opposing functions of 

maintaining or transitioning away from an HSC state. It might then be expected that deregulation 

of certain epigenomic modulators would influence HSC function. 

In agreement with this prediction is the finding that, in mice, modulation of Tet2, 

Dnmt3a, Dnmt1, and Bmi1 all have apparent impacts on HSC self-renewal and differentiation 

activity (Wilkinson et al., 2020; Fig. 1.2). Conditional loss in vivo of Tet2, which acts to 

hydroxylate 5-methylcytosines, resulted in an expansion of the HSC compartment and eventually 

their acquisition of a myeloproliferative phenotype (Moran-Crusio et al., 2011). Deletion of 

Dnmt3a was also found to markedly increase the self-renewal activity of mouse HSCs, with 

progeny remaining detectable over 12 rounds of serial transplantation (Challen et al., 2012; 

Jeong et al., 2018). Conversely, loss of Dnmt1 resulted in the acquisition of defective self-

renewal and differentiation properties of HSCs (Trowbridge et al., 2009). Bmi1, a member of the 
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PRC1 complex implicated in the expansion of repressive H3K27me3 marks, has similarly been 

identified as disrupting HSC self-renewal and enhancing lymphoid differentiation when knocked 

out in mice and conversely found to cause enhanced HSC self-renewal activity when 

overexpressed (Iwama et al., 2004; Oguro et al., 2010; Park et al., 2003). The high frequency of 

expanded clones bearing loss-of-function TET2 and DNMT3A mutations found in aging humans 

with CHIP likewise suggests the associated acquisition of a growth advantage by these cells 

(Jaiswal & Ebert, 2019). In contrast, the similar effects resulting from TET2 and DNMT3A loss-

of-function mutations is unexpected given that these genes would appear to act via opposing 

mechanisms; that is TET2 being responsible for the hydroxylation of 5-methylcytosine, 

promoting their removal, and DNMT3A being responsible for depositing methyl groups on 

cytosine. Alteration of H3K27me3 levels similarly have been found to have opposing contextual 

impacts. Gain of H3K27me3 has been identified from gain-of-function mutations of EZH2, the 

catalytic member of the PRC2 complex, in B cell lymphomas (McCabe et al., 2012) whereas 

reduced H3K27me3 from inactivation of EZH2 is more common in myeloid malignancies (Ernst 

et al., 2010). It is then clear that the regulation of epigenomic states is fundamental to the 

maintenance of core HSC and normal hematopoietic activities.   

1.8.2 Extrinsic Regulation 

 The majority of HSCs inhabit the BM throughout adult life where they are embedded in a 

complex tissue environment that contains many non-hematopoietic cells as well as later stages of 

differentiated blood cells and extracellular matrix (ECM) components. The non-hematopoietic 

cell types include fibroblasts, osteoblasts, adipocytes, endothelial cells, and neural cells which 

form many interconnections as well as expressing and secreting many hematopoietic cell-
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responsive factors (Crane et al., 2017). Three main non-cell-autonomous factors implicated as 

key regulators of HSC maintenance are SCF, thrombopoietin (TPO), and CXC-chemokine ligand 

12 (CXCL12; Crane et al., 2017). SCF binds to its receptor KIT which is expressed on both 

mouse and human HSCs and on some downstream progenitors (Escribano et al., 1998; Ikuta & 

Weissman, 1992). Both soluble and membrane-bound forms of SCF are present in the BM, and 

deletion of the membrane-bound form in Sl/Sld mutant mice was found to inhibit the formation of 

spleen colonies by transplanted CFU-S and their self-renewal (McCulloch et al., 1965; 

Sutherland et al., 1970). Additional studies in mice bearing mutations in Kit that impaired 

intracellular signaling similarly showed reduced CFU-S and HSC self-renewal abilities thereby 

implicating SCF as a signaling factor important for sustaining and/or activating an important pro-

survival or pro-quiescence response in HSCs (Miller et al., 1996; Thorén et al., 2008). Similarly, 

mice lacking TPO signaling (either through loss of c-Mpl, the receptor for TPO, or TPO itself) 

also had reduced CFU-S and HSC activities (Kimura et al., 1998; Qian et al., 2007). Loss of TPO 

signaling in the latter case appeared to deplete the HSC compartment by increasing their cycling 

activity, suggesting a role for TPO in maintaining HSC quiescence (Qian et al., 2007). CXCL12 

interaction with the CXC-chemokine receptor 4 (CXCR4) appears to similarly be involved in 

maintaining HSC quiescence and retention in the BM (Cashman et al., 2002; Sugiyama et al., 

2006; Tzeng et al., 2011). Disruption of this interaction using a selective CXCR4 antagonist 

(AMD3100/Plerixafor) results in mobilization of human CD34+ hematopoietic cells into the PB 

from the BM (Liles et al., 2003). Beyond these factors, many additional growth factors (GFs) 

have been identified with positive as well as direct effects on primitive hematopoietic cells. 

 In vitro studies of the responsiveness of adult human BM LTC-IC to various GFs alone 

or in combination identified combinations that support the expansion of LTC-IC numbers ~10-
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fold within 10 days in a serum-free culture with SCF, fms-like tyrosine kinase 3 ligand (FLT3L), 

and IL-3 (Petzer et al., 1996). In contrast none of these GFs alone elicited this result. The 

expansion obtained was also dose-dependent with peak effects achieved using 300 ng/mL of 

SCF and FLT3L plus 60 ng/mL of IL-3 (Zandstra et al., 1997). Interestingly, expansion of the 

adult BM LTC-ICs required higher levels of these GFs than the expansion of downstream 

colony-forming cells (CFCs) indicating differential requirements for cells at different levels of 

the hematopoietic hierarchy (Zandstra et al., 1997). Importantly, the ratio of SCF and FLTL3 to 

IL-3 was connected to the degree of LTC-IC expansion achieved. When IL-3 levels were 

selectively elevated, LTC-IC expansion was greatly reduced or even contracted underscoring the 

likelihood that the relative strengths of signals induced by different GFs can impact their effects 

on primitive hematopoietic cell activities (Zandstra et al., 1997). Recent studies of CD49f+ cells 

from human CB have also demonstrated the separable effects of GFs on their survival, 

proliferation, and maintenance of repopulating ability (Knapp et al., 2016, 2017). Use of a 5 GF 

cocktail composed of SCF, FLT3L, IL-3, IL-6, and G-CSF robustly activated members of the 

AKT, MAPK, and STAT pathways as well as β-catenin, with strong support of survival and 

proliferation in vitro, and was also able to maintain serial repopulating ability of these cells for 

up to 3-weeks (Knapp et al., 2016, 2017). However, individual factors from this cocktail were 

variably able to support CD49f+ cell survival and were ultimately insufficient to stimulate 

division (Knapp et al., 2017). Combinations of any two of these factors restored survival in vitro 

but only certain combinations restored proliferation. However, these combinations, which had 

different abilities to regulate the survival and proliferation of the CD49f+ cells in vitro had no 

discernible effect on their ability to serially transplant immunodeficient mice after culture, 

thereby indicating a clear separation of the control of these functions in vitro from other 
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requirements which modulate the maintenance of HSC regenerative properties (Knapp et al., 

2017). 

 An ability of several GFs to antagonize HSC functions has also been reported. For 

example, addition of TNF-α to a GF combination that otherwise stimulates an expansion of 

human LTC-ICs was found to reduce LTC-IC numbers following an induced proliferation and 

increased production of macrophages (Petzer et al., 1996). Inhibitory effects on human CD34+ 

cell cycling in vitro have also been observed including effects by macrophage inflammatory 

protein (MIP-1)-α, transforming growth factor (TGF)-β, and monocyte chemoattractant protein 

(MCP)-1 (Bonnet et al., 1995; Cashman et al., 1998; Mayani et al., 1995). As mentioned above, 

the pro-inflammatory cytokines Ccl5/Rantes and IL-1 appear to push mouse HSC into cycle and 

towards myeloid differentiation resulting in reduced regenerative activity during chronic 

exposure (Ergen et al., 2012; Pietras et al., 2016) again suggestive of a general negative impact 

of inflammation on HSC functionality. These findings may well explain the deleterious effects 

on HSCs often encountered in culture systems that result in the production of many inhibitory 

cytokines, such as TGF-β, IL-10, MCP-1, and Ccl5/RANTES among others, and hence require 

their systematic dilution or removal to improve the yields of functional HSCs (Csaszar et al., 

2012).  

Two small molecules have been identified which demonstrate abilities to expand the 

outputs of human cells with repopulating activity in transplanted immunodeficient mice. 

StemRegenin1 (SR1) is a purine derivative identified in a screen of 100,000 heterocyclic 

compounds tested for their ability to expand CB CD34+ cell numbers in vitro. Subsequent 

experiments showed that their exposure to supportive GFs plus SR1 yielded a population with 
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accelerated short- to intermediate-term multilineage repopulating activity in immunodeficient 

mice (Boitano et al., 2010). SR1 was found to be an antagonist of the aryl-hydrocarbon receptor 

(AHR) which in turn modulates several cell-cycle regulators, including CXCR4, and several 

hematopoietic transcription factors (Boitano et al., 2010; Singh et al., 2009). The second factor, 

UM171 was also identified through a screening approach as able to expand even more primitive 

human hematopoietic cell numbers in vitro, shown to be in an AHR-pathway independent 

manner (Fares et al., 2014, 2017). Later studies identified several additional effects of UM171 

including the modulation of pro- and anti-inflammatory processes (Chagraoui et al., 2019) and 

enhanced degradation of the CoREST complex to allow the re-establishment of H3K4me2 and 

H3K27ac marks promoting the maintenance of a primitive epigenomic state (Chagraoui et al., 

2021). The relative success of these small molecules again points to the role of multiple 

mechanisms contributing to the maintenance of a primitive HSC state when they are exposed to 

highly mitogenic combinations of GFs. 

Given the intrinsic and functional differences that have been identified as occurring in 

HSCs during development and aging, it is surprising that there are few studies exploring whether 

HSCs in hosts of different ages have acquired altered responsiveness to different extrinsic 

stimuli. In mice it was observed that FL HSCs are more sensitive to SCF and can complete self-

renewal divisions at lower concentrations than those which are required by adult HSCs (Audet et 

al., 2002; Bowie et al., 2007). In human CD34+ cells, the inhibitory effects of MIP-1α, TGF-β, 

and TNF-α were similar between CB and FL (Mayani et al., 1995). However, conditions found 

to expand adult LTC-IC in vitro were inefficient at expanding their comparators from CB, 

suggesting these cells may require different levels of activation or require different combinations 

of pathways to be activated (Zandstra et al., 1998). Such differences in the GF-mediated 



29 
 

response requirements of HSCs from CB and adult donors could thus be an important 

consideration in the development of improved therapeutic strategies using these different HSC 

sources. 

1.9 Cell Cycle Regulation 

 The cell cycle remains broadly subdivided into 4 different phases based on the original 

discovery that DNA synthesis is largely confined to a period that is separated from mitosis by 2 

time gaps (Howard & Pelc, 1951), hence the later terms of M, G1, S, and G2 to denote these 

phases. G0 was later recognized as a distinct state in which cells appear post-mitotically arrested 

but nevertheless remain responsive to stimuli and can proceed towards division when 

appropriately stimulated (Cheung & Rando, 2013). Quiescence in stem cells appears to be an 

actively maintained state since modulation of several different transcription factors, epigenetic 

modulators, or cell cycle regulators act to reduce the proportion of stem cell populations in G0 

(Cheung & Rando, 2013; Hao et al., 2016; Hock et al., 2004; Laurenti et al., 2015; Pietras et al., 

2011; Wilkinson et al., 2020; Zeng et al., 2004; Zhang et al., 2011). Transition into and through 

the cell cycle to ultimately complete a division is regulated by a complex balance of cyclins, 

cyclin-dependent kinases (CDKs), CDK inhibitors, retinoblastoma (Rb) family members, as well 

as the proper assembly and function of many other protein complexes (Deegan & Diffley, 2016; 

Hao et al., 2016; Pietras et al., 2011; Satyanarayana & Kaldis, 2009; Sherr, 2000; Fig. 1.3).  

 Key early steps that initiate the entry and early passage of cells through G1 involve the 

actions of CDK3/cyclin C and CDK4 and CDK6 in concert with cyclin D to hyperphosphorylate 

and thereby inactivate Rb, followed by the activation and subsequent effects of CDK2/cyclin E 
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in late G1 (Hao et al., 2016; Pietras et al., 2011; Satyanarayana & Kaldis, 2009; Sherr, 2000). The 

hyperphosphorylation of Rb disrupts its inhibition of the E2F family of transcription factors that 

enable the expression of E2F-responsive genes required for G1 exit and S-phase entry (Hao et al., 

2016; Pietras et al., 2011; Satyanarayana & Kaldis, 2009; Sherr, 2000). Signaling activation 

through the PI3K/AKT and MAPK pathways by mitogens also acts to push cells through G1 in 

part through stabilization of c-Myc which in turn transcribes many target genes including Ccnd2 

(cyclin D2) and represses Cdkn1a, Cdkn1b, and Cdkn2b (encoding the CDK inhibitors p21, p27, 

and p15 respectively; García-Gutiérrez et al., 2019; Hume et al., 2020).  

 P15, p16, p18, and p19 (p14 in humans) act to block the association of CDK4 and CDK6 

with cyclin D and thereby prevent the hyperphosphorylation of Rb (Hume et al., 2020; 

Satyanarayana & Kaldis, 2009; Sherr, 2000). Non-phosphorylated Rb is then able to continue 

repressing the transcription of genes required for DNA synthesis through its interaction with the 

E2F-family of transcription factors and its role in recruiting histone deacetylases and 

chromosomal remodeling SWI/SNF complexes to E2F-target promoters (Sherr, 2000). P21, p27, 

and p57 also act to inhibit CDK2-cyclin complexes preventing S-phase entry and progression 

(Hume et al., 2020; Satyanarayana & Kaldis, 2009; Sherr, 2000). For example, even in the 

presence of mitogenic signaling, DNA damage can activate p53 to increase p21 and repress 

CDK2, thereby blocking S-phase entry (Hume et al., 2020; Sherr, 2000).  

 Because the cyclin D family members are relatively short-lived (Sherr, 1993; Yang et al., 

2017), they require continual translation downstream of mitogenic signals to outcompete the 

binding of CDK inhibitors with CDK4/6. Formation of CDK4/6-cyclin D complexes also serves 

to sequester the CDK inhibitors p21 and p27 thereby relieving their repression of CDK2-cyclin E 
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complexes (García-Gutiérrez et al., 2019; Hume et al., 2020; Sherr, 2000). Conversely, collapse 

of CDK4/6-cyclin D complexes releases p21 (and p27) thereby preventing CDK2/cyclin E 

phosphorylation of Rb and arresting the cell in G1 (García-Gutiérrez et al., 2019; Hume et al., 

2020; Sherr, 2000). Loading of mini-chromosome maintenance (MCM) helicase complexes to 

replication origins also occurs in G1 with aid from CDKs (Deegan & Diffley, 2016). Transition 

into S-phase activates the MCM helicase unwinding of DNA initiated by CDK2 complexed with 

cyclin A and initiation of DNA replication (Hume et al., 2020; Satyanarayana & Kaldis, 2009; 

Sherr, 2000). CDK1 activity with cyclin A and cyclin B drives G2 and M-phase progression 

respectively (Satyanarayana & Kaldis, 2009).  

 Despite the important roles of each of these positive and negative cell cycle regulators, 

there are high levels of redundancy in their functions. For example, the knockout of any single 

cyclin D family member has been shown to have relatively mild effects whereas knockout of all 

3 results in late embryonic lethality (Kozar et al., 2004). Similarly, compensatory roles of Cdk4 

and Cdk6 are seen in single knockout mice that remain viable, whereas embryonic lethality is 

seen in mice lacking both Cdk4 and Cdk6 (Malumbres et al., 2004; Tsutsui et al., 1999). 

Similarly, loss of Cdk2 appears to be compensated by an ability of Cdk1 to bind to cyclin E 

(Aleem et al., 2005). Loss-of-function of cell cycle inhibitors are also not lethal (apart from p57 

which causes early postnatal death), but typically lead to increased susceptibility to tumour 

formation as well as causing other tissue-specific alterations (Hao et al., 2016; Pietras et al., 

2011; Sherr, 2012). 
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1.10 Cell Cycle Regulation in HSCs 

 Conditions that drive continued cycling of adult HSCs have been generally, but not 

exclusively, associated with loss of their regenerative activity (see section 1.8 and Fig. 1.2). 

Direct modulation of cell cycle regulators has been found to exert varying impacts on the 

hematopoietic system. For example, mice lacking p21 display increased cycling of primitive 

hematopoietic cells that display a reduced self-renewal activity and an increased sensitivity to 

cytotoxic agents (Cheng et al., 2000). Conversely genetic ablation of p18 in mice results in their 

production of HSCs with increased self-renewal activity in the absence of large increases in their 

turnover rate (Gao et al., 2015; Yuan et al., 2004). Similarly, human hematopoietic cells with 

increased CDK6 expression showed moderate improvements in their self-renewal activity as 

measured by their regenerative activity in serially transplanted immunodeficient mice (Laurenti 

et al., 2015). P27-deficient mice also displayed improved repopulating efficiency in primary 

transplants compared to wild-type cells, however this did not translate into greater serial 

transplantability, which was explained as the effect primarily impacting progenitors downstream 

of the HSC compartment (Cheng et al., 2000; Gao et al., 2015). Conversely, conditional 

knockout of p57 in the hematopoietic cells of adult mice reduced not only the frequency of 

primitive hematopoietic cells that were quiescent but also their repopulating and self-renewal 

activities in transplant recipients (Matsumoto et al., 2011). Together, these results suggest an 

important role of CDK inhibitors acting on CDK2 in the maintenance of HSC self-renewal 

activity, with an opposite effect obtained by increasing Cdk4/6 activity.  

 Stimulation of HSCs to divide in response to specific GFs has identified the involvement 

of several signaling pathways with differing impacts. The AKT and MAPK pathways in 
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particular have been identified as key connections between GF receptor activation and initiation 

of a proliferative response. For example, stimulation of CB CD49f+ cells in vitro with SCF in 

the absence of other cytokines or serum was found to activate MAPK signaling, whereas FLT3L 

activated AKT and MAPK, with IL-3 primarily activating STAT5 (Knapp et al., 2016). 

