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ABSTRACT

Haematopoietic stem cell (HSC) ex vivo gene therapy is now successfully used to treat an increasing

number of monogenic disorders affecting the blood system. The ultimate efficacy of this therapy de-
pends upon successful targeting of long-term haematopoietic stem cells (LT-HSCs), which are charac-
terised by a predominantly quiescent status and sustained self-renewal capacity. Clinical ex vivo gene
therapy protocols target the heterogenous mix of stem and progenitor cells encompassed in the CD34*
fraction with a limited understanding of how ex vivo manipulation impacts a purified LT-HSC subset.
Importantly, long-term repopulation capacity is lost over culture, although the kinetics and molecular
drivers of this process remain unclear. To address these questions, | perform single cell RNA-Seq, in
vitro functional assays and in vivo transplantation in a time resolved manner following cord blood (CB)
culture in differentiation facilitating conditions and mobilized peripheral blood (mPB) culture during a

lentiviral ex vivo gene therapy protocol.

First, | characterise the molecular impact of a 62 hr lentiviral ex vivo gene therapy protocol on mPB
LT-HSC, short-term HSC (ST-HSC) and CD34" cells. | reveal that the ex vivo protocol dramatically rewires
the quiescent LT-HSC transcriptome and demonstrate that the majority of transcriptional changes are

attributed to the culture conditions rather than lentiviral transduction.

Secondly, | refine the kinetics associated with HSC functional attrition over the first complete cell cycle
ex vivo. Long-term repopulation capacity is maintained for the first 6 hr irrespective of HSC source or
tested culture conditions. | identify the 6 hr time-point as encompassing an adaptation period where
LT-HSCs are rapidly responding to the instructive signals of culture and is molecularly underpinned by
transient upregulation of cell stress response signalling. Following the 6 hr time-point, long-term re-
population capacity drops dramatically by 24 hr in CB culture and 62 hr in mPB culture. Loss of HSC
function is correlated with reduced survival, cell cycle progression (late G;-M), sharp upregulation of
MYC and a reduced ability to resolve proteostatic stress. Taken together, my results demonstrate that

the 6 to 24 hr transition point is instrumental for the determination of LT-HSC cell fate ex vivo.

Finally, using an ex vivo culture system of reversible early G; arrest, | formally test whether cell cycle
progression drives loss of self-renewal capacity in culture. Long-term in vivo transplantation ap-
proaches conclusively establish that cell cycle progression is not responsible for the loss of long-term

repopulation capacity associated with clinically relevant HSC culture.
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1. INTRODUCTION

Atrillion blood cells are produced every day. This impressive output is ensured by a hierarchy of haem-

atopoietic cells carefully organised to minimize exhaustion and facilitate unperturbed, lifelong blood
production. At the top of this hierarchy exists a rare, predominantly quiescent population of haema-
topoietic stem cells (HSCs) capable of sustained self-renewal. Upon asymmetric division, HSCs produce
a series of highly proliferative, committed progenitors with limited self-renewal capacity which re-
plenish a diverse repertoire of functional blood cells. HSCs are arguably the best studied adult stem

cell with decades of research underpinning our understanding of the blood system.

1.1 A brief history of Haematopoietic Stem Cell research

1.1.1 Early functional studies of the haematopoietic hierarchy and an
early model of haematopoiesis

The first attempt to study cells with haematopoietic repopulation ability came from Jacobson et al.
who made the observation that spleen cells could rescue lethally irradiated mice with only transient
anaemia and leukopenia observed (Jacobson et al., 1951). Shortly after, Ford et al. were able to con-
clusively determine that the rescue of the blood system was mediated by transplanted cells through
tracking donor spleen cells with cytogenetic abnormalities (Ford et al., 1956). This work set the stage
for perhaps the earliest known stem cell assay — the Colony Forming Unit-Spleen (CFU-S) assay which
showed serial repopulation capacity in vitro from in vivo transplanted spleen cells (Becker et al., 1963;
Till and McCulloch, 1961). Conclusions from this work established the founding principle that colony

generation is clonal; colonies originate from a population of rare multipotent cells.

The concept of heterogeneity within the HSC pool was developed when cells of different density gra-
dients were found to repopulate recipients to different extents (Worton et al., 1969). It was then
found that 5-FU treatment leads to a delayed, transient expansion in CFU-S numbers (Hodgson and
Bradley, 1979). This observation formalized the concept that there exists a primitive cell in the bone
marrow (BM) which precedes, and can give rise to cells responsible for repopulation in CFU-S assays
(Hodgson and Bradley, 1979). Herein, the hierarchical structure of the HSC pool and downstream

blood system was developed.
Progression of conceptual ideas was significantly aided by a landmark publication demonstrating that

populations of serially transplantable HSCs can be isolated by cell surface marker expression through