However, stimulation by these factors individually resulted in varying support of survival and 

negligible levels of CD49f+ cell division and a combination of any two efficiently restored 

survival but provided variable support for completing a first division (Knapp et al., 2017). 

Together, these findings reveal the importance of activating multiple pro-mitogenic pathways to 

elicit the efficient recruitment of quiescent HSCs to complete a division. Use of small molecule 

inhibitors in this system further demonstrated the important contribution of AKT signaling not 

only in supporting CD49f+ cell survival but also stimulating their division, with both being 

reduced in the presence of triciribine (Knapp et al., 2016). AKT has been found to phosphorylate 

and inhibit GSK3 as well as directly phosphorylating β-catenin (Verheyen & Gottardi, 2010), 

suggesting a potential synergy between these pathways. It is thus of interest that exposure of CB 

CD49f+ cells in vitro to a GSK3 inhibitor in concert with FLT3L stimulation (activating AKT 

and MAPK in these cells) improved both their survival and their proliferation, suggesting that β-

catenin activation may be an important mediator of the unique biological responses of these cells 

to GF stimulation (Knapp et al., 2016). This finding is also supported by evidence that miR126 

also inhibits multiple targets of the PI3K/AKT/GSK3 pathway in human HSCs causing an 

attenuation of their response to external signals thereby promoting HSC quiescence (Lechman et 

al., 2012).  

 Interestingly, very little is known about how aging may impact the regulation of HSC 

proliferation. Certain negative regulators of cell cycle progression, including p18 and p21, have 
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been found to be increased in the HSCs of adult mice as compared to their fetal counterparts 

(Bowie et al., 2007). HSCs in aged mice have also been found to express increased levels of p16, 

p21, and reduced levels of several cyclins (Ccnb2, Ccnd1, and Ccne1; Flach et al., 2014; Janzen 

et al., 2006). A slight delay in the onset of the first division by aged mouse HSCs has also been 

reported to occur in association with their reduced expression of MCM helicase components and 

heightened replicative stress (Flach et al., 2014). However analogous mechanistic studies in 

human HSCs are lacking. 

1.11 Thesis Objectives 

 The investigations outlined in this thesis were prompted by the paucity of information 

about mechanisms that regulate human HSC survival and proliferation in the adult. These were 

performed with the anticipation that the findings would inform strategies to enhance adult HSC 

handling for therapeutic applications as well as enable advances in our understanding of their 

transformation into adult leukemias. To this end I designed and adapted a series of functional 

assays to characterize and compare previously undefined properties of CD49f+ cells obtained 

from healthy human donors of ages ranging from 0-69 years. These studies tested the hypothesis 

that intrinsically manifested, aging-associated changes in CD49f+ cells would result in an altered 

rate or lineage composition of their output as well as the survival and proliferative responses of 

these cells to GF stimulation. 

 The lack of information of the properties of adult sources of CD49f+ cells compared to 

the more extensive characterization of these cells isolated from CB, suggested a useful first step 

would be to address this gap. For this purpose, I planned to undertake a multi-parameter 
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phenotypic analysis of multiple samples obtained from CB and normal adult human donors of 

BM or G-CSF-mobilized PB (mPB). In addition to determining the presence and frequency of 

CD49f+ cells within the CD34+ cell population isolated from each of these sources, I also 

sought to determine their relative content of 7 other canonical progenitor subsets defined by 

combinatorial surface marker phenotypes. I also asked whether using the Uniform Manifold 

Approximation and Projection (UMAP) algorithm (Becht et al., 2019; McInnes et al., 2018) to 

examine high-dimensionality relationships of these markers would reveal donor age- or source-

associated phenotypic differences within the CD49f+ cell compartment. In parallel, I planned to 

use functional tests to examine and compare the differentiated cell outputs of the different 

sources of CD49f+ cells in transplanted immunodeficient mice and in 2 different 6-8-week 

stromal cell-containing co-culture systems that support the long-term generation of lymphoid 

and/or myeloid cells. The results of these experiments are presented in Chapter 3. 

 The results obtained in Chapter 3 revealed an age-related delay in the ability of CD49f+ 

cells from older donors to produce detectable clones of progeny in the stromal cell-containing 

co-cultures. This raised the question as to whether a similar delay would be evident in the early 

proliferative behaviour of these cells when they were stimulated to divide by exposure to a 

highly mitogenic combination of GFs, and, if so, whether this would be found to be related to an 

aging-associated alteration in the responsiveness of these cells to GF stimulation. These 

questions required the development and application of methods to investigate these responses at 

single-cell resolution to accommodate the high degree of heterogeneity known to be present in 

the HSC compartment. The methods developed to address these questions and the results thereby 

obtained are presented in Chapter 4. 
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Figure 1.1 Models of the human hematopoietic hierarchy. A) Model of hematopoietic 

hierarchy based upon functionality displayed in vitro or in vivo. These functionalities remain 

broadly enriched using the surface markers displayed on the left. B) Discretized model with 

phenotypically defined progenitor subpopulations (MPP: multipotent progenitor, LMPP: 

lymphoid-primed multipotent progenitor, MLP: multipotent lymphoid progenitor, CMP: 

common myeloid progenitor, MEP: megakaryocyte-erythroid progenitor, GMP: granulocyte-

macrophage progenitor, Pre-B/NK: Pre-B/Natural Killer (NK) cells). Arrows display cell-type 

transitions inferred from experimental observations. C) Continuum model from single-cell 

analytical strategies. Lineage commitment is progressive with loss of features associated with the 
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functionally defined self-renewal property that distinguishes HSCs. Directionality primes 

towards different lineage potentials in as of yet poorly defined alternative trajectories undertaken 

at variable rates and frequencies. Particular functional potentials are enriched, but individual 

cellular potentials remain highly heterogeneous, in different regions of this space.  
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Figure 1.2 Highlighted factors impacting primitive hematopoietic cell cycling and self-

renewal activities. Arrows indicate increased or decreased relative levels of the indicated factor 

(i.e. ↑ indicates overexpression, ↓ indicates knock-down). Specific genetic perturbations are as 

indicated.   
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Figure 1.3 Highlighted factors regulating cell-cycle entry and progression. Lines ending with 

arrowheads indicate a positive effect, conversely, lines ending with bars indicate a negative 

effect. Grey portions of lines are used to distinguish origins of overlapping lines. Grey ovals 

indicate phases of the cell cycle, pink ovals are cyclins and CDKs, orange indicates negative 

regulators of cell-cycle progression, green indicates transcription factors, blue indicates signaling 

messengers, and yellow indicates processes. Positions of the indicated processes, as well as the 

cyclins and CDK complexes, are roughly above the portion of the cell-cycle where they or their 

activities occur.   
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Chapter 2: Materials and methods 

2.1 Normal human blood and marrow samples. 

Anonymized heparinized samples of CB, adult BM, or adult G-CSF-mPB cells were 

obtained from hematologically normal donors with informed consent. Adult samples were 

designated as either young when from donors 18-45 years old or aged when from donors >50 

years old. All cells were obtained and used in experiments according to approved University of 

British Columbia Research Ethics Board, Biosafety, and Animal use protocols (in accordance 

with Canadian Council on Animal Care guidelines). 

2.2 Sample processing and isolation of cells by FACS. 

The low-density (<1.077 gm/ml) cells in fresh CB and BM samples were isolated by 

centrifugation at 800 g on Lymphoprep™ (#07861) with or without co-removal of 

CD11b+CD3+CD19+ cells using the RosetteSep™ reagent from STEMCELL Technologies, 

(Vancouver, BC, Canada, #15266) to obtain an initial enrichment of the CD34+ population. The 

cells thus isolated were then enriched to a purity of >70% using the EasySepTM reagents and 

magnet also from STEMCELL Technologies (#18056) and then used immediately or after 

cryopreservation in 10% dimethyl sulfoxide (DMSO; Origen Biomedical, Austin, Texas, USA, 

#CP-100) and 90% fetal bovine serum (FBS; Millipore-Sigma, Oakville, Ontario, Canada, 

#F1051). Leukapheresis samples of mPB were directly cryopreserved in FBS and DMSO and 

then CD34+ cells isolated using EasySepTM as above after thawing.  
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Frozen CB, BM, or mPB cells were thawed by drop-wise addition to Iscove’s Modified 

Dulbecco’s Medium (IMDM; STEMCELL Technologies, #36150) supplemented with 10% FBS 

and 10 µg/mL DNase I (Millipore-Sigma, D4513). CD34+ cell-enriched populations were then 

suspended in Hanks’ Balanced Salt Solution (HBSS; STEMCELL Technologies, #37150) 

supplemented with 5% human serum (Millipore-Sigma, H4522) and 1.5 µg/mL anti-human 

CD32 antibody (Clone IV.3; STEMCELL Technologies, #60012) and then stained with 

designated Abs for 1-2 hrs on ice. Cells were then washed with HBSS with 2% FBS, 10 µg/mL 

DNAse, and resuspended in the same with added 1 µg/mL propidium iodide (PI) (Millipore-

Sigma, #537059) prior to analysis or sorting on a Becton Dickinson (Mississagua, Ontario, 

Canada) FACSAria™ Fusion, FACSAria™ III sorter, or FACSymphony™ instrument. Sorted 

cells were collected according to designated phenotypes after pre-gating as PI-negative (viable) 

singlets as bulk suspensions in Protein LoBind® tubes (Eppendorf, Mississagua, Ontario, 

Canada, #022431081) containing HBSS + 2% FBS or in 96-well plates (VWR, Edmonton, 

Alberta, Canada, #167008) pre-filled with an indicated medium. Assays of single cells were 

initiated by sorting them directly into the individual wells of Terasaki (Greiner, Monroe, North 

Carolina, USA, #654102) or 96-well plates prefilled with an indicated 0.2 μm filtered medium.  

2.3 Phenotype data analysis. 

Resulting flow cytometric profiles were analyzed in R using a combination of the 

‘flowCore’ package (Hahne et al., 2009) and custom scripts. Cells were categorized as outlined 

in Table 2.2. Dimensionality reduction was performed using the UMAP algorithm (Becht et al., 

2019; McInnes et al., 2018) within the R package ‘umap’. Data from the measurements of 13-

parameters, (FSC-A, SSC-A, CD45, CD34, CD38, CD45RA, CD90, CD49f, CD33, CD10, 
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CD117, CD123, and CD135; Table 2.1) recorded on individual CD45+CD34+ cells in each 

sample were initially converted to Z-scores (mean set to 0) using the R function ‘scale’. Samples 

with multiple data files (recorded on separate occasions) had each occasion scaled 

independently. The resulting scaled data from over 106 CD45+CD34+ cells from normal CB, 

BM, and mPB donors was then reduced to 2-dimensions using the ‘umap’ function with default 

settings. Distance relationships of the progenitor subtypes were calculated as outlined in (Knapp, 

Kannan, et al., 2017). Briefly, 2-dimensional (2D) kernel density estimates for each cell subtype 

were calculated using the ‘kde2d’ function in the R package ‘MASS’ and then converted into 

probability density functions (sum of density = 1). Pairwise dissimilarities of the probability 

density functions were then calculated by taking half of the sum of the absolute difference in the 

probability density distributions, and pairwise similarities (proportion of the density distributions 

that overlapped) were then set to 1 minus this value for each subtype being analyzed. Calculated 

differences were visualized by applying the ‘hclust’ function in R. To determine if relationships 

between progenitor subtypes were maintained between the different sources of normal human 

CD45+CD34+ cells, the R function ‘CADM.post’ in the ‘ape’ package was used to perform a 

congruence among distance matrices (CADM) test (Campbell et al., 2011). UMAP reduction 

was also performed on just the CD49f+ cells from all samples starting from the same scaled data 

to give insight into age-related differences in this single phenotypic subset. Pairwise similarities 

were calculated as above. 

To compare pairwise differences in the levels of parameters, null distributions of medians 

were generated via bootstrap re-sampling of cells within each cluster (bootstrap performed with 

replacement generating 104 median values from random samples of 50 cells for each iteration). 

Overlap of observed medians from each of the other clusters with the null distribution was then 
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used to indicate the probability that the observed median could arise in the null distribution. This 

process was repeated generating a null distribution from each cluster for comparison with the 

observed medians of each other cluster for each fluorescent parameter in the UMAP.    

2.4 Assessment of CD49f+ cell progenitor activity in engineered stromal cell-containing 

LTCs. 

These experiments were all initiated with single cells sorted as above into the 60 inner 

wells of a collagen-coated Nunc 96-well plate preloaded with equal mixtures of 1.7 x104 

irradiated mouse fibroblasts (5 x104 total/well). In one set of experiments, the irradiated 

fibroblasts consisted of M210B4 cells engineered to express human IL-3 and G-CSF, sl/sl mouse 

embryo fibroblasts engineered to express human SCF, IL-3, and sl/sl mouse embryo fibroblasts 

similarly engineered to express human FLT3L. Each well was also preloaded with 100 μl of 

MyeloCult H5100 (STEMCELL Technologies, #05150) supplemented with freshly dissolved 

10−6 M hydrocortisone (Millipore-Sigma, #3867). Plates were incubated at 37 °C in 5% CO2 in 

air with weekly assessment for the presence of highly refractile cells prior to half-medium 

changes performed after 2, 3, 4, and 5 weeks of incubation. After 6 weeks, the cultures were 

again visually assessed, and then the half-media change performed with the further addition of 

50 ng/mL SCF (a gift from Amgen), 20 ng/mL each of GM-CSF and IL-3 (gifts from Novartis), 

IL-6 (a gift from Cangene) and G-CSF and 3 U/mL erythropoietin (EPO; STEMCELL 

Technologies) without inclusion of hydrocortisone. Incubation was continued for an additional 2 

weeks and then the contents of each well finally categorized visually as “highly proliferative” 

(cultures containing a confluent or nearly confluent layer of highly refractile round cells), 

“proliferative” (fewer but >50 such cells seen), and “negative” (<50 such cells evident). Cultures 
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seen to contain >50 highly refractile round cells before the week 8 assessment but were then 

found to be negative at week 8 were categorized as “transient”. 

In a second set of experiments, a protocol designed to detect a broader range of lineage 

outputs from single index-sorted CD49f+ cells was adopted. For these, the cells were deposited 

into the 60 inner wells of a Nunc 96-well plate already containing 9x103 MS-5 cells (a gift from 

Dr. Laure Coulombel, Inserm, Paris, France) and 300 each of irradiated M210B4 mouse 

fibroblasts engineered to express human IL-3 and G-CSF, sl/sl mouse fibroblasts engineered to 

express human SCF, IL-3 and FLT3L, and 100 μL of α-Minimum Essential Medium Eagle (α-

MEM; STEMCELL Technologies, #36450) containing 2 mM L-glutamine (Thermo Fisher, 

#35050061), and 10−4 M β-mercaptoethanol (Millipore-Sigma, 805740). This medium was 

supplemented with 15% FBS, 50 ng/mL SCF, 10 ng/mL FLT3L (a gift from Immunex) and 3 

U/mL EPO (STEMCELL Technologies, #90257) for the first 2 weeks. For the next 3 weeks, 

7.5% FBS with the same GFs was added and then, for the last week 7.5% FBS with 3 U/mL EPO 

was added. These cultures were incubated also at 37 °C in 5% CO2 in air with weekly half-

medium changes and again assessed weekly for the presence of >50 highly refractile round cells. 

At week 6, all wells that had been found to contain >50 refractile cells at any time point were 

trypsinized (STEMCELL Technologies, #07400), and the harvested cells were then stained with 

the panel of Abs shown in Table 2.3. Lineage contents were assessed by flow cytometry and 

assigned as outlined in Table 2.4. 
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2.5 Xenotransplants and analysis of regenerated cells 

CD34-enriched CB cells from a large pool (>3,000 donors) were incubated at 37°C in 5% 

CO2 in air for 16 hr in serum-free media (SFM) composed of IMDM, 20% Bovine Serum 

Albumin, Insulin, and Transferrin (BIT) with added 40 µg/mL low-density lipoproteins (LDL; 

STEMCELL Technologies), 10-4 M β-mercaptoethanol, and 1% L-glutamine supplemented with 

100 ng/mL SCF and FLTL3L (gift from Immunex), 20 ng/mL IL-3 and IL-6 and G-CSF, as well 

as 35 nM UM171 and 750 nM SR1 (gifts from Dr. Guy Sauvageau, IRIC , University of 

Montreal, Montreal PQ). Cells were then incubated for 6 hrs in the same medium containing 106-

107 infectious units/mL of a MNDU3 lentivirus containing a GFP cDNA driven by a PGK 

promoter (Imren et al., 2014; a gift from Dr. Keith Humphries, Terry Fox Laboratory, BC 

Cancer, Vancouver BC). The cells were then washed and cultured for a further 48 hrs in the 

same media as above without virus. PI-negative GFP+ cells were isolated on a FACSAria™ III 

and pooled with freshly isolated CD49f+ cells from 2 individual CB or 2 young adult BM donors 

at a ratio of 104 GFP+ cells:300 CD49f+ cells. The resulting pools were then injected via the tail 

vein into 12-16 week old female non-obese diabetic (NOD)-Rag1-/--IL2Rγc-/--W41/W41 (NRG-

W41) mice exposed 1-6 hours previously to a sublethal whole-body dose of 200 cGy of 137Cs γ-

rays delivered over a few minutes. The NRG-W41 strain was chosen due to previous studies 

suggesting enhanced chimerism of transplanted human cells into mice bearing mutated c-kit 

alleles (Cosgun et al., 2014; McIntosh et al., 2015; P. H. Miller et al., 2017; Yurino et al., 2016). 

Mice used for xenografting experiments were bred and maintained in the BC Cancer Research 

Centre Animal Resource Centre under aseptic specific-pathogen-free (SPF) conditions.  
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Following transplantation, mice were monitored at weeks 4, 8, 12, 16, 20, and 30 via BM 

aspirations of alternating femurs for evidence of human blood cell chimerism using the Abs 

outlined in Table 2.5. Mature red blood cells in the aspirate samples were first lysed in 0.8% 

NH4Cl + 0.1mM ethylenediaminetetraacetic acid (EDTA; STEMCELL Technologies, #07850) 

then samples were processed, stained, and analyzed by flow cytometry as outlined in section 2.2. 

Analysis of the changing levels of several human hematopoietic cell phenotypes over time in the 

transplanted mice was performed in R. Human chimerism was calculated as the sum of the 

percentages of human CD45+ cells (detected by two different anti-human CD45+ Abs targeting 

different epitopes) and human CD45-GPA+ cells detected in the total viable single cell 

population obtained in the BM aspirate samples. Lineage chimerism was similarly determined as 

the proportion of myeloid (CD45+CD34-CD33+), B-lymphoid (CD45+CD34-CD19+), and 

erythroid (CD45-GPA+) cells in the total viable mouse BM sample. Mice without total human 

engraftment above 0.005% (combined GFP+ and GFP- human engraftment) of the total viable 

mouse BM across all timepoints were excluded from downstream analysis, 2 such mice were 

excluded this way. Data shown are geometric means with standard deviations. Pairwise 

differences were examined at each timepoint using the Student’s t test. Correlations were 

assessed by calculating a linear model of log10-transformed chimerism values for GFP- and 

GFP+ cells within each sample analyzed. 

2.6 Single-cell tracking of survival and proliferation kinetics in vitro 

 Clonal tracking of CD49f+ cells was performed on single CD49f+ cells sorted as above 

into separate wells of a Terasaki plate containing 20 μL of 0.2 μm filtered SFM + 300 ng/mL SF, 

300 ng/mL FLT3L and 60 ng/mL IL3 (3GF). Serial 10-fold dilutions of this initial 3GF 
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concentration in SFM were used for the 3GF dose-response experiments. Following sorting of 

single-cells as described in section 2.2, plates were kept on ice for 30-60 min after which each 

well was visually assessed to determine the presence or absence of a viable single highly 

refractile cell. Plates were then wrapped with a thin band of Parafilm™ between the lid and the 

bottom of the plate, and each plate was then placed inside of a 15 cm round petri dish with 6x 35 

mm dishes each containing 2-3 mL of autoclaved distilled water to reduce media evaporation 

throughout the period of culture in a humidified atmosphere of 5% CO2 in air at 37°C. Each well 

was then manually assessed 1-2x daily for 7 days for cell viability (high refractility, cell size, and 

membrane integrity) and cell division. The number of divisions completed by each cell at the end 

of the experiment was calculated as follows from the number of viable cells: 1 cell = no 

divisions, 2 cells = 1 division, 3-4 cells = 2 divisions, 5-8 cells = 3 divisions, 9-16 cells = 4 

divisions, 17-32 cells = 5 divisions, and >32 cells = 5+ divisions. Initial observation of a division 

was adopted as the time the division occurred. If >1 division occurred in a well between 

monitoring timepoints, the divisions were treated as having occurred at times equally spaced 

between the observation timepoints. Wells were no longer assessed for divisions after reaching 

>5 division cycles (>32 cells). Wells that were never observed to have a viable single cell in 

them through the course of the experiment were excluded from downstream analyses. 

 Analysis of survival and proliferation kinetics was performed in R. Survival was 

calculated using the functions ‘Surv’ and ‘survfit’, and statistical differences were calculated 

with a log-rank test using the ‘survdiff’ function in the ‘survival’ package. Proliferation kinetics 

were calculated on viable cells using the ‘drc’ package (Ritz et al., 2015) to generate dose-

response curves of proliferation as a function of time. Contributions of individual samples to the 

curves were weighted based on the number of cells analyzed in each sample. Reported median 
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division times are the calculated ED50 values of the corresponding weighted curve generated for 

each corresponding data set. Errors bars reflect the standard error of the mean (SEM) of ED50 

values for samples originating from the same group. Pairwise statistical comparisons of ED50 

values (null hypothesis being that the ratio of ED50 for 2 groups = 1) of the weighted curves was 

performed using the ‘compParm’ function of the ‘drc’ package. Dose-response curves for 

survival and proliferative ability were generated as above with pairwise ED50 calculations 

reflecting differences in the concentrations of 3GF required for 50% of CD49f+ cells from each 

group to maintain survival or complete ≥1 division within 7 days of culture.     

2.7 Cell-cycle transit culture time-course setup and plate preparation for streptavidin 

(SA) capture  

 Bulk CD45+CD34+CD38- (200-500) and CD49f+ (50-100) cells were sorted into 

separate wells of Nunc round-bottom 96-well plates containing 100 μL of SFM + 300 ng/mL SF 

+ 300 ng/mL FTL3L + 60 ng/mL IL3 + 10 μM 5-ethynyl-2´-deoxyuridine (EdU) or 100 μL of 

SFM + 3 ng/mL SF + 3 ng/mL FTL3L + 0.6 ng/mL IL3 + 10 μM EdU and incubated for 24, 40, 

52, or 64 hr at 37 °C in 5% CO2 in air. After the allotted time, the cells in each well were 

individually harvested and washed twice with HBSS + 2% FBS and transferred into Protein 

LoBind® tubes, centrifuged at 300 g for 5min, aspirated to minimal volume and then transferred 

to the individual wells of a SA-coated 384-well plate (Thermo Fisher, #15504 or Greiner, 

#781990). Prior to loading, wells of the 384-well plate were coated with 1 μg/mL α-CD44-biotin 

(Biolegend, #103004) in IMDM overnight at 4 °C. Wells were then washed 2x with IMDM 

removing all volume immediately prior to loading the cells prepared as described above. Cells 

for the 0 hr timepoint were sorted directly into wells of a 384-well plate prepared as above with 
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the addition of SFM+3GF. After cells were transferred into the 384-well plate they were 

centrifuged at 300 g for 3-5min, then promptly fixed with 4% paraformaldehyde (PFA) in 

phosphate-buffered saline (PBS) for 30 min at room temperature, then washed 3x with HBSS + 

2% FBS before storing at 4 °C. Once all time points were transferred and fixed, cells were 

permeabilized and RNA removed with 0.5% Triton X-100 + 200 μg/mL RNAseA (Invitrogen, 

#12091-021) in HBBS + 2% FBS for 15 min at 37 °C, then washed 2x with PBS + 2% FBS and 

resuspended in 0.1% Triton X-100 in PBS + 2% with 1.5 μg/mL α-human CD32 and 5% human 

serum. Cells were then stained with an α-CDK2 Ab (Cell Signaling Technologies, #2546S), then 

washed 2x with PBS + 2% FBS and stained with a goat α-rabbit-AF594 secondary Ab (Thermo 

Fisher, #A-11012) for 30 min on ice. Cells were then washed 3x with PBS + 2% FBS and 

stained with an α-human CD45-AF488 Ab (Biolegend, #304017) and an α-CDK6-AF647 Ab 

(Abcam, #EPR4515) for 1 hr on ice. Cells were then washed 2x with PBS + 2% FBS and 

resuspended in the same buffer containing 2 μg/mL 4′,6-diamidino-2-phenylindole (DAPI; 

Millipore-Sigma, #32670) and then imaged (see imaging acquisition details in section 2.9). 

Following imaging, fluorescence was quenched by adding 2x quenching solution (9% H2O2 + 50 

mM NaOH (Millipore-Sigma, #H1009 and #795429 respectively) in PBS) and storing the 

samples overnight at 4 °C. The extent of quenching achieved was assessed by washing the wells 

2x with PBS + 2% FBS, resuspending them in 2 μg/mL DAPI and imaging the plate with the 

same microscope settings used in the preceding imaging step. When the degree of quenching 

appeared incomplete, new quenching solution was added, and the plate left at room temperature 

for another 1-4 hr and then imaged again as previously described. Subsequent antibody staining, 

imaging, and quenching was performed as described above (all Abs used are listed in Table 2.6). 
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EdU staining was performed using the Click-It™ EdU AF594 kit (Invitrogen, #C10354) 

according to the manufacturer’s guidelines.  

2.8 Acquisition of microscope images 

384-well plates were imaged on a Nikon A1-si microscope with a 10x objective and 

images acquired by setting the focus on the centre of each well and stitching a large image 

(overlap set to 5%) such that the entire bottom of the well was captured and combined into a 

single large image. Images were captured at ¼ frames/sec as the average of 2 captures. To 

capture total fluorescence from each cell, the pinhole diameter was set to 255.4 μm. Voltages for 

each channel were adjusted separately for each imaging panel. Determination of quenching 

completion was performed using the voltage settings of previously acquired panels. 

2.9 Analysis of microscopy data  

 Acquired images were quantified in FiJi using custom macro scripts. Images were loaded 

using the ‘Bio-Formats Importer’ plugin using default parameters. Background subtraction was 

performed using a rolling ball radius of 25.0 pixels and then a gaussian blur (sigma radius = 1 

pixel) was applied. Event regions were selected on the DAPI channel using the ‘Robust 

Automatic Threshold Selection’ plugin with the following settings: noise = 20, lambda = 3, and 

min = 150. To separate identified regions containing multiple events, regions were shrunk 

slightly using the ‘erode’ command. Then the ‘Adjustable Watershed’ command (tolerance = 

0.1) was used. The resulting regions were analyzed using the “Analyze Particles’ command with 

the following settings: size = 5-200 and circularity = 0.8-1.00 and exported as a ‘.csv’ files. 

Representative images in Figure 4.2 are from a portion of a single well imaged at 10x as above 
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for each imaging cycle. Images channels for this figure had the following thresholds set in FiJi: 

DAPI = 0-4095, AF488 = 500-4095, AF594 = 1000-4095, AF700 = 1000-4095, Transmitted = 0-

2500. 

 Downstream quantification was performed in R also using custom scripts. Wells acquired 

in the same imaging stage were combined and event specific information between imaging 

panels was maintained by calculating a well-by-well affine transformation formula and applying 

this to the positions of the events in the subsequent imaging stages to ‘stitch’ the events to those 

identified in the initial imaging stage. This required identifying landmark regions maintained in 

the same well between panels using the ‘Extract SIFT Correspondences’ plugin in FiJi with the 

following settings: initial_gaussian_blur = 1, steps_per_scale_octav e= 3, minimum_image_size 

= 64, maximum_image_size = 1024, feature_descriptor_size = 4, 

feature_descriptor_orientation_bins = 8, closest/next_closest_ratio = 0.92, filter 

maximal_alignment_error = 25, minimal_inlier_ratio = 0.05, minimal_number_of_inliers = 7, 

and expected_transformation = Rigid. Resulting landmark positions were used to calculate a 

well-specific affine transformation using the ‘AffineTransformation’ function in the 

‘vec2dtransf’ package in R (German Carillo, https://cran.r-

project.org/web/packages/vec2dtransf/index.html). The affine transformation was then applied to 

the events in the subsequent imaging stage and the adjusted event positions were matched to the 

events of the initial imaging stage by calculating pairwise Euclidean distances between the 

events using the ‘cdist’ function in the ‘rdist’ package (Nello Blaser, https://cran.r-

project.org/web/packages/rdist/index.html). Unique matches between events were then assigned 

by identifying events with the minimum distance between the two images. Poor quality matches 

were removed by setting a maximum distance between matched events as 5*median distance of 
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the minimum distance of matches or a distance ≥50 pixels. In rare events of the SIFT landmarks 

identified between two images generating an affine transformation which resulted in a low 

number of high-quality matches, an affine transformation using the median values of the affine 

transformations calculated for all of the other wells in the same experiment was used. Events that 

were not matched through all imaging stages (and therefore not present throughout all imaging 

acquisitions) were removed from downstream analysis. 

 To remove auto-fluorescent debris and separate cells from acquired events, an 

‘Autofluorescence’ parameter was calculated as the sum of the fluorescence of the AF488, 

AF594, and AF647 channels acquired following fluorescence quenching of the first imaging 

stage and a circularity parameter calculated as (perimeter^2/(4*area))/π). Fluorescent channels 

apart from DAPI (DNA content) were then transformed using asinh(x/150), after which all 

channels were converted to Z-scores (mean=0) using the function ‘scale’ with default parameters 

(each experiment scaled independently). Resulting data was converted to a ‘flowFrame’ structure 

using the ‘Biobase’ (Huber et al., 2015) and ‘flowCore’ (Hahne et al., 2009) packages to allow 

for visualization and 2D gating. Events with high ‘Autofluorescence’ and circularity values 

outside of -2 to 2 were excluded, and cells were identified using a combination of CD45 and 

DAPI fluorescence. Identified cells from each experiment were then combined and their 

associated DAPI, CD45, CDK2, CDK6, Ki67, pRb, and EdU parameters were collapsed into 2D 

using the ‘umap’ function. Kmeans clustering was performed to split the resulting UMAP 

distribution into 3 regions. The proportion of each cell type within a region at a given timepoint 

was calculated to assess movement of the cells through the cell cycle. Statistical differences 

between these proportions were calculated using Holm-corrected Kruskal-Wallis rank sum tests. 
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Comparison of intensities of individual parameters was performed using Holm-corrected Wilcox 

tests. 

2.10 Phospho-flow sample preparation and analysis 

 CD34+ cell-enriched samples of CB and young adult BM were thawed as previously 

described in 5 mL Protein LoBind® tubes (Eppendorf, #0030108302) and then washed 2x in 

PBS without FBS. Cells were then stained with an eFluor™ 780 fixable viability dye 

(Invitrogen, #5016966) for 30 min on ice, then washed 1x in PBS + 20% FBS and resuspended 

in SFM. Cells were then incubated at 37 °C in 5% CO2 in air for 180 min total, with addition of 

3GFs to the cells 0, 5, 15, or 30 min prior to the end of the culture period. Cells were then fixed 

with 1.6% PFA for 10 min at room temperature, washed 1x with PBS + 2% FBS, then 

permeabilized by adding -80 °C 100% MeOH dropwise while vortexing gently. Cells were then 

washed and resuspended in PBS without FBS and barcoded with Pacific Blue succinimidyl ester 

(Thermo Fisher, #P10163) at 0 μg/mL, 0.002 μg/mL, 0.02 μg/mL, or 0.2 μg/mL for 30 min at 

room temperature while being shielded from light. Cells were then washed 1x with PBS + 10% 

FBS, then pooled together into a single tube and resuspended in PBS + 2% FBS + 1.5 μg/mL α-

human CD32 + 5% human serum and stained with the Abs outlined in Table 2.7 for 60-120 min. 

Thereafter, the cells were washed and stained with a goat α-rabbit-AF594 secondary for 15 min. 

Cells were then washed again and analyzed on a BD FACSymphony™.  

Flow cytometric analysis was performed in R as described above. Viable single cells 

were gated as CD45+CD34+CD38-CD45RA- cells or CD49f+ cells and results for cells treated 

under different conditions were identified based on their assigned Pacific Blue barcode 
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intensities. Fluorescent intensities of each intracellular marker were converted to Z-scores 

(mean=0) using the ‘scale’ function in R on a sample-by-sample basis. Data was then pooled by 

sample age-group and differences in marker intensity for each stimulated time point from their 

corresponding unstimulated condition was performed by generating null distributions of medians 

via bootstrap re-sampling of cells from each condition as outlined in section 2.3. 

Table 2.1 Abs for CD49f+ cell sorting and CD45+CD34+ phenotypic analysis 

Antigen Clone Colour Company 

CD10 HI10a PerCP-Cy5.5 Biolegend 

CD33 WM53 PECF594 BD 

CD34 561 BV421 Biolegend 

CD38 HIT2 BV711 Biolegend 

CD45 HI30 AF700 Biolegend 

CD45RA HI100 BV605 Biolegend 

CD49f eBioGoH3 FITC eBioscience 

CD90 5E10 PECy7 BD 

CD117 104D2 APC eBioscience 

CD123 6H6 APC-ef780 eBioscience 

CD135 BV10AH42 PE Invitrogen 
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Table 2.2 Phenotypic definitions of stem and progenitor subtypes 

Subtype Phenotype 

HSC CD45+CD34+CD38-CD45RA-CD90+CD49f+ 

MPP CD45+CD34+CD38-CD45RA-CD90-CD49f- 

LMPP CD45+CD34+CD38-CD45RA+CD10- 

MLP CD45+CD34+CD38-CD45RA+CD10+ 

PreB/NK CD45+CD34+CD38+CD45RA+CD10+ 

CMP CD45+CD34+CD38+CD45RA-CD135+ 

GMP CD45+CD34+CD38+CD45RA+CD135+ 

MEP CD45+CD34+CD38+CD45RA-CD135- 
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Table 2.3 Abs and channels for in-vitro lineage assessment 

Antigen Clone Colour/Channel Company 

CD7 M-T701 FITC BD 

CD10 MEM-78 BB700 BD 

CD11b M1/70 BV711 Biolegend 

CD14 61D3 PECy7 eBioscience 

CD15 HI98 V500 BD 

CD19 SJ25C1 PE eBioscience 

CD33 WM53 PECF594 BD 

CD34 581 AF700 BD 

CD45 HI30 APC-ef780 eBioscience 

CD56 CMS5B APC eBioscience 

CD235a HI264 Pacific Blue Biolegend 

Empty NA V 610/20-A NA 
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Table 2.4 In vitro lineage output classifications 

Class CD45 CD34 

CD33/ 

CD11b 

CD14/ 

CD15 

CD10&19 

or CD56 

or CD7 

Lineage Negative + +/- - - - 

NM + +/- + + - 

Lymphoid + +/- - - + 

Mixed + +/- + + + 

 

Table 2.5 Abs for in vivo lineage assessment 

Antigen Clone Colour Company 

CD3 OKT3 SuperBright 600 eBioscience 

CD15 HI98 PECy7 BD 

CD19 SJ25C1 PE eBioscience 

CD33 WM53 PECy7 eBioscience 

CD34 581 AF700 BD 

CD38 HIT2 BV711 Biolegend 

CD45 HI30 APC-ef780 eBioscience 

CD45 2D1 APC eBioscience 

CD235a HI264 Pacific Blue Biolegend 
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Table 2.6 Microscopy Abs for cell-cycle staging 

Antigen Clone Colour Company 

CD45 HI30 AF488 Biolegend 

pRb (pS807/pS811) J112-906 AF647 BD 

CDK2 78B2 NA CST 

CDK6 EPR4515 AF647 Abcam 

Ki67 B56 AF488 BD 

 

Table 2.7 Abs for phospho-flow cytometry 

Antigen Clone Colour Company 

pAKT (pS473) M89-61 PE BD 

pSTAT5 (pY694) 47 PECy7 BD 

pERK1/2 (pT202/pY204) 20A AF647 BD 

Non-phospho (active) β-Catenin D13A1 NA CST 

CD45 HI30 BUV395 BD 

CD34 581 BB700 BD 

CD38 HIT2 BV711 Biolegend 

CD45RA HI100 BV605 Biolegend 

CD90 5E10 AF700 Biolegend 

CD49f eBioGoH3 FITC eBioscience 
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Chapter 3: Age-independent conservation of human CD34+ hematopoietic cell phenotypic 

progenitor content and CD49f+ long-term multilineage output potential.  