Fluorescence Activated Cell Sorting (FACS) (Spangrude et al., 1988). After this seminal development,
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HSC research expanded to identify cell surface markers for the enrichment of HSC subsets. CD34 was
identified to mark a primitive population of human haematopoietic cells in vitro (Andrews et al., 1990;
Sutherland et al., 1989) in combination with negative selection of CD45RA (Lansdorp et al., 1990; Ma-
yani et al., 1993) and CD38 (Bhatia et al., 1998; Hao et al., 1995) with positive selection of Thy1/CD90
(Baum et al., 1992; Craig et al., 1993). In the mouse system, HSCs were found to express high levels of
the c-kit receptor (Orlic et al., 1993) combined with negative/low CD34 expression and high Sca-1
(Osawa et al., 1996; Zhao et al., 2000). These early cell surface markers identified by a range of groups

were used to pioneer the characterisation of HSCs in vitro and in vivo functional assays.

Prospective FACS isolation of phenotypic populations by cell surface markers allowed for characteri-
sation of HSC and progenitor populations leading to a model whereby differentiation occurred over
successive, step-wise, lineage restriction events (Akashi et al., 2000; Kondo et al., 1997). In this model,

HSCs are represented as a homogenous pool with equipotent differentiation and self-renewal capac-

ity.

Image removed for copyright reasons. Access to content is avail-

able at Akashi et al., 2000 Nature (Figure 5).

Figure 1.1: An early model of haematopoiesis (Taken from Akashi et al. 2000). LT-HSCs exist at the top of the
haematopoietic hierarchy and directly give rise to ST-HSCs only. ST-HSCs give rise to CLPs which produce all
mature lymphoid cells and CMPs which produce all mature myeloid (granulocyte, monocyte), megakaryocyte
and erythroid cells. Transcription factors found to be expressed in populations by RT-qPCR approaches are
highlighted in boxes underneath population and receptors distinguishing populations highlighted at bifurcation
points.
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1.1.2 Functionally defining the HSC

Following the development of this model and using a variety of experimental approaches, the field
formed a functional definition for a bona-fide HSC which is still adhered to. HSCs are functionally de-
fined by their ability for long-term reconstitution upon transplantation into immunocompromised
mouse models. More specifically, long-term HSCs (LT-HSC) are exclusively defined by sustained repop-
ulation activity over 16 weeks in a primary transplant and the ability to serially transplant into second-
ary recipients in both human (Notta et al., 2011) and mouse (Oguro et al., 2013) systems. Both short-
term HSCs (ST-HSCs) and multipotent progenitor cells (MPPs) are functionally classified by transient

multilineage engraftment in primary animals and thus exhibit limited self-renewal capacity.

1.2 Classical and current approaches to study HSCs

A substantial and growing number of approaches are used to improve our understanding of HSC biol-
ogy. Over the past decade these approaches have shifted to a reliance on HSC characterization at the
single cell level. Ultimately, self-renewal and lineage commitment decisions are made at the individual
HSC level and therefore study should reflect this. As such, in the context of in vitro and transcriptomic
assays, this section will focus on single cell approaches. This section (Introduction 1.2) aims to provide
an introduction to the methodology commonly used for study in the HSC biology field whilst subse-
guent sections will better explore the biological conclusions gained from these studies where relevant

to work presented in this thesis.

1.2.1 In vitro assays

Semi-solid and liquid colony forming assays have been widely used to study haematopoietic output in
vitro. However, before the 1990’s survival of primitive HSC populations in vitro was limited. A key
advancement involved the incorporation of an adherent layer of mouse stromal cells (Hogge et al.,
1996; Yoshikawa et al., 1999) which increased the efficacy of these assays by providing additional
autocrine support. This permitted the discovery that the first ineage commitment event is not a strict
myeloid/lymphoid bifurcation point in either mouse (Adolfsson et al., 2005) or human systems
(Doulatov et al., 2010) as suggested by earlier studies (Fig.1.1) and in fact, the first lineage restriction
event separates erythroid and megakaryocytic fates from lympho-myeloid differentiation (Adolfsson
et al., 2005; Doulatov et al., 2010). Another advancement in human HSC culture came through the
development of culture conditions which were able to support Myeloid-Erythroid-Megakaryocyte col-
ony generation from single human CD34" cells (Notta et al., 2016) which included a range of growth

factors combined with supportive stromal cell culture. This in vitro culture system revealed that the
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structure of the hierarchy shifts throughout ontogeny with foetal haematopoiesis characterised by a
bias in oligopotent progenitors in contrast to predominantly multipotent and unipotent progenitors
found in adult bone marrow (BM) (Notta et al., 2016). Paired daughter cell assays are another single
cell in vitro approach used to predominantly study mouse haematopoiesis and involve monitoring the
first division ex vivo before splitting daughter cells for colony formation assays (Ema et al., 2000;
Nakajima et al., 2010) or in vivo transplantation (lto et al., 2016; Seita et al., 2007). This assay has
provided valuable insights into ex vivo study of cytokines favourable for maintenance of stem cell ca-

pacity (Ema et al., 2000).