3.1 Introduction 

 As reviewed in Chapter 1, many aspects of the unperturbed process of hematopoiesis are 

demonstrably affected by aging. This includes a consistent decreased output and functional 

decline of mature lymphoid cells accompanied by increasing anemia, the appearance of clonal 

expansions bearing leukemia-associated mutations (CHIP) and overt malignancy (Guralnik et al., 

2004; Jaiswal & Ebert, 2019; Ogawa et al., 2000). Studies in the mouse suggest that some of 

these changes may arise from altered numbers of certain progenitors and stem cell subsets that 

are aging-related, including a reduced output of mature lymphocytes that correlate with 

decreased numbers of lymphoid progenitors and an increasing proportion of HSCs producing 

myeloid-restricted progeny (Benz et al., 2012; Cho et al., 2008; Dykstra et al., 2007, 2011). 

Evidence of cell intrinsic mechanisms of aging have been suggested to be due to an observed 

accumulation of DNA damage, metabolic changes, and epigenetic alterations affecting the 

functionality of HSCs (Geiger 2013). Analogous studies in humans have been more limited but 

are supported by reports of an aging-associated accumulation of immunophenotypic primitive 

cell subsets (Kuranda et al., 2011; Nilsson et al., 2016; Pang et al., 2011). 

 Here we focused on comparing a number of biological properties of cells defined by the 

CD49f+ cell phenotype – a CB subset highly enriched in cells found to display the regenerative 

properties in xenograft transplantation assays used to define human HSCs (Belluschi et al., 2018; 

Knapp et al., 2017, 2018; Notta et al., 2011). To date, however, very few functional studies of 
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cells with this phenotype isolated from normal adult donors have been described and are limited 

to a suggested ~5-40-fold decline in their repopulation potential as compared to those present in 

CB (Huntsman et al., 2015; Wang et al., 2019). It was therefore of interest to more fully 

characterize the human CD34+ stem and progenitor cell compartment present in normal human 

donors spanning 7-decades of life and use a variety of long-term in vitro and in vivo assays to 

compare the proliferative and lineage output activities of the CD49f+ fraction of these cells.  

3.2 Results  

3.2.1 The relative frequencies of multiple phenotypes of human hematopoietic CD34+ 

cells are largely conserved from birth to mid-late adulthood. 

An initial series of experiments was undertaken to determine how the phenotypic 

composition of the CD34+ cell compartment might change in healthy humans from birth through 

adulthood. For this survey, ~ 106 CD34+ cells isolated from CB, mPB, and BM samples obtained 

from a total of 33 individuals were assigned to 8 well-described phenotypic subtypes (Doulatov 

et al., 2010, 2012; Karamitros et al., 2018; Knapp et al., 2019) using the same panel of 11 Abs 

(Table 2.2, Fig. 3.1A-C). The average frequencies of most of these subtypes were found to vary 

markedly between individual donors (Fig. 3.2A), without obvious differences trending with the 

age of the donor or the source of the CD34+ cells analyzed (BM vs PB, Fig. 3.2A). Overall, 

CMPs were the dominant progenitor subtype in most samples, closely followed by GMPs, 

although this difference did appear to reverse with age in the BM samples (median values of 

39% CMPs (interquartile range (IQR) 30-44%) and 23% GMPs (IQR 19-35%) in the young 

adult BM samples vs 28% (IQR 22-34%) and 38% (IQR 30-42%) respectively in the aged adult 
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BM samples). However, in the PB, the frequency of GMPs decreased with increasing age 

whereas the CMP frequency remained relatively stable (i.e., 16% GMPs (IQR 12-19%) in CB, 

10% (IQR 8.5-31%) in young adult mPB, and 4.5% (IQR 2.8-4.7%) in the aged adult mPB 

samples, with median CMP proportions staying between 47%-53% for each group).  

As a more agnostic approach to identify potential source-specific differences, UMAP 

dimensionality reduction was then applied to the same 11 surface marker-based phenotype data 

in combination with the simultaneously measured FSC and SSC properties culminating as 13 

mean-scaled parameters (Becht et al., 2019; McInnes et al., 2018). This yielded a 2D distribution 

characterized by a large central cluster with two areas of high cellular density and 3 regions 

branching out from or separated from the main central cluster (Fig. 3.2B). The distributions of 

the 5 different sources of CD45+CD34+ cells showed a high degree of overlap in this 2D UMAP 

display (Figure 3.2C). Hierarchical clustering of the 8 canonical phenotypically-defined subtypes 

obtained using their UMAP density distributions and their resultant spatial relationships were 

generally consistent with the literature; with expected closest associations of the CD49f+ cells 

with MPPs, a high proximity of LMPPs with MLP cells, CMPs with MEPs, and GMPs with Pre-

B/NK cells (Fig. 3.2D; Buenrostro et al., 2018; Knapp et al., 2019; Velten et al., 2017; Zhao et 

al., 2017). Importantly, the spatial relationship of these subtypes was maintained when the 

analyses were restricted to the cells obtained from separate age or source groups (CADM test, 

P<0.005). However, the cells within each phenotype also displayed heterogeneity within UMAP 

space with CMP and GMP cells having particularly heterogeneous distributions (Fig. 3.2E). 

To further examine the phenotypes underlying the UMAP distribution, K-means 

clustering was then used to segregate the CD45+CD34+ UMAP distribution into 6 regions (Fig. 
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3.2F). This analysis revealed one group of cells (Region 1) distinguished by their relatively 

elevated levels of CD90 and CD34 and low levels of CD38, consistent with the phenotypic 

properties of CD49f+ cells. Interestingly, the cells in all 3 regions comprising the central UMAP 

cluster (regions 1-3) showed higher levels of CD117 (KIT) than the cells in regions 4 and 5 

which were located further away from the central cluster. Increasing levels of expression of 

CD45RA by the cells in regions 3, 4, and 5 was also associated with a location remote from the 

central cluster. Higher CD10 expression by the cells in region 4 and elevated expression of 

CD123 by the cells in region 5 suggest their more restricted identities as cells adopting lymphoid 

and myeloid fates, respectively. The cells in region 6 comprised 2.3% of the total CD45+CD34+ 

compartment and were well separated from the remaining cells. The profile of cells within this 

region included very high expression of CD49f, CD90 and CD123, with low expression of 

CD34, CD38, CD45RA, and CD117, and a broad range of expression of CD45 - a phenotype 

suggestive of persisting rare CD34+ contaminants (such as maturing blood and/or endothelial 

cells). 

3.2.2 The CD49f+ subset displays greater source- than aging-associated differences in 

their phenotypic properties. 

 To determine the extent of similarity between cells sharing the defining CD49f+ 

phenotypic properties that are present in different sources and/or donors of different ages, we 

again used UMAP, but applied it exclusively on this subset from each group. This gave 2 

connected but spatially distinct clusters in a 2D UMAP distribution (Fig. 3.3A). Interestingly, 

these 2 clusters were found to be separated based on the source of the CD49f+ cells rather than 

the age of the donor, although CD49f+ cells from young adult BM donors were somewhat 
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intermediate between the 2 clusters (Fig. 3.3B). This was similarly observed from a pairwise 

overlap assessment of their UMAP density distributions which also placed CD49f+ cells from 

CB, young adult mPB, and aged adult mPB together and separate from those isolated from the 

BM (Fig. 3.3C). Examination of the markers underlying this distribution pointed primarily to 

differences in the levels of CD45, CD34, and CD90 expression, with BM CD49f+ cells from 

young or aged adult donors showing consistently higher expression of these markers than their 

counterparts isolated from the PB ( Fig. 3.3D). CD38 expression was also lower in BM CD49f+ 

cells than in cells isolated from the PB. Additional differences were observed in the levels of the 

3 growth-factor receptors examined (CD117, CD123, and CD135), however, none of the latter 

appeared to be changed consistently with the source or age of the donor examined.     

3.2.3 The LTC-IC frequency within the CD49f+ subset is high and independent of donor 

age. 

 To compare the growth potential of CD49f+ cells obtained from differently aged donors, 

they were assessed for their LTC-IC content in 8-week cultures initiated with single cells 

deposited into separate wells of a 96-well plate containing irradiated mouse fibroblasts 

engineered to produce several human growth factors (Fig. 3.4A; Hogge et al., 1996; Knapp et al., 

2018; Sutherland et al., 1989). In addition, the cells were pre-stained with the same large panel of 

Abs used for the phenotype comparisons and index-sorted to allow subsequent correlation of 

their LTC-IC activity with their initial phenotypic properties.  

Cells in this assay were then defined as “highly proliferative”, “proliferative”, or 

“negative” according to the amount of progeny they produced after 6 weeks under standard LTC 
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conditions and another 2 weeks following the addition of multiple GFs to promote the generation 

of expanded numbers of terminally differentiating myeloid cells. CD49f+ cells that produced 

readily detectable progeny before 8 weeks but were negative later were classified as “transient” 

(see section 2.4 for details). The resulting distribution of these outcomes was significantly 

different for all groups examined (pairwise Fisher’s exact test, P<0.001; Fig. 3.4B; Table 3.1). 

This included a progressive decrease in the frequency of CD49f+ cells classified as “transient” 

LTC-ICs as a function of donor age (mean values of 19% in CB, 14% in young adult BM, and 

3% in aged adult BM). However, despite these differences, the frequency of LTC-ICs with 

obvious cell outputs at 8 weeks within the CD49f+ subset was found to be independent of the 

age of the donor as ~50% of this phenotype (Fig. 3.4C). Nevertheless, the rate at which readily 

detectable numbers of progeny became evident was significantly delayed as a function of the 

increasing age of the donor (pairwise Komolgerov-Smirnov tests, all P<0.0001). Thus, by week 

3, 88% of CB LTC-ICs had already produced visible progeny, whereas only 40% of the BM 

LTC-ICs from young adults, and 30% of BM LTC-ICs from the aged adult group were 

detectable at this time. The magnitude of this delay is amplified in the observation that 36% of 

the LTC-ICs from the aged adult BM samples did not produce any detectable progeny until the 

final week 8 assessment, in contrast to the corresponding values of 9% and 3.5% within total 

LTC-ICs detected from the young adult BM and CB samples respectively, suggesting 

considerable age-associated changes in how LTC-IC proliferative responses are regulated. 

 Use of the index sorting data to analyze potential phenotype-associations with the growth 

patterns displayed by CD49f+ cells in the LTC assays showed that CB CD49f+ cells categorized 

as highly proliferative LTC-ICs have elevated levels of CD33, CD34, and CD90 (Fig 3.4C) in 

agreement with a previous report (Knapp et al., 2018). However, of these markers, only CD33 
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was elevated on highly proliferative LTC-ICs from young adult BM donors, suggesting CD34 

and CD90 expression levels become less predictive of CD49f+ functional potential with 

increasing donor age.    

3.2.4 Age-independent retention of lympho-myeloid differentiation potential of CD49f+ 

cells.  

 A next set of experiments was designed to determine whether the lympho-myeloid 

lineage outputs seen in older humans might be reflected in an aging-related change in the 

potentialities of their CD49f+ cells using a modified 6-week LTC system (see section 2.4 ; Fig. 

3.5A). This LTC assay was previously shown to detect these potentialities in CB CD49f+ cells at 

a high frequency, and at relative frequencies similar to those displayed by clonally tracked CB 

CD49f+ cells transplanted into immunodeficient mice (Knapp et al., 2019). In the present 

experiments, the lineage content of clones produced in these modified 6-week LTCs were 

assessed by flow cytometry and categorized as either “mixed” (neutrophil and/or monocytes 

(NM) and lymphoid), “NM”, “lymphoid”, or “lineage negative” (clones of CD45+ cells that 

were negative for the lineage markers assessed and listed in Table 2.4; Fig. 3.5B).  

As found in the 8-week LTC-IC assays, there was no difference in the overall frequency 

of cells with detectable outputs in this 6-week assay system (Table 3.2). Examining the 

proportions of CD49f+ cells which produced detectable clones in this system, we similarly found 

that more of the CB CD49f+ cells produced only transient outputs (21%) than was seen from the 

young adult BM (3%) or aged adult BM (1%). This culminated in a modest but significantly 

different spectrum of lineage outputs from the CD49f+ cells from CB as compared to those from 
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either young or aged adult BM samples (pairwise Fisher’s exact test, P<5x10-8), but not between 

the latter 2. Most notably, the frequency of clonogenic CD49f+ cells that were able to produce 

lymphoid progeny (either alone or with NM cells) in the 6-week cultures did not decrease with 

increasing age of the donor, in fact they increased with the age of the donor (from 47% in the CB 

cells, to 59% and 68% in the BM of young and aged adult donors respectively). 

3.2.5 Repopulating ability of CD49f+ cells from CB and adult BM is similar in a co-

xenotransplantation assay. 

 A final set of in vivo xenotransplant experiments was then undertaken to compare the cell 

output properties of CD49f+ cells from 2 CB and 2 young adult BM donors (Table 3.3). 

Previous LDA of adult CD49f+ cells with repopulating activity in immunodeficient mice have 

reported a decrease in the frequency of these cells of ~5-40-fold compared to CB (Huntsman et 

al., 2015; Wang et al., 2019). As an alternative strategy, we adopted a co-transplantation design 

in which the “test” CD49f+ cells were mixed with GFP-transduced CB cells (derived from a 

large pool of normal CB CD34+ cells) with the expectation that these might serve to interact 

with or produce factors that might be critical to optimizing the differentiated cell output of 

limiting numbers of adult CD49f+ cells. To this end, sub-lethally irradiated NRG-W41 mice 

were transplanted with a combination of 300 CD49f+ cells, from either CB or young adult BM 

donors, mixed with 104 GFP-transduced CB cells (selected for GFP expression 2 days post-

transduction) and the proportion of human chimerism in the mouse BM was assessed at weeks 4, 

8, 12, 16, 20, and 30 (Fig. 3.6A & B). 
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All mice showing detectable repopulation from the GFP+ CB cells also contained 

detectable GFP- progeny from the input CD49f+ cells. Overall levels of human GFP- cells 

regenerated from CB and young adult BM CD49f+ cells were not significantly different at any 

time post transplant, although this assessment was also compromised by the extensive 

heterogeneity in the levels of engraftment observed in the individual mice in both groups in both 

pairs of experiments undertaken (Fig. 3.6C). These included a consistently detectable average, 

albeit individually variable, number of myeloid, B-lymphoid, and erythroid cells in the progeny 

of both sources of input CD49f+ cells (Fig 3.6D-F). No T cells were detected in any mouse for 

20 weeks, however, at week 30 progeny of 1 CB and 1 young adult BM donor contained 

detectable, but low levels, of T cells. Interestingly, there was no correlation between the 

combined outputs from the CB CD49f+ cells with the GFP+ outputs in the same mice across all 

timepoints (R2=5.4x10-4, P=0.91, Figure 3.6G), whereas the output of the young adult CD49f+ 

cells was highly correlated with the GFP+ cell outputs in the same mice (R2=0.56, P=5.5x10-7, 

Fig. 3.6H). This suggests that the presence of the additional co-injected GFP+ CB cells may have 

a previously undefined positive effect (either directly or indirectly mediated) in promoting the 

regenerative activity of adult CD49f+ cells that is not required by CD49f+ CB cells themselves.  

3.3 Discussion 

The last decade has brought the identification of an extremely rare CD49f+ subset within 

both CB and adult sources that contains cells with the most prolonged hematopoietic 

regenerative activity (Belluschi et al., 2018; Huntsman et al., 2015; Knapp et al., 2017, 2018; 

Notta et al., 2011; Wang et al., 2019). The use of single-cell profiling techniques has also 

demonstrated extensive heterogeneity not only in the CD49f+ subset but the larger CD34+ 
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stem/progenitor fraction (Belluschi et al., 2018; Buenrostro et al., 2018; Knapp et al., 2019; 

Velten et al., 2017; Zheng et al., 2018). These findings, in turn, have renewed interest and 

enabled attempts to characterize how the functional properties of these highly potent cells may 

change over time, both in comparison to analogous cells in model organisms and in the 

mechanisms regulating their proliferation and differentiation. In the studies described here, cells 

isolated from the PB or BM of healthy donors spanning 7 decades of age were subjected to a 

detailed phenotypic profiling and functional analyses of the cell output activities of their CD49f+ 

subset was assessed in vitro and in vivo at high resolution.  