Long-term culture initiating cell assays (LTC-IC) from single cells has also been historically important
to study sustained proliferation capacity (=5 weeks) in vitro in the human (Petzer et al., 1996; Prosper
et al., 1997) and mouse systems (Dexter et al., 1977; Lemieux et al., 1995). More recently these cul-
tures have provided functional insights into proliferative heterogeneity within primitive mouse HSCs
(Kent et al., 2009) and the umbilical cord blood (CB) LT-HSC fraction (Knapp et al., 2018). Importantly,
these assays do not read out self-renewal capacity (Table 1.1) which can only be assessed using in vivo

approaches.

1.2.2 In vivo models

Almost everything we know about HSC behaviour is attributed to the use of in vivo functional assays
utilizing transplantation or transgenic approaches. Knockout technology has enabled the study of in-
dividual genes which contribute to HSC function with cell cycle regulators, transcription factors and
downstream signalling pathways being extensively characterised through this approach (reviewed in
Rossi et al., 2012). Furthermore, conditional knockouts have allowed for timed induction of gene per-
turbation, refining understanding from earlier more crude knockout approaches and permitting study
where gene knockout leads to embryonic lethality, such as in the context of GATA-2 (Menendez-

Gonzalez et al., 2019).

Clonal tracking can be achieved from single cell transplantation and is often coupled with the use of
fluorescent reporters to effectively monitor progeny. Single cell transplantation of fluorescent re-
porter HSCs has identified megakaryocytic bias HSCs (Carrelha et al., 2018; Sanjuan-Pla et al., 2013).
In addition, native haematopoiesis has recently been studied through inducible transposon tagging
systems (Rodriguez-Fraticelli et al., 2018; Sun et al., 2014). Recent advances combine transplantation
with lineage tracing and scRNA-Seq for simultaneous molecular and functional analysis (Pei et al.,

2020; Rodriguez-Fraticelli et al., 2020).
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Elegant pulse-chase systems have used clonal tracking to understand the relationship between divi-
sional history and HSC function (Bernitz et al., 2016; Foudi et al., 2009; Qiu et al., 2014; Wilson et al.,
2008). These studies use mouse models with inducible histone H2B-green fluorescent protein (GFP)
under the control of a tetracycline response element (TRE). This technique permits initial incorpora-
tion of histone H2B-GFP fusion proteins into nucleosomes which is controllable by tetracycline. Initial
labelling of the HSC compartment by GFP expression is followed by a period where labelling is inhib-
ited. As such, GFP expression is halved by each cell division during the chase period, allowing for ac-
curate determination of divisional history. This controllable system has conclusively demonstrated
that dormant HSCs which divide very infrequently contain the majority of the repopulation capacity
encompassed within the HSC pool, thus intimately linking divisional history to HSC function (further

explored in Introduction 1.5.2).

Recently, unprecedented access into human haematopoiesis has been achieved through exploiting
unique vector integration sites from gene therapy treated patients and subsequent clonal tracking
(Aiuti et al., 2013; Biasco et al., 2016; Scala et al., 2018; Wang et al., 2010). This approach has revealed
that following gene therapy two “phases” of reconstitution are observed, the first mediated by ST-
HSC/MPP populations and the second, later phase mediated by LT-HSCs to reach steady state haem-
atopoiesis (Biasco et al., 2016). A recent clonal tracking study in gene therapy treated patients with
Wiskott Aldrich Syndrome (WAS) also highlighted a subset of LT-HSCs with characteristic restrained or

latent reconstitution kinetics (Scala et al., 2018).

For the study of human haematopoiesis, immunodeficient mouse strains have been developed to al-
low xenograft of human cells without immunological rejection, termed “humanized mice” (reviewed
in Mian et al., 2021). Key advancements in the progress of humanized mice include the development
of scid mouse strain (Prkdc*““) which recapitulates severe combined immunodeficiency (SCID) through
lack of mature lymphoid cell production (Bosma et al., 1983) and subsequently the generation of im-
munodeficient non-obese diabetic mice (NOD-scid) mice, which show higher levels of human engraft-
ment (Hesselton et al., 1995). Another important milestone involved the incorporation of mutations
within the IL-2 receptor common gamma gene (/L2ry) within the NOD-SCID strain (Ito et al., 2002)
which leads to further defects in lymphoid cell development (Ohbo et al., 1996). These mice, NOD-
Prkdc *“®[L2rg ™™ (NSG) are now considered the gold standard and can recapitulate the human im-
mune system to a reasonable degree (Shultz et al., 2005). To note, there are significant limitations

with humanized