Somewhat expected was the large degree of inter-donor heterogeneity of several 

classically defined progenitor phenotypes comprising the CD34+ population even between 

donors of the same age group and sources of CD34+ cells. Nevertheless, analyses of relatively 

small numbers of individual samples allowed many significant age-related and age-independent 

differences to be discriminated. Unexpected was the consistently sustained proportion of 

CD49f+ cells as 1-2% of the entire CD34+ population over the full range of ages and sources of 

cells examined. This stands in contrast to previous studies of mouse and human samples where 

an increase in the representation of phenotypic HSCs as a function of donor age has been 

reported (Kuranda et al., 2011; Pang et al., 2011; Rossi et al., 2005). However, it should be noted 

that previous human studies used a broader phenotypic classification with a lower frequency of 

functional HSCs. Also unexpected was the finding that the lympho-myeloid output of CD49f+ 

cells manifested in both in vitro and in vivo settings designed to strongly elicit these potentialities 

was not diminished with age. This again contrasts with the results of previous studies in mice 

and humans indicating that lymphoid cell outputs decrease with advancing age (Nilsson et al., 

2016; Pang et al., 2011; Rossi et al., 2005). However, at least in mice, the HSC appears to be the 



69 
 

stage at which this defect is sustained, but it is not manifested until a later stage of lymphoid 

restricted cell differentiation (Benz et al., 2012). Studies in humans have reported conflicting 

results regarding the changing proportions of lymphoid progenitors during aging, here we saw 

variation between some age groups and sources but nothing indicative of a specific age-related 

decrease (Kuranda et al., 2011; Nilsson et al., 2016; Pang et al., 2011). Interestingly, experiments 

with mice have indicated that the environment of the aged BM is less supportive of lymphoid 

production, and that lymphoid output from older hematopoietic cells can be partially restored by 

transplantation of “old” HSCs into younger hosts (Ergen et al., 2012) or in hosts given IGF1 

(Young et al., 2021). Beyond the expected intra-donor heterogeneity of CD49f+ cells, we also 

found an unexpected association of the phenotypic properties examined here to correlate more 

strongly with whether the CD49f+ cells were present in the PB or BM rather than the age of the 

donor of the sample. Taken together, these new findings reflect the recognized challenges in 

reconciling differences between the mouse and human systems in identifying key shared 

properties of hematopoiesis. Additionally recognized is the still obligate reliance on relating 

findings to the entire CD34+ compartment that cannot take into account any absolute numerical 

changes in stem or progenitor cells related, for example, to a hypocellularity of the human BM 

that has been observed with advancing age (Ogawa et al., 2000). 

Despite the relatively few markers examined in our UMAP comparison of human CD34+ 

phenotypes, we also observed a similar continuum of cells with different progenitor classes 

having overlapping distributions rather than forming into discrete clusters. This is consistent with 

many recent studies that have used an enlarged range of single-cell molecular profiling 

parameters (Buenrostro et al., 2018; Knapp et al., 2019; Velten et al., 2017; Zheng et al., 2018) 

reinforcing the concept of more heterogeneous differentiation trajectories than historically 
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envisaged (Knapp et al., 2019; Laurenti & Göttgens, 2018). One example confirmed here was a 

developmentally sustained preservation of the extensive heterogeneity in the CMP and GMP 

subsets likely reflective of their phenotypic classification isolating mixtures of cells with 

different lineage output potentials (Karamitros et al., 2018; Knapp et al., 2019; Notta et al., 

2016). Analysis of different regions of the UMAP distribution identified several markers that 

suggest a movement of CD49f+ and MPP cells towards myeloid or lymphoid commitment. 

These include increased CD123 and CD10 expression, respectively as indicative of commitment 

to these lineages as predicted by their later specific association with the downstream progenitors 

of these lineages (Doulatov et al., 2010; Görgens et al., 2013; Manz et al., 2002). However, the 

regions with the highest levels of expression of these markers represent only a portion of the total 

GMP and Pre-B/NK progenitor populations suggesting that higher levels of expression of these 

markers may be representative of cells even more restricted to their respective lineages. Lower 

CD117 expression was also observed in cells in these outlying regions consistent with this 

marker playing an important role in earlier cell types (Kent et al., 2008; Thorén et al., 2008). 

Interestingly, although no frequency difference was observed between CD49f+ cell 

content in the CD34+ compartment, those that were isolated from the BM were phenotypically 

different from those isolated from the PB regardless of donor age. The surface markers CD45, 

CD34, and CD90 were more highly expressed on CD49f+ cells from the BM than from the PB. 

Higher expression of CD34 and CD90 by BM CD49f+ cells may serve to aid CD49f+ cells to 

interact with or remain in the niche, due to their adhesion properties (AbuSamra et al., 2017; 

Barker et al., 2004). CD90 has also been indicated as a potential player in mediating HSC 

production of immature progenitors, with antibody inhibition of CD90 resulting in reduction of 

CFCs with high proliferative potential (Mayani & Lansdorp, 1994). Despite these phenotypic 
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differences, CD49f+ cells from CB and adult BM were similarly enriched for ~50% LTC-IC in 

our single-cell assay. By analyzing the input surface marker expression of CD49f+ cells we 

confirmed that the most highly proliferative CB clones detected in the 8-week LTC-IC assays 

had heightened expression of CD33, CD34 and CD90 (Knapp et al., 2018). However, only CD33 

was similarly more highly expressed on the highly proliferative LTC-ICs from young adult BM. 

CD34 and CD90 levels were not predictive for the functionality of young or aged adult BM 

CD49f+ cells, perhaps due to our observation of these cells already having heightened 

expression of these markers as compared to CB CD49f+ cells. Perhaps heightened CD34 and 

CD90 levels on CB CD49f+ cells are indicative of cells that have recently entered circulation 

from the BM and have not yet reduced expression of surface proteins that are also involved in 

adhesion interactions. Parabiosis experiments in mice have demonstrated a consistent small 

proportion of HSCs that migrate through the blood to extramedullary tissues (Wright, 2001). 

Very recent work has also identified that these HSCs outside of the BM have upregulated gene 

sets involved in the actomyosin cytoskeleton suggesting these cells have alternative mechanical 

properties than those in the BM (Mende et al., 2020).  

The observation of decreasing proportions of transient clones in our in vitro assays with 

increasing donor age is likely related to the overall delay when clonal outputs from 8-week LTC-

ICs could be visualized. This is consistent with the output kinetics seen in the 6-week multi-

lineage LTCs where a high proportion of clonogenic CB CD49f+ cells only produced progeny 

transiently, whereas these were more rarely seen emanating from clonogenic young or aged adult 

BM CD49f+ cells assessed in parallel. Previous reports of adult CD49f+ cells having a low 

frequency of and poor output from long-term repopulating cells in vivo (Huntsman et al., 2015; 

Wang et al., 2019) led us to develop a co-transplantation system where CD49f+ cells from single 
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CB or young adult BM donors were co-transplanted with GFP-transduced CB CD34+ cells into 

immunodeficient mice. We observed no difference in the total or specific lineage output from 

CD49f+ cells from CB or young adult BM donors over a 30-week period of assessment. 

However, we saw a sharp contrast in that the overall output of the young adult CD49f+ cells was 

highly correlated with the output of the GFP-transduced CB cells in the same mice while no such 

correlation was observed for the CB CD49f+ cells. Together, these results suggest a differential 

requirement of conditions that support an optimal regenerative activity from adult as compared 

to neonatal CD49f+ cells. This in turn highlights potential inefficiencies of current 

immunodeficient mouse strains for comparing the innate stem cell properties of differently aged 

sources of human hematopoietic cells. 

In summary, the results presented here reveal the relative stability of the phenotypes 

present in the CD34+ compartment of the PB and BM of healthy humans from birth to the 7th 

decade of life and in the unexpected retention of the functionally assessed B-lymphoid and 

myeloid output potential of the CD49f+ subset they contain. We also demonstrate clear age-

associated changes in the speed with which their differentiated cell outputs are activated in 

stromal-cell-containing co-cultures, the frequency of CD49f+ cells which produce transient 

clones under these conditions in vitro, and the different dependence of their regenerative 

activities in vivo on the presence of other types of normally regenerating human hematopoietic 

cells. Taken together, these findings delineate a new spectrum of HSC functional properties that 

are differentially affected by aging.    
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Figure 3.1 Representative gating of CD34+ subsets from different sources of normal human 

blood cells. Example gating of indicated CD34+ stem and progenitor subsets for CB (A), BM 

(B), and mPB (C). Axis scales for fluorescent markers are represented as asinh(x/150). 
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Figure 3.2 Phenotypic heterogeneity of the normal human CD34+ compartment. A) 

Frequency of CD34+CD38- progenitor (left) and CD34+CD38+ progenitor (right) subsets in 

total CD34+ cells from different sources of normal human blood cells (Holm-corrected pairwise 

Wilcox tests, *P<0.05, **P<0.01). B) Pseudocoloured 13-parameter UMAP representation of 

pooled CD45+CD34+ cells from different sources. C) Visualization of 10 000 CD45+CD34+ 

cells from each source. D) Hierarchical clustering of phenotypic subsets based on pairwise 

differences in their density distributions in UMAP space. E) Pseudocoloured distributions of 

indicated phenotypic subsets across UMAP space. F) Relative intensities of fluorescent markers 

between K-means identified UMAP clusters. Letters beside histograms indicate groups which 

were not significantly different from each other.      
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Figure 3.3 Phenotypic heterogeneity of CD49f+ cells according to donor age and source. 

Pseudocoloured (A) and source-specific (B) 13-parameter UMAP representations of pooled 

CD49f+ cells from different normal donors. C) Hierarchical clustering of CD49f+ cells from 

each source based upon pairwise differences in their density distributions in UMAP space. D) 

Relative intensities of fluorescent markers between sources of CD49f+ cells. Letters beside 

histograms indicate groups which were not significantly different from each other.  



78 
 

 



79 
 

Figure 3.4 High LTC-IC activity of CD49f+ cells from different sources. A) Experimental 

design of single-cell LTC-IC assay. B) Distribution of clonal outputs from each donor age-group 

(***P<0.001, Fisher’s exact test). C) Relative intensities of CD33 (left), CD34 (centre), and 

CD90 (right) expression on CD49f+ cells with different clonal outputs (*P<0.05, **P<0.01, 

***P<0.001, Holm-corrected Student’s t-test). D) Proportion of CD49f+ cells that are 8-week 

LTC-IC from each age-group. E) Empirical cumulative distribution of clonal appearance over 

time (***P<0.001, Komoglerov-Smirnov test).  
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Figure 3.5 Age-independent lympho-myeloid differentiation potential of CD49f+ cells 

revealed in single-cell cultures. A) Experimental design of single-cell multilineage LTC assay. 

B) Representative gating strategy of indicated lineages following harvest. C) Combined clonal 

outputs of CD49f+ cells from each indicated group (***P<0.001, Fisher’s exact test).    
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Figure 3.6 Similar in vivo repopulating ability of CB and BM CD49f+ cells revealed in a co-

transplant assay. A) Experimental design of co-transplantation experiment. B) Representative 

flow cytometry analysis of BM aspiration from an engrafted mouse. Overall percentages of GFP- 

human (C), myeloid (D), B-lymphoid (E), and erythroid (F) cells from input CB (navy) and 

young adult BM (red) CD49f+ cells in viable mouse BM. Lines indicate geometric mean of all 

mice in each group. Bars indicate geometric mean*geometric standard deviation and geometric 

mean/geometric standard deviation. Linear correlation of GFP- chimerism with GFP+ chimerism 

for CB (G) and young adult BM (H). Points indicate an individual mouse at a single timepoint. 

Symbols indicate mice transplanted with different single donors.    
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Table 3.1 Summary of donor specific outcomes in LTC-IC assays 

   Number of cells 

Sample Age Group Negative Transient Proliferative 

Highly 

Proliferative 

1 NA CB 72 35 65 8 

2 NA CB 63 46 67 4 

3 NA CB 52 37 119 32 

4 NA CB 45 10 50 13 

5 NA CB 44 46 59 31 

6 29 Young adult BM 90 26 44 18 

7 31 Young adult BM 35 30 102 13 

8 36 Young adult BM 66 18 76 20 

9 53 Aged adult BM 83 12 70 14 

10 61 Aged adult BM 82 0 62 36 

11 56 Aged adult BM 115 2 57 6 
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Table 3.2 Summary of donor specific outcomes for in vitro lympho-myeloid assays 

   Number of cells 

Sample Age Group Negative Transient NM Lymphoid Lin 

Neg 

Mixed 

1 NA CB 62 6 16 13 7 16 

2 NA CB 45 22 15 25 4 9 

3 33 Young adult BM 84 1 16 3 2 14 

4 31 Young adult BM 57 2 20 12 0 29 

5 58 Aged adult BM 50 0 14 12 3 40 

6 56 Aged adult BM 86 1 12 5 3 13 

 

Table 3.3 Summary of donors and mice used for in vivo transplant analysis 

   Number of mice 

Sample Age Group Week 4 Week 8 Week 12 Week 16 Week 20 Week 30 

1 NA CB 2 2 2 2 2 2 

2 NA CB 2 2 2 2 2 2 

3 33 yBM 3 3 3 3 3 3 

4 36 yBM 3 3 3 3 3 2┼ 

┼Mouse died prior to week 30. 
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Chapter 4: Aging delays proliferation and cell-cycle transit rates of normal human CD49f+ 

cells. 

4.1 Introduction 

 Hematopoiesis is a hierarchically organized process that supports the lifelong production 

of mature blood cells from relatively small numbers of cells with considerable self-sustaining 

ability. The stepwise changes that accompany and regulate this process in HSCs and their 

immediate progeny at the single-cell level are now recognized to be complex and highly 

variable, even when restricted to analysis at a single timepoint (Laurenti & Göttgens, 2018). 

However, factors that alter the cycling dynamics of HSC appear to be related to their functional 

potential. Label-retention studies in mice have demonstrated that throughout adult life under 

steady-state conditions, some HSCs are continuously, but infrequently, recruited from a 

quiescent state into cycle (Foudi et al., 2009; Morcos et al., 2020; Wilson et al., 2008) through 

HSC-intrinsic regulatory mechanisms and their interactions with specific environmental cues 

(Hao et al., 2016; Pietras et al., 2011). Intrinsic regulation of HSC proliferation and self-renewal 

is also controlled developmentally. Fetal mouse HSCs are highly proliferative and transition to 

an adult-like cycling activity abruptly between 3 and 4 weeks after birth (Bowie et al., 2007). A 

similar abrupt change in the cycling activity of HSCs in baboons and humans has been inferred 

to occur in the first 3 years of life based upon the rate of telomere decay measured in the short-

lived neutrophils they ultimately produce (Baerlocher et al., 2007; Sidorov et al., 2009). In 

addition to the proportion of cycling HSCs found to be changed postnatally, the time required to 

complete a first division by HSCs when they are maximally stimulated in vitro has been found to 

correlate with the longevity of their regenerative potential in functional assays (Dykstra et al., 
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2006). Thus, HSCs with a short-term output activity exit quiescence more rapidly and complete a 

division sooner than those with longer-term output potentials (Bowie et al., 2007; Laurenti et al., 

2015; Passegué et al., 2005). However, this correlation has been reported to break down when 

mouse HSCs from older donors were examined. As reviewed in Chapter 1, aging HSCs have 

several altered properties including an observed delay in aged mouse HSCs completing first and 

second divisions in vitro compared to their younger counterparts (Flach et al., 2014).   

 Interestingly, as also reviewed in Chapter 1, the products of a large number of genes have 

now been reported to be significant intrinsic contributors to the regulation of adult HSC self-

renewal responses to proliferative stimuli (Wilkinson et al., 2020), including some that are 

developmentally controlled (such as Sox17; Kim et al., 2007) and the Lin28-Let7-Hmga2 axis 

(Cesana et al., 2018; Copley et al., 2013). Nevertheless, very little is known about the 

mechanisms responsible for changes that accompany the onset of “old” age, particularly in 

humans. This paucity of human information is partially attributable to the very low number of 

HSCs (phenotypically characterized here as CD49f+ cells) that can be practically isolated from a 

single donor source. This coupled with the large heterogeneity that has thus far been observed in 

these cells (Belluschi et al., 2018; Knapp et al., 2016, 2017, 2018, 2019; Notta et al., 2016; 

Velten et al., 2017) then requires the need for systems that would allow their sequential 

proliferative and dynamic molecular responses to be tracked at a single-cell level. To overcome 

these hurdles, we used a system that enabled the proliferative responses of thousands of 

individual CD49f+ cells to be tracked over several days coupled with the development of a 

procedure for linking cell-cycle stage with multiplexed molecular single-cell analysis. We then 

assessed the GF requirements for survival and proliferation timing with advancing age and 

specific signaling pathway activation. 



87 
 

4.2 Results 

4.2.1 Demonstration of a progressive age-related delay in the GF-stimulated kinetics of 

CD49f+ cell division in vitro 

To compare responses of CD49f+ cells from different sample sources from donors of 

increasing age, we again grouped and defined them as neonatal (CB), from young adults (mPB 

or BM) for donors 18-45 yr old, and from aged adults (mPB or BM) for donors >50 yr old. To 

compare the GF-dependent survival and mitogenic responses of CD49f+ cells from these 3 

different age groups, single FACS-purified cells were deposited into the individual wells of 

Terasaki plates preloaded with SFM + 300 μg/mL SF + 300 μg/mL FLT3L + 60 μg/mL IL3 

(SFM + 3GF, Fig. 4.1A), a condition previously shown to maximally stimulate the subsequent 

proliferation of adult BM CD34+CD38- cells with maximum retention of 6-week LTC-IC 

activity (Zandstra et al., 1997). In the present experiments, high levels of survival over a 7 day 

monitoring period were displayed by all sources of CD49f+ cells cultured under these conditions 

(85% by CB and young adult cells and 72% by cells from aged adults; Fig. 4.1B). In contrast, the 

time preceding the first division of the same cells demonstrated a highly significant and 

progressive increase with increasing donor age (Fig. 4.1C, all pairwise Holm-corrected P<1x10-

23). Specifically, the median time to a first division displayed by the CB CD49f+ cells was 57 hr, 

increasing to 75 hr for the young adult cells, and to 90 hr for those from adults >50 yr. Notably, 

this age-associated delay in the initial mitogenic response of isolated CD49f+ cells was not 

restricted to the first division, but was also evident as an 8 hr increase in the median time to 

complete a second and third division when the results for CB CD49f+ cells were compared to 

those for CD49f+ cells isolated from young or aged adult donors (Fig. 2.4D/E; Holm-corrected 
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Wilcox tests P<1x10-19). However, there was no continuing difference between the young adult 

or aged adult CD49f+ cells. Taken together, these findings are consistent with the expectation of 

an early postnatal alteration in the cycling dynamics of HSCs (Baerlocher et al., 2007; Bowie et 

al., 2006, 2007; Copley et al., 2013; Sidorov et al., 2009) and suggest on-going alterations to 

cycling regulation during aging.  

4.2.2 Development of a system for monitoring paired cell cycle state and molecular 

changes in individually tracked cells 

 We next sought to define the kinetics of cell cycle entry and progression associated with 

the different times to sequential divisions exhibited by individual CD49f+ cells isolated from 

donors of different ages. To this end, we developed a system that would allow for multiple-

parameter phenotyping on single cells after defined periods of culture in SFM + 3GF using an 

approach for tethering nonadherent cells to a SA-coated plate surface via an interaction with a 

biotinylated antibody targeting a prominent antigen on the cells of interest (Loeffler et al., 2018). 

Here the antibody used was an α-CD44 antibody which we found allowed viable CD49f+ cells 

from all sources to be captured and retained post-fixation on the bottom of the wells of 384 well 

plates through multiple manipulations. Preliminary experiments showed that this capture strategy 

would remain stable through at least 3 rounds of fluorescent imaging with different antibodies 

labeled with the same Alexa Fluor dyes that could be quenched in between each round of 

labeling and imaging (Fig. 4.2 A/B) by exposure of the cells to a non-denaturing base-catalyzed 

oxidation of the Alexa Fluor structure (Lin et al., 2015). However, as a consequence of multiple 

rounds of imaging, small alterations in the location of each event were introduced due to minor 

variations in plate positioning in the holding adapter of the microscope stage. Therefore, to 
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ensure that the molecular information from sequential images were applied to the same events, 

we used landmark features identified in each well by the SIFT algorithm in FiJi to calculate well-

specific affine transformations to be applied to correct the coordinates of events in the sequential 

imaging panels and finally link these together with the same events in the original imaging cycle 

by identifying nearest neighbour pairs in Euclidian space (Fig. 4.2C). Events were matched only 

a single time and high match quality was maintained by setting maximum distances for which 

event matching was possible. Events lost between imaging cycles (such as a cell that became 

detached) were removed from downstream analysis, such that fluorescent information from 

every imaging cycle was available for all events included in the final analyses.  

Resultant fluorescence profiles for each individual event were then scaled within each 

experiment and converted to a flow cytometry-like data structure to allow for visualization and 

2D gating of populations. This conversion allowed for the removal of cell-sized debris from 

analysis by first calculating an ‘autofluorescence’ and ‘circularity’ parameter for each event and 

removing outliers. Cells were then further enriched based on DAPI (DNA content) and CD45 

fluorescence (Fig. 4.2D). Use of these features showed the proportion of cells retained at each 

imaging cycle in relation to the initial imaging cycle was still very high after the second and third 

imaging cycles (95% and 86%, respectively; Fig. 4.2E).       

4.2.3 Adult CD49f+ cells display an elongated G1-phase 

 Our multiple-parameter phenotyping system was then used to quantify the time-

dependent changes in 7 features (DNA content, CD45, CDK2, CDK6, Ki67, pRb, and EdU) 

exhibited by 6850 individually analyzed cells obtained from a total of 6 donors (3 CB and 3 
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young adult BM; Table 4.1, Table 4.2). Since large differences were evident in the division 

kinetics of CB and young adult donors (Fig. 4.1B) we compared cells from these two age-groups 

with the assumption that differences detected would be maintained or amplified in cells from 

older donors. In these experiments the effects of exposing the cells to a high and low 

concentration of the same 3 GF cocktail were also examined (Fig 4.2A; discussed further in 

section 4.2.5). To visualize the movement of cells through the cell-cycle, the data was reduced to 

a 2D format using the UMAP algorithm (Becht et al., 2019; McInnes et al., 2018; Fig. 4.3A). 

Application of K-means clustering separated the data thus visualized into 3 regions (Fig. 4.3A 

bottom-right) that could then be assigned to the different phases of the cell-cycle based on the 

relative fluorescence of the markers defining them. For example, the region defined as G0 was 

marked by a predominance of cells displaying very low levels of DAPI, Ki67, pRb, and EdU and 

the G1 region as cells also with low levels of DAPI and EdU but showing increased levels of 

Ki67 and pRb. In contrast, the S/G2/M region was defined by cells with significant levels of EdU 

fluorescence (indicative of active DNA replication) and increasing levels of DAPI, Ki67, and 

pRb. The proportion of cells in each of these 3 regions within this overall UMAP distribution 

were determined at each time point for each culture condition analyzed, and from this a time 

course pattern of the cell cycle progression exhibited by the CD49f+ and CD34+CD38- cells 

obtained from the CB and young adult BM donors was generated (Fig. 4.3B). As expected from 

previous studies pointing to the common quiescent state of these cells at the time of their 

isolation (Laurenti et al., 2015; Wilpshaar et al., 2000), the majority of the CD49f+ and 

CD34+CD38- cells used to initiate the present time-course cultures were found in the G0 region 

of the general UMAP distribution (Fig. 4.3B). Within 24 hr of exposure to the highest 3GF 

concentration, approximately half of all the CB and young adult BM CD49f+ cells had 
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transitioned into G1 but, after another 18 hr (a total of 42 hr), the majority of CB CD49f+ cells 

had progressed further into S/G2/M whereas most of those obtained from young adults were still 

in G1 (Fig. 4.3B left; Holm-corrected Kruskal-Wallis test P=2.0 x10-9). However, within a 

further 22 hr (a total of 64 hr), most of these had transitioned to S/G2/M indicating a prolongation 

of their first cell cycle transit time by 14-22 hr (Holm-corrected Kruskal-Wallis test P=1.2 x10-8). 

These results agree with the overall observed time required for these cells to complete a first 

division as determined independently by direct visualization (Fig. 4.1C). Taken together, these 

results indicate that the longer time required by young adult CD49f+ cells to complete a first 

division in comparison to CB CD49f+ cells is due to an increased length in the time they require 

to complete G1 rather than an increased time required for exiting G0. Interestingly, the patterns 

for cell cycle progression kinetics were maintained between the CD49f+ and CD34+CD38- cells 

(Fig. 4.3B right), suggesting that the prolonged cell cycle transit features of young adult cells 

seen in comparison to CB cells are developmentally and not differentiation state-determined.  

 We next asked if and how these observed developmentally associated differences in G1 

duration exhibited by CD49f+ cells under maximally stimulated mitogenic conditions might be 

related to differential changes in the levels of specific regulators. Among those examined, 

CDK6, a known regulator of the G0 to G1 transition of human HSCs (Laurenti et al., 2015) and 

early G1 progression, maintained an equivalent or slightly higher median expression in young 

adult CD49f+ cells than in CB CD49f+ cells throughout a 64 hr period of follow-up, suggesting 

a difference in the priming requirements of CB and young adult for entry and progression 

through G1 (Fig. 4.3C). Although the baseline level of Ki67 in young adult CD49f+ cells 

appeared higher than in CB CD49f+ cells, the levels of Ki67, pRb, and CDK2 (a regulator of the 

G1 to S-phase transition), were all markedly lower in the young adult CD49f+ cells at 42 and 50 



92 
 

hr. Therefore, factors that control their expression appear to be involved in the mechanism that 

delays but does not arrest the ability of young adult CD49f+ cells to enter S-phase by 

comparison to CB CD49f+ cells. The differences in the patterns of expression of the same cell-

cycle regulators exhibited by the CD34+CD38- cells were also generally consistent with those 

displayed by the CD49f+ cells (Fig. 4.3D) This finding therefore reinforces the concept of a 

developmentally regulated change in the mechanism(s) that control cell cycle transitions that are 

operative in primitive human hematopoietic cells and extend downstream of the HSC 

compartment.    

4.2.4 Proliferation but not survival responses of adult CD49f+ cells are more sensitive to 

reduced GF stimulation than CB CD49f+ cells 

 We next sought to determine whether the donor age of the CD49f+ cells would affect 

their mitogenic requirements and, if so, how these might correlate with changes in their rate of 

entry into and passage through a first cell cycle. For this, we chose to examine these parameters 

under conditions of decreasing 3GF concentrations over 5 orders of magnitude. In a first series of 

experiments, we simply tracked the survival and completion of sequential divisions undertaken 

by individual CD49f+ cells from CB and adult donors deposited into Terasaki plates over a 7-

day period. Survival was maintained at high levels (>75%) for all sources of cells down to a 100-

fold reduction in the highest 3GF concentration, but then steeply decreased as the 3GF 

concentration was further reduced (Fig. 4.4A). Although the aged adult cells had a small increase 

in their ED50 (0.19% 3GF compared to 0.11% and 0.09% for CB and young adult cells, 

respectively), the overall rate at which survival support was lost was very similar between the 

CD49f+ cells obtained from donors of different ages. In sharp contrast, the level of 3GFs 
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required to stimulate ≥1 CD49f+ cell division within 7 days was highly significantly different 

between the CB and adult (ED50 values differing ~3- to 5-fold for young and aged adults 

respectively (P=1.7x10-5 and 1.5x10-17); Fig. 4.4B). However, no additional difference between 

the ED50 of young and aged adult CD49f+cells was detected (P=0.13), suggesting that this 

change in the mechanisms regulating the mitogenic responses of primitive hematopoietic cells 

occurs developmentally prior to adulthood. 

 These experiments further revealed an even greater age-associated change in the time 

required by CD49f+ cells to complete a first division when exposed to reduced growth factors 

(Fig. 4.4C). For example, the 15-hr increase in time taken by CB CD49f+ cells to complete a 

first division when exposed to a 100-fold dilution of the 3GF cocktail (72 hr vs 57 hr), was 

increased to 39 hr (116 hrs vs 77 hrs) and to 58 hr (143 hrs vs 85 hrs) in the CD49f+ cells 

obtained from the young and older adults, respectively. However, this estimate for the older 

source of CD49f+ cells is likely an underestimate since less than 50% of the viable cells 

completed a division within 7 days in these reduced 3GF cultures. In fact, the number of 

divisions completed by all sources of CD49f+ cells cultured under high (Fig. 4.4D) and low (Fig. 

4.4E) 3GF conditions remained heterogeneous. Nevertheless, the average values for the adult 

CD49f+ cells were consistently lower than those exhibited by the CB CD49f+ cells when these 

were compared for the same 3GF exposure conditions (Holm-corrected pairwise Kruskal-Wallis 

tests P<1 x10-17). For example, at the highest 3GF concentration tested, ~80% of the CB CD49f+ 

cells completed >5 divisions (>32 cells/clone) within 7 days, whereas only 20% of young or 

aged adult CD49f+ cells passed this threshold, and at the 1% 3GF condition, 77% of CB 

CD49f+ cells completed >2 divisions whereas this was reduced to 20% and 10% for the young 

and aged adult CD49f+ cells respectively.   
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 Given the exaggerated differences in proliferation kinetics displayed by CB and adult 

CD49f+ cells at low 3GF, it was of interest to determine if this could be associated with specific 

effects on their rate of entry into or progression through the cell cycle. Accordingly, a parallel set 

of experiments were undertaken to analyze these parameters in CD49f+ and CD34+CD38- cells 

exposed to a 1% 3GF concentration (Fig. 4.2A). The proportion of cells from each source present 

in the different regions of the 2D UMAP distribution (Fig. 4.3B) indicated that the majority of 

young adult CD49f+ cells exposed to the reduced 3GF cocktail were unable to transition into 

S/G2/M even after 64 hr (Fig. 4.5A, left). Since ~70% of these cells (like their CB counterparts) 

were found to have entered G1 within 24 hr, the delay in their completing a first division can be 

attributed to their failure to progress further for at least 40 additional hours. Moreover, even after 

64 hr, 33% of the young adult CD49f+ cells continued to remain in G0 compared to only 12% of 

CB CD49f+ cells. These numbers match well with the observed 29% of young adult CD49f+ 

cells that remained viable but did not divide within the full 7-day period of being tracked in the 

1% 3GF cultures (Fig. 4.4B). Therefore, it appears that this level of 3GF stimulation is sufficient 

to maintain the viability of a prominent subset of young adult CD49f+ cells, but insufficient to 

induce their exit from G0. Similar trends were observed in the co-examined CD34+CD38- subset 

albeit with a greater proportion of young adult cells transitioning to S/G2/M by 64 hrs (Fig. 4.5A, 

right). Parallel analyses of specific regulators showed the levels of CDK2, Ki67, and pRb were 

also consistently lower in young adult CD49f+ and CD34+CD38- cells when compared to their 

similarly cultured CB counterparts between 42 and for up to 64 hr in cultures containing the 1% 

3GF cocktail (Fig. 4.5B/C).  

Together, these observations describe a model wherein adult CD49f+ cells exposed to a 

strong mitogenic stimulus exit G0 at the same rate as CB CD49f+ cells but spend longer in G1 
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before entering S-phase resulting in a ~20 hr longer median time to complete a first division than 

CB CD49f+ cells (Fig. 4.5D). Exposure to a minimal stimulus that sustains extensive viability, 

reveals an increasing age-associated vulnerability in the CD49f+ (and downstream 

CD34+CD38-) cells to mitogen-sensitive mechanisms that regulate progression through G1 (Fig. 

4.4C).   

4.2.5 Adult CD49f+ cells display lower activation of AKT and β-catenin following 

exposure to a strong GF stimulus. 

 To further explore the mechanistic basis of the aging-associated differences in cell-cycle 

progression exhibited by CB and adult CD49f+ cells subjected to strong and weak mitogenic 

stimuli (high and low 3GF concentrations), we designed experiments to examine their matched 

levels of activation of multiple downstream signaling pathways. To this end, we cultured bulk 

suspensions of CB and young adult CD34+ cells in SFM for a total period of 3 hr during which 

the cells were also exposed to the 3GF cocktail for the last 0, 5, 15, or 30 min immediately prior 

to fixation (Fig. 4.6A). We also used a fluorescent barcoding system to label the cells exposed to 

each of these different conditions so that they could then be pooled prior to processing and 

analysis to reduce technical variability (Krutzik & Nolan, 2006; Fig. 4.6B). CD49f+ cells were 

identified as previously within each CB or young adult donor (Fig. 4.6C) and the relative median 

shift of each stimulation timepoint was compared to that of the corresponding unstimulated 

fraction contained within the same sample. Previous investigation of CB CD49f+ signaling 

activation in response to GF stimulation indicated the STAT5, ERK1/2, AKT, and β-catenin 

pathways would be anticipated targets (Knapp et al., 2016). CD49f+ cells from both CB and 

young adult donors displayed robust activation of AKT and STAT5 following 3GF stimulation 
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(Fig. 4.6D, bootstrapped P values <0.05). CB CD49f+ cells displayed stronger activation of 

AKT at each examined timepoint than the young adult CD49f+ cells, sustaining activation of this 

pathway above baseline for at least 30 min. Activation of ERK1/2 at the tested timepoints was 

low, with CB CD49f+ cells showing only a small shift at 5 min. Interestingly, β-catenin 

activation was observed only in CB CD49f+ cells within 30 min. Targeted activation of β-

catenin (through inhibition of GSK3) was found previously to stimulate proliferation of CB 

CD49f+ cells suggesting that activation of this pathway has a pro-mitogenic effect (Knapp et al., 

2016). Given that some of the effects on cell-cycle transit were also present outside of the 

CD49f+ compartment, we also examined the activation of these same pathways in CB and young 

adult CD34+CD38-CD45RA- cells (Fig. 4.6E). Patterns of activation were similar in this 

downstream population with CB cells having slightly higher and more sustained AKT activation. 

However, no significant activation of ERK1/2 or β-catenin was observed in either the CB or 

young adult donor sources of these predominantly more differentiated cell populations. STAT5 

activation in them also occurred later than was observed in the CD49f+ cells. These results 

suggest that the cell cycle control machinery in CD49f+ cells from all sources may be more 

primed than the CD34+CD38-CD45RA- cells. In addition, the age-independent robust activation 

of STAT5 in CD49f+ cells exposed to a stimulus that has profound effects on mitogenesis 

suggests this is likely not the key element of the exacerbated requirements of adult CD49f+ cells. 

In contrast, the higher and more sustained activation of AKT and β-catenin within 30 min of 3GF 

stimulation of CB CD49f+ cells may serve as a future clue to their different biological responses 

(Fig. 4.6F).         
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4.3 Discussion 

 Identification of the CD49f+ phenotype as one that is highly enriched in cells with the 

functional properties used to define human HSCs is allowing more direct measurements of the 

mechanisms that control the behaviour of these cells than has been previously possible. Here we 

exploited the use of this phenotype to undertake the first direct analyses of their age-associated 

responses to GF stimuli. We report a maintenance of CD49f+ survival programs and a 

progressive age-dependent delay in division kinetics and an associated age-determined decline in 

the rapidity with which they can initiate a mitogenic response due to alterations in the 

mechanisms that control their ability to transition from G1 to S/G2/M. These conclusions were 

derived from two related methodologies that were refined to enable thousands of single CD49f+ 

cells purified from different human blood and BM samples to be consecutively tracked for 

varying times under different conditions of GF stimulation. The first set-up was designed to 

enable sequential changes in the viability of the cells and their division timing over a 7-day 

period. The second was adapted from a previously described method for use with mouse HSCs 

(Loeffler et al., 2018) and adapted here for a larger scale analysis of the timed expression of 

multiple intrinsic markers that would discriminate human CD49f+ cells in different stages of the 

cell cycle. The GF conditions chosen for detailed analysis of aging-associated effects on their 

behaviour were such that survival was minimally affected across all groups compared.  

 The first tracking strategy enabled an 18 hr aging-associated prolongation of the time 

taken to complete a first division to be revealed between CB and young adult CD49f+ cells 

receiving a potent 3GF stimulus, one previously shown to optimize the retention of 6-week LTC-

IC activity of cultured adult BM cells (Zandstra et al., 1997). Moreover, this 18 hr delay was 
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followed by a further 8 hr prolongation of the time taken by young adult CD49f+ cells to 

complete a second and third division. The CD49f+ cells from aged adults required an additional 

15 hr than the young adult cells just to complete a first division. And when this GF stimulus was 

greatly reduced (to 1% of the maximum concentration tested), the delayed responses exhibited 

by CB CD49f+ cells were more than doubled by the responses obtained from the adult sources of 

CD49f+ cells. 

 These prolonged extensions of division times exhibited by quiescent human HSCs 

isolated from individuals spanning 7 decades of age are consistent with a previously documented 

elongation of the first division timing exhibited by HSCs isolated from young and old mice 

(Flach et al., 2014). However, the longest overall time required for adult mouse HSCs to 

complete a first division was found to be shorter than the fastest time displayed here by CB 

CD49f+ cells, and the difference in median first division timing between the young and old 

mouse HSCs was only 4 hr. In contrast, the overall difference in the same parameter reported 

here greatly exceeds the proportionality difference (Flach et al., 2014). Thus, the mechanisms 

regulating these differences in mice may not be identical with those affecting human HSCs and, 

from a practical perspective, it may be more difficult to pinpoint these in mice because of the 

much more restricted timing of their effects. It is also important to note that the duration of first 

division times can likewise be impacted by multiple variations in the culture conditions to which 

the cells are exposed (Belluschi et al., 2018; Knapp et al., 2017; Laurenti et al., 2015). Thus, the 

magnitude of aging-associated delays may be differently influenced by these condition-

dependent variables which may also not be replicated between species. These issues have more 

than mechanistic relevance, given the important need for an improved understanding of HSC 
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proliferation control for the optimized development of ex vivo strategies for expanding HSCs 

from human donors of different ages for future clinical cell therapy applications.  

 To investigate where in the cell-cycle adult CD49f+ cells experienced delays in their 

progression by comparison to CB CD49f+ cells, we used a method that allows for a multiplexed 

analysis of small numbers of input cells by immunofluorescence. Here we used this approach to 

track hundreds of CD49f+ and thousands of CD34+CD38- cells from normal CB and young 

adult donors as they entered and transited through the cell-cycle. However, the same principles 

underlying this methodology are highly adaptable and we thus anticipate its ready modification 

to investigate other processes currently difficult to assess at a single-cell level in a wide-range of 

nonadherent human cell types, such as the tracking of differentiation or division asymmetry. In 

the present study, this method was able to show an unexpected similarity in the proportion of 

CD49f+ cells from CB and young adults recruited from G0 into G1 within 24 hr of GF 

stimulation, given the large difference in the overall time taken to complete their respective first 

divisions. However, the associated marker analyses performed suggest this may be due, at least 

in part, to the slightly higher levels of CDK6 detected in the young adult CD49f+ cells. CDK6 

has been previously identified as a candidate regulator of G0 exit by human CB HSCs with those 

HSC phenotypes displaying more rapidly initiated and shorter-term regenerative activities being 

characterized by increased levels of CDK6 and shorter times spent in G0 following exposure to a 

mitogenic stimulus (Laurenti et al., 2015). By analogy, this could suggest that young adult 

CD49f+ cells would be primed to counteract other mechanisms restraining their ability to 

quickly enter the cell-cycle when stimulated. However, analysis of additional timepoints prior to 

24 hr would be required to determine the presence of small differences in the rate of G0 exit 
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between CD49f+ cells from differently aged donors and their associated mechanistic 

underpinnings. 

Also unexpected was the strikingly long time which young adult CD49f+ cells remained 

in G1, with the majority remaining in this phase for at least 26 hr, compared to the <18 hr spent 

there by their CB counterparts. However, in this case, this finding could be more readily 

explained by the lower sustained levels of CDK2 expression by the young adult CD49f+ cells 

(compared to those in CB) for at least 50 hr. CDK2 regulates the G1-S phase transition through 

its hyperphosphorylation of Rb and the timed activation of replication origins and hence DNA 

replication (Deegan & Diffley, 2016; Hume et al., 2020; Limas & Cook, 2019; Satyanarayana & 

Kaldis, 2009; Sherr, 2000). A delayed entry into S-phase by HSCs in aged mice has been linked 

to a heightened replication stress arising from a deficit in the MCM helicase components which 

are required both for activation of DNA replication origins and for unwinding DNA to allow its 

replication (Flach et al., 2014). Since aged mouse HSCs have been found to have increased 

levels of DNA damage that are resolved upon exiting G0 (Beerman et al., 2014), it is possible 

that such a mechanism could be enhanced in HSCs from older donors. However, studies from the 

mouse suggest that the DNA damage response is not compromised in aged HSCs, with repair 

proceeding efficiently in both aged and younger HSCs (Moehrle et al., 2015). A combination of 

these processes inducing a moderate G1 arrest in adult human CD49f+ cells could also arise from 

p53 activation of p21 which suppresses activity of CDK2, thereby preventing entrance into S-

phase (Hume et al., 2020; Limas & Cook, 2019). Notably the more prolonged cell cycle duration 

times exhibited by adult CD49f+ cells were not limited to the first cell cycle they completed, it 

continued into the subsequent divisions of their immediate progeny. Future studies will therefore 

be of interest to determine the specific cell cycle-stage transitions that account for the extended 
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aging-associated effects observed here on the division kinetics exhibited by the progeny of 

CD49f+ cells and whether these are due to continued delays in transiting through G1, a transient 

return to a more prolonged G0, or via an additional unknown mechanism.  

In addition to the delayed division kinetics displayed by adult CD49f+ cells (compared to 

CB CD49f+ cells) following their exposure to a potently mitogenic GF condition, a reduced GF 

stimulus caused a disproportionate further increase in the time required for the older CD49f+ 

cells to divide. A more detailed examination of the cell cycle phases most affected indicated that 

the most prominent effect was a further enhanced retention of the adult cells in G1 and an 

increased proportion of those seen as failing to exit G0. These findings suggest a rheostat mode 

of GF control of both the G0-G1 and G1-S phase transitions and an aging-associated increase in 

the signaling events required to force these to occur. Progression into and through G1 is also 

strongly related to the continued presence of mitogenic stimulation for example due to the 

relative instability of cyclin D family members and required continual translation downstream of 

mitogenic signaling to outcompete binding of CDK inhibitors with CDK4 and CDK6 ultimately 

arresting the cell in G1 (García-Gutiérrez et al., 2019; Hume et al., 2020; Sherr, 1993, 2000; 

Yang et al., 2017). Signaling through the AKT pathway also has known pro-mitogenic effects in 

G1 cells by downregulating FOXO transcription factors that otherwise inhibit the activity of 

cyclin E-CDK2 complexes through elevated levels of p21 and p27 (Massagué, 2004; Pietras et 

al., 2011). AKT also has a known role in phosphorylating and thereby inactivating GSK3 which, 

itself, acts as a negative regulator of β-catenin as well as increasing β-catenin activity through a 

direct phosphorylation mechanism (Sears & Nevins, 2002; Verheyen & Gottardi, 2010). It was 

previously shown that AKT and β-catenin are major regulators of both the survival and 

proliferation of CB CD49f+ cells (Knapp et al., 2016). In addition, both of these activities are 
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modulated in human HSCs by effects of miR126 on the same 2 pathways (Lechman et al., 2012). 

Interestingly, we did observe a lower increase and less sustained AKT activation in young adult 

CD49f+ cells and no activation of β-catenin after short-term in vitro stimulation with 3GF. The 

delayed transit through G1 of young adult cells might thus be due to their insufficient AKT 

activity. We also observed that the elongated G1-phase in adults shared by the more progenitor-

enriched CD34+CD38- population was similarly accompanied by the reduced ability of 

CD34+CD38-CD45RA- cells to activate AKT. Although this effect was less pronounced than in 

the CD49f+ cells, it suggests that the key mechanisms persist downstream of the HSC 

compartment. 

 In summary, we provide the first evidence of a progressive postnatal age-related 

alteration in mechanisms that regulate the activation of quiescent human HSCs to progress 

through G1 and transition into S-phase. We further show that with increasing age, the responses 

of these primitive hematopoietic cells are increasingly dependent on the level of GF-stimulation 

they require to progress through G1 and that activation of AKT and β-catenin play a role in 

mediating the different responses obtained. Taken together, these findings suggest that efficient 

stimulation of adult HSCs may require specific tuning of conditions to increase AKT and β-

catenin activation above what is necessary to optimize the stimulation of CB derived HSCs. 

Growing interest in using expanded HSCs for various clinical applications now heightens the 

importance of obtaining a further understanding of differences in the mechanisms regulating the 

effects of aging on GF-dependent survival and proliferation of human HSCs.      
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Figure 4.1 Identification of a progressive age-related delay in CD49f+ division kinetics in 

vitro. A) Single CD49f+ cell tracking design. B) Kaplan-Meier curves of CD49f+ survival (log-

rank test, ***P<0.001). C) Weighted dose-response curves of CD49f+ first division kinetics. 
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Curves reflect only CD49f+ cells which survived either until the end of the assay or past their 

first division. Error bars drawn at the median point of each curve indicate the standard error of 

the median division times of each sample (***P<0.001). D) Time required for clones to 

complete a second (left) or third (right) division after completing their previous division. Clones 

which did not complete a subsequent division during the total observation period are counted as 

“not detected” (ND, ***P<0.001, pairwise Holm-corrected Wilcox tests).  
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Figure 4.2 Development of a system for monitoring paired cell-cycle state and molecular 

changes in individually tracked human blood cells. A) Experimental design of cell culture, 

cell capture, and cyclic immunofluorescence imaging. B) Representative images from the 

fluorescent microscopy analysis, scale bar = 100 μm. C) Representation of affine transformation 

correction of event drift between imaging cycles. Black dots represent events detected in a single 

well from the initial imaging cycle and red dots indicate events detected in a subsequent imaging 

cycle, red lines connect the adjusted position of the red dots to their unadjusted positions. Axes 

values indicate dimensions of the total stitched image tiling the well. D) Example 2D gating of 

events detected by microscopy. Axes values are the scaled (Z-scores) of the corresponding 

parameter. E) Proportion of cells maintained in each well between imaging cycles. Proportion is 

calculated as number of gated cells in the well for an imaging cycle divided by the number of 

gated cells in the same well detected in the first imaging cycle. 
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Figure 4.3 CD49f+ and CD34+CD38- cells display an age-related elongation of G1. A) 

UMAP distribution of CD49f+ and CD34+CD38- cells from CB and young adult BM cultured 

for 0, 24, 40, 52, or 64 hrs and analyzed by cyclic immunofluorescence. Assignment of regions 

of the UMAP distribution to phases of the cell-cycle by K-means clustering (bottom-right). B) 

Proportion of CD49f+ cells (left) or CD34+CD38- cells (right) in different phases of the cell 

cycle by timepoint. The size of each circle represents the proportion of total CB or young adult 

cells in each phase for that timepoint (*P<0.05, **P<0.01, ***P<0.001, Holm-corrected 

Kruskal-Wallis tests). Scaled intensity (Z-scores) of CDK6, CDK2, Ki67, and pRb at each 

timepoint in CD49f+ (C) or CD34+CD38- (D) cells (*P<0.05, **P<0.01, ***P<0.001, Holm-

corrected Wilcox tests).    
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Figure 4.4 Stimulation of adult CD49f+ cell proliferation requires higher levels of 3GF. 

Weighted dose-response curves for CD49f+ cell survival (A) and proliferation (B) at the 
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indicated concentrations of 3GF in SFM. Survival required cells to maintain high refractility and 

membrane integrity for 7 days and proliferation required a cell to divide at least once in the same 

time-period. Proliferation curves are normalized to cells which survived either until the end of 

the assay or past their first division. Points indicate the mean survival or proliferation response 

for each group at each concentration with error bars indicating the associated standard error 

(*P<0.05, ***P<0.001). C) Kinetics of first division timing of CB (top), young adult (middle), 

and aged adult (bottom) CD49f+ cells at high (solid lines) and low (dotted lines) 3GF. Error bars 

indicate standard error of the median division timing between individual samples of each group. 

The arrow on the aged adult low 3GF condition indicates that the standard error of the median 

division timing extends beyond the observation timing (3/4 aged adult donors had <50% of their 

surviving cells divide ≥1 time within 7 days in low 3GF). Number of divisions completed by 

CD49f+ cells cultured at high (D) or low (E) 3GF for 7 days. Lines connect the observed mean 

proportion of cells completing the indicated number of divisions after 7 days. Error bars indicate 

standard error between individual donors (***P<0.001, pairwise Kruskal-Wallis tests).   
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Figure 4.5 G1 progression delay is exacerbated in adult cells under low 3GF stimulation. A) 

Proportion of CD49f+ (left) or CD34+CD38- (right) cells at each indicated phase of the cell-

cycle at each timepoint. The size of each circle represents the proportion of total CB or young 

adult cells in each phase for that timepoint (*P<0.05, **P<0.01, ***P<0.001, Holm-corrected 

Kruskal-Wallis tests). Scaled intensity (Z-scores) of CDK6, CDK2, Ki67, and pRb at each 

timepoint in CD49f+ (C) or CD34+CD38- (D) cells (*P<0.05, **P<0.01, ***P<0.001, Holm-

corrected Wilcox tests). D) Summary model of age-related CD49f+ proliferation delays at high 

and low 3GF exposure. The length of the coloured lines indicates the relative time required to 

complete a first division (indicated by branched line end) with the dotted lines denoting relative 

lengths of time spent in the indicated phase of the cell-cycle. 
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Figure 4.6 Reduced AKT and β-catenin activation in young adult stem and progenitor cells 

following short-term 3GF stimulation. A) Experimental design for the 3GF stimulation time-

course and flow cytometric analysis. B) Representative gating of pooled Pacific Blue-barcoded 

samples. C) Representative gating of CD49f+ and CD34+CD38-CD45RA- cells. Axes values 

apart from ‘FSC-A’ are in asinh(x/150). Median relative shift in the intensity of the indicated 

marker from the corresponding unstimulated sample for CD49f+ (D) and CD34+CD38-
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CD45RA- (E) cells. Asterisks indicate significant shifts away from the unstimulated samples 

(*P<0.05, **P<0.01, ***P<0.001, bootstrapped probabilities). F) Summary model of CD49f+ 

pathway activation following short-term 3GF stimulation. The length of the coloured bars 

indicates relative activation of the corresponding marker.       
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Table 4.1 Analyzed cells by timepoint for cell-cycle staging in 100% 3GF 

   Number of cells 

Sample Group Phenotype 0 hrs 24 hrs 42 hrs 50 hrs 64 hrs 

1 

young 

adult BM 

CD34+CD38- NA 49 88 126 29 

CD49f+ NA 24 13 40 23 

2 CB 

CD34+CD38- NA 22 32 142 13 

CD49f+ NA 24 41 39 6 

3 

young 

adult BM 

CD34+CD38- 99 111 88 88 59 

CD49f+ 33 31 36 41 33 

4 CB 

CD34+CD38- 182 110 114 86 31 

CD49f+ 38 44 56 41 11 

5 

young 

adult BM 

CD34+CD38- 64 206 203 48 7 

CD49f+ 31 21 21 18 17 

6 CB 

CD34+CD38- 243 141 196 122 52 

CD49f+ 28 25 34 26 8 
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Table 4.2 Analyzed cells by timepoint for cell-cycle staging in 1% 3GF 

   Number of cells 

Sample Group Phenotype 0 hrs 24 hrs 42 hrs 50 hrs 64 hrs 

1 

young 

adult BM 

CD34+CD38- NA 78 36 103 41 

CD49f+ NA 15 13 44 27 

2 CB 

CD34+CD38- NA 56 32 78 50 

CD49f+ NA 12 14 37 26 

3 

young 

adult BM 

CD34+CD38- 91 87 96 100 56 

CD49f+ 40 4 46 31 26 

4 CB 

CD34+CD38- 146 115 111 92 44 

CD49f+ 51 50 52 30 22 

5 

young 

adult BM 

CD34+CD38- NA 178 169 15 7 

CD49f+ NA 31 20 27 19 

6 CB 

CD34+CD38- 222 144 156 157 71 

CD49f+ 23 32 32 27 14 

 

  



117 
 

Chapter 5: Discussion 

5.1 Major Contributions 

 The overall objective of the investigations described in this thesis was to interrogate the 

impact of normal aging on several functional properties of human HSCs and elucidate their 

underlying mechanisms. As a starting point, the CD49f+ phenotype was used to isolate a 

population previously shown to be enriched in HSCs from both neonatal and adult sources 

(Belluschi et al., 2018; Huntsman et al., 2015; Knapp et al., 2018; Notta et al., 2011; Wang et al., 

2019). This population was isolated here from samples of healthy PB and BM donors spanning 7 

decades of life and found to reproducibly contain a high frequency of cells able to generate 

differentiated lymphoid and myeloid progeny for many weeks in vitro in stromal cell-containing 

culture systems and for many months in vivo when transplanted into irradiated immunodeficient 

mice. More focused analysis on the proliferative response of these cells to GF stimulation 

revealed a postnatal change in the regulation of a mitogen-sensitive progression through the cell 

cycle which increased progressively with the age of the donor. Key to the generation of these 

findings was the development and validation of optimized methods to enable the variable 

biological and molecular features and responses of the rare CD49f+ cells to be measured at low 

numbers or individually. 

 In Chapter 3, phenotypic comparison of the CD34+ stem and progenitor compartment 

isolated from CB, adult BM, and adult mPB from donors aged 0-69 years revealed no differences 

that were consistent between the age or source of cells in the frequency of progenitor phenotypes 

that enrich for cells with specific differentiation abilities. This contrasts with results reported in 
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mice for which a decrease in lymphoid progenitors and an increase in phenotypic HSCs have 

been well documented (Beerman et al., 2010; de Haan et al., 1997; Dykstra et al., 2011; Flach et 

al., 2014; Morrison et al., 1996; Rossi et al., 2005; Sudo et al., 2000). In contrast, our studies did 

not detect any age-associated specific loss or decline in lymphoid output activity by adult 

CD49f+ cells either in vitro or in vivo suggesting an intrinsic retention of this capability in these 

cells during healthy human aging. However, we did not specifically analyze the T cell potential 

of these cells in vitro, whether this potential is also retained with aging is an area for future 

investigation. 

 In addition, we obtained evidence of a heterogeneous but nevertheless preserved 

longevity and magnitude of the in vivo repopulating ability by adult CD49f+ cells in 

immunodeficient mice; a finding that also stands in strong contrast to results of previous studies 

of mouse HSCs (Beerman et al., 2010; de Haan et al., 1997; Dykstra et al., 2011; Flach et al., 

2014; Morrison et al., 1996; Rossi et al., 2005; Sudo et al., 2000). These observations also appear 

to differ from those reported previously for human HSCs (Huntsman et al., 2015; Pang et al., 

2011; Wang et al., 2019). Important to note however is the absence of previous adult CD49f+ 

transplants to include co-injected CD34+ CB cells. Use of this co-transplantation model 

appeared beneficial to magnify the outputs of adult CD49f+ cells which was not observed for CB 

CD49f+ cells. Although the mechanism of this novel “helper effect” has yet to be elucidated, its 

use does serve to establish that the CD49f+ phenotype identifies a population enriched in HSCs 

with an intrinsic potential for high multi-lineage outputs of progeny which does not diminish 

significantly with donor age. Nevertheless, they do point to a change in the extrinsic stimulatory 

requirements to elicit this potential as was then pursued as described in Chapter 4. 
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 In Chapter 4, initial studies were designed to compare the cell proliferation kinetics of 

CD49f+ cells from donors of different ages. Results from stromal cell-containing cultures first 

suggested a delay in the outputs of CD49f+ cells from older donors, and single-cell tracking 

experiments revealed a progressive age-related delay in their activation into and through a first 

and subsequent division cycles. Development of a system enabling the simultaneous tracking of 

the cell-cycle state and quantification of molecular regulators of this process at single-cell 

resolution indicated elongation of the G1-phase in adult CD49f+ cells. This proliferative delay 

was also found to be highly exaggerated under conditions of reduced mitogenic stimuli with 

adult CD49f+ cells proving to require higher GF concentrations to elicit proliferation than those 

from CB. Mechanistically, GF stimulation of adult CD49f+ cells appeared to result in lower 

activation of AKT and β-catenin than was observed in CB. In addition, we similarly observed 

that the G1 elongation and signaling responses extended into the CD34+CD38-(CD45RA-) 

fraction indicating that these mechanisms are not restricted to the adult HSC compartment. 

Combined, the results outlined in Chapters 3 and 4 identify several previously unknown aspects 

of aging human HSCs and dispute some of the features previously believed to accompany aging 

in this system.    

5.1.1 Direct functional comparison of human CD49f+ cells across 7 decades of age 

 Identification of a phenotype capable of enriching functional human HSCs to ~10% 

purity in CB presented opportunities to explore the functional and molecular features of these 

cells at high resolution (Notta et al., 2011). Extension of this phenotype into adults has been 

minimally performed with some characterization of their molecular features (Buenrostro et al., 

2018; Farlik et al., 2016; Notta et al., 2016; Velten et al., 2017). LDA transplants into 
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immunodeficient mice have also suggested a ~5-40-fold reduction in the purities of functionally 

defined human HSCs within the CD49f+ fraction (Huntsman et al., 2015; Wang et al., 2019). 

Our unexpected observation that CD49f+ cells from all donor age-groups display remarkably 

similar overall numbers of cells with LTC-IC capacity and lympho-myeloid differentiation 

potential suggests that historical models of human HSC aging require modification. Of particular 

interest was the observation that the CB CD49f+ compartment, in marked contrast to those in 

adult BM samples, contained a significant proportion of cells that only transiently generated 

progeny. Previous studies have shown that the CD49f+ compartment in CB is functionally 

heterogeneous and contains phenotypically identifiable subsets with reduced repopulating 

capacities (Belluschi et al., 2018; Knapp et al., 2018). It is therefore inviting to consider the 

possibility that analogous cells are not found in the aging adult CD49f+ samples because their 

activation or output potential is not detectable under the conditions of these assays. Alternatively, 

these cells may represent a fraction that is absent in the BM or reduced to frequencies below 

levels detectable in these assays. In support of this finding, we identified several phenotypic 

features of CD49f+ cells which differed not with donor age, but with the site from which the 

CD49f+ cells were isolated, strongly suggesting the composition of the CD49f+ compartment is 

site-dependant. This concept is strongly supported by a recent investigation which revealed the 

different molecular features and functional potentials of hematopoietic stem and progenitor cells 

found within human BM, PB, or the spleen (Mende et al., 2020). 

 Tracking of the survival and proliferation responses in vitro of CD49f+ cells from 

differently aged donors revealed a striking and progressive elongation of first division timing 

with increasing donor age. This was coupled with an additional 8 hr required to elicit subsequent 

divisions from the progeny of young and aged adult CD49f+ cells. These findings point to a 
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developmentally determined elongation of the overall cell cycle transit time that occurs 

postnatally, coupled with a progressively reduced rate at which quiescent CD49f+ cells can 

complete a division cycle. In the mouse a similar, albeit much less pronounced, aging-associated 

delay has been observed in the first and second division timings of HSCs which was attributed to 

a slower progression into and through S-phase due to decreased levels of MCM components and 

increased replication stress seen in the older HSCs (Flach et al., 2014). Other studies have also 

identified an accumulation of DNA damage in quiescent older mouse HSCs that is repaired 

following cycling (Beerman et al., 2014; Moehrle et al., 2015), thereby offering a potential 

explanation for the age-related increase in first division timing assuming that the damage 

progressively accumulated with age would require increasingly longer times to repair. However, 

this would not explain the switch from an ~16 hr to an ~24 hr requirement for each subsequent 

cycle as we observed between CB and young or aged adult CD49f+ cells. A model of division 

outlined in a recent review by Hume et. al. (2020) describes a process of checkpoints, the first of 

which occurs at a late stage of the mother cell cycle and influences each of the 2 progeny cells’ 

subsequent cell cycles according to the level of mitogenic stimulation and replicative stress 

experienced. If the mitogenic stimulation is maintained, and the DNA damage from replication is 

low, the daughter cells can inherit hyperphosphorylated Rb (inactive) and low p21 and proceed 

into G1 and efficiently into S-phase barring the introduction of new DNA damage. Conversely, if 

there is late withdrawal of mitogenic stimulation, or if replication stress is experienced in the 

mother cell past the point of commitment to division, the progeny inherit hypophosphorylated Rb 

(active) and high levels of p21 requiring re-entry into and through G1 (Hume et al., 2020; Moser 

et al., 2018). This model could account for the increased cell cycle transit time required for 

subsequent divisions if the CD49f+ cells from young and aged adults both experience replication 
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stress in excess of that experienced by CB. Additionally, this would be influenced by whether the 

efficiency of DNA damage responses in human HSCs is similarly aging-independent as had been 

shown in the mouse (Moehrle et al., 2015). Future investigations into the impact of replication 

stress and repair in these cells could then serve to identify mechanisms that contribute to 

progressive acquisition of clones bearing somatic mutations during normal aging (CHIP).    

5.1.2 Development of a high-resolution platform for multiplexed analysis of rare cells 

 The very low frequency of CD49f+ cells in typically available samples of normal human 

hematopoietic cells and their extensive heterogeneity mandates the need for techniques which are 

able to resolve single-cell information from small numbers of input cells. The method used here 

was based on one developed for mouse HSCs (Loeffler et al., 2018) and involved tethering the 

non-adherent cells to the bottom of 384-well plates so that they could be retained through 

multiple manipulations. Combination of this technique with a strategy that allows multiple 

rounds of sequential staining and immunofluorescence measurements to be made on the same 

cells (Lin et al., 2015) enabled establishment of the cell-cycle state and levels of several 

molecular regulators in individual CD49f+ cells from different sources. Additional bioinformatic 

strategies developed here made it possible to remove cell-sized debris and retain desired cell-

specific information for downstream analysis through each cycle of immunofluorescence 

imaging. While this platform was used here for cell-cycle progression analyses, we anticipate 

this strategy will be well suited for many other investigations of rare subsets of nonadherent 

cells. For example, recent findings indicate that differentiation processes in the hematopoietic 

system involve continuous changes in key regulators, such as transcription factor expression 

levels and modulation of the epigenome, which are not as easily discretized into a step-wise 
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progression model as previously envisaged (Bock et al., 2012; Buenrostro et al., 2018; 

Karamitros et al., 2018; Knapp et al., 2019; Pellin et al., 2019; Velten et al., 2017; Zheng et al., 

2018). While transcription factor expression dynamics are readily accessible in the mouse by 

generation of transgenic reporters (Hoppe et al., 2016), this strategy is more difficult to realize in 

primary sources of human cells. Use of the platform described here would enable direct 

quantification of multiple transcription factors in individual rare human cell subsets or across a 

single clone by antibody labeling. Analysis of division symmetry in human HSCs could similarly 

be analyzed in this way through fluorescent quantification of several markers recently associated 

with the asymmetric inheritance of functional properties in mouse and human HSCs (García-

Pratt et al., 2021; Loeffler et al., 2019). Although relatively few cycles of quantification were 

reported here, this process could likely be repeated continuously as long as cell retention remains 

sufficient. Overall, this methodology presents as a highly adaptable and efficient method for the 

direct quantification of multiple markers in rare cells with known functional properties.  

5.1.3 Identification of a mitogen-sensitive developmentally regulated G1 transit delay 

 Use of our cell-capture and cyclic immunofluorescence system identified the first 

evidence of an age-dependent elongation of first division timing in primitive human 

hematopoietic cells to a delayed passage through G1. Interestingly, the proportion of CD49f+ 

cells from CB and young adult BM which exited G0 was equivalent after 24 hr, indicating a high 

responsiveness of these cells to the GF stimulus. Increased baseline levels of CDK6 in the adult 

CD49f+ cells may suggest differential priming of these cells to exit quiescence in response to 

mitogens, since this protein has been demonstrated to impact the kinetics of G0/G1 transition in 

human HSCs (Laurenti et al., 2015). However, CDK2 levels remained lower in adult CD49f+ 
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cells for at least 50 hr suggesting that the G1 delay occurs prior to CDK2 activation which 

canonically follows phosphorylation of Rb by CDK4/6 with cyclin D and inhibition of CDK 

inhibitors, including p21, p27, and p15 (García-Gutiérrez et al., 2019; Hume et al., 2020; Sherr, 

2000). The non-proportional increased G1 delay we observed in adult CD49f+ cells exposed to 

lower mitogen concentrations similarly points to progression being stalled at an early stage of 

G1. Mitogen exposure in early G1 drives signaling through the MAPK and AKT pathways and 

activates the transcription factor c-MYC which, in turn, exerts pro-division effects such as 

transcription of cyclin D (required for CDK4/CDK6 phosphorylation of Rb) and repression of 

p21, p27, and p15 (García-Gutiérrez et al., 2019; Hume et al., 2020; Sherr, 2000; Fig. 1.3). In 

addition to the pro-survival influence of AKT signaling, AKT also acts to push cells through G1 

through inactivating FOXO transcription factors and GSK3 to produce reduced levels of p21 and 

p27, and an increased level of cyclin D (Chang et al., 2003). Short-term stimulation with our 

3GF cocktail revealed lower and less sustained activation of AKT and no activation of β-catenin 

(downstream of GSK3 inactivation) in the CD49f+ cells of young adult BM compared to CB. 

Taking these findings altogether then suggests a model in which adult cells have reduced 

stimulation of pro-mitogenic pathways operative in early G1 leading to delayed activation of 

CDK2 and progression into S-phase. Importantly this does not preclude additional delays at other 

stages of cell-cycle progression control, including even at other points within G1. Indeed, the 

finding of decreased MCM helicase levels in aged mouse HSCs compared to those of younger 

adult mice, as well as the increased replication stress experienced by these cells during S-phase, 

suggests that multiple points of the cell-cycle may be impacted (Flach et al., 2014). Future 

investigations into the mechanism proposed here may be facilitated by the finding that this G1 

delay also occurs in the more prominent CD34+CD38- subset of adult BM cells.  
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 The observation that a large fraction of adult CD49f+ cells remain in G0 when exposed to 

low levels of 3GF, with ~30% remaining viable but undivided for 7 days, implicates that a 

significant proportion of adult CD49f+ cells have increased mitogen requirements to even exit 

G0. Whether this represents a distinct functional subset will be an interesting avenue of future 

investigation.    

5.2 Implications and future directions 

 A higher mitogenic barrier for cell-cycle entry in the adult system suggests an additional 

or altered regulatory mechanism that acts to maintain adult HSCs in a predominantly quiescent 

state to avoid exhausting their numbers. The interaction of this mechanism with the altered 

cytokine milieu in the aging adult BM, including increased levels of inflammatory cytokines, and 

the increasing rate of CHIP and overt leukemias present important areas of future investigation. 

Additionally, our findings in vitro and in vivo of similar output potentials and repopulating 

abilities of CD49f+ cells from CB or adult samples indicate that their intrinsic potentials are 

largely maintained through aging but may require highly optimized conditions to induce their 

appearance. For example, studies of mice have demonstrated improvements to lymphoid output 

from aged hematopoietic cells when transplanted into younger hosts suggesting this typical 

aging-associated phenotype can be extrinsically driven (Ergen et al., 2012; Young et al., 2021). 

Furthermore, our observation of a high correlation of in vivo repopulating activity of adult 

CD49f+ cells with the output of co-transplanted CB CD34+ cells, and the lack of a similar 

correlation for CB CD49f+ cells, implies that current immunodeficient mouse models are 

lacking factors that are required to elicit the full reconstituting activity of adult human HSCs. In 

connection with the model proposed above, this could be lower levels of mitogenic signals 
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interpretable by the human receptors which are sufficient for activating CB CD49f+ cells but 

insufficient for those from the adult. It would be of interest to explore whether this particular 

observation arises specifically from the co-transplantation of CB CD34+ cells or if this effect is 

reproducible using CD34+ cells from adult sources.  

 Additionally, attempts to robustly and consistently expand HSC numbers in vitro for 

clinical transplantation purposes has prompted much interest in the analysis of HSC responses to 

various extrinsic factors in vitro. While these studies have had varying levels of success, CB 

sources have emerged as a front-runner for the limited cell expansions now achievable due to 

their relatively high availability, ability to engraft in allogeneic recipients, and low HSC yield per 

single CB sample (Rocha, 2016). Single matched adult allogeneic or autologous donors can still 

provide an adequate collection of cells sufficient for most transplant-dependent therapies (Rocha, 

2016) and autologous transplants remain the gold standard for gene therapy approaches (Naldini, 

2019). But conditions optimized for maintenance of adult HSC functionality during ex vivo 

manipulation remain of huge clinical interest.  

 Interestingly, limited research has been performed to investigate the potential differential 

requirements that development or aging impose on HSC proliferation ex vivo. In the mouse, fetal 

HSC self-renewal was found to be more sensitive to SCF than adult HSCs (Audet et al., 2002; 

Bowie et al., 2007). A study in human CD34+CD38- cells found lower expansion of LTC-ICs 

from CB than adult BM donors using the 3GF cocktail also used here, suggesting a differential 

responsiveness of the cells producing the expanded LTC-ICs between these sources (Petzer et 

al., 1996; Zandstra et al., 1998, 1997). However, it is important to note that the majority of LTC-

ICs are not functionally equivalent to HSCs and may have different expansion requirements as 
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was seen to achieve expansion of the even more differentiated CFCs (Petzer et al., 1996; 

Zandstra et al., 1997). It is then likely that conditions for ex vivo expansion of human 

hematopoietic cells will not be defined as a one-size-fits-all for cells from donors of different 

ages. Rather specific protocols will need to be optimized for the cells being cultured and the 

outcome desired, whether it be expansion, maintenance, or maximization of gene transfer.   

5.3 Limitations of the current work 

 While this work presents a novel aging-related regulatory mechanism in G1 progression 

and intrinsic retention of several functional potentials in human CD49f+ cells, considerations of 

the systems used should coincide with interpretation. As mentioned throughout this thesis, the 

CD49f+ subset consistently identifies a population that is enriched for HSCs. Nevertheless, it 

remains a heterogenous and impure subset. Identification of decreased AKT and β-catenin 

activation and slower cycling in this population in addition to the downstream CD34+CD38- 

cells suggests that this developmental mechanism persists into closely related subsets of 

primitive human hematopoietic cells, but does not necessarily reflect control systems operative 

in functionally defined HSCs. However, the functional purity of the CD49f+ subset is 

intertwined with the ability of current immunodeficient mouse models to elicit their repopulation 

potential. In contrast to the human system, mouse HSCs can be obtained at purities of up to 

~50% (Benz et al., 2012; Kent et al., 2009). It thus remains unclear as to whether this difference 

in detectable purities between mouse and human HSCs is a reflection of differences in their 

contents of functionally equivalent cells or in their ability to be detected in syngeneic as 

compared to a xenogeneic host. Continued advancement in ‘humanizing’ mouse models may be 

able to bridge this gap. For instance, mice bearing human ossicles from transplanted BM 
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mesenchymal cells could serve to provide necessary human factors insufficiently supplied by the 

mouse (Reinisch et al., 2017). 

 Additionally, while most apparent changes reported here occurred between CB and 

young adult donors, the cycling delay and GF requirement for in vitro proliferation appeared to 

be progressive with age. Molecular characterizations of the G1 delay and reduced AKT/β-catenin 

signaling would then be expected to be more severe in cells isolated from older donors. Also 

important to note is the reliance here on adult sources coming from healthy individuals donating 

hematopoietic material for transplantation into patients thereby limiting the upper age to adults in 

their 60’s. Analysis of these mechanisms in donors of more advanced ages could have important 

parallels with the rapid accumulation of CHIP with increasing age since many of these clones are 

believed to originate in the HSC compartment due to their long-term persistence (Jaiswal & 

Ebert, 2019). Since these somatic mutation-bearing clones grow to dominate the hematopoietic 

compartment, an impact on the proliferation of early cells or increased expansion downstream 

are implicated.  

 Finally, molecular characterization of regulators involved in the signaling and cycling 

differences obviously represent a subset of many players involved in these processes. 

Nevertheless, they do indicate an impact on a mitogen-sensitive early G1-phase mechanism. 

Regulatory changes at other points of the cell cycle or alternative signaling pathways will require 

additional analysis and could also indicate co-operative or separate developmental mechanisms 

controlling proliferation. For example, assessing the level of replication stress experienced by 

CD49f+ cells of different ages might suggest mechanisms that promote the acquisition of 

mutations leading to CHIP or overt malignancy with advancing age.    
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5.4 Concluding remarks 

 The clinical utility and biological importance of HSCs as a developmental model relies 

on an understanding of the mechanisms regulating these cells. In this thesis, we report a 

developmental alteration which regulates G1 progression in highly primitive human 

hematopoietic cells that is accompanied by an aging-associated altered sensitivity to mitogenic 

stimulation. This finding has immediate implications for in vitro and in vivo systems that can be 

anticipated to require optimization to further characterize and successfully manipulate HSCs 

isolated from differently aged human donors. It will be of future interest to determine if this 

mechanism is unique to the blood system, or whether it represents a fundamental mechanism 

regulating the cycling of many adult tissue stem cells, such as those in the skin or gut epithelium.   
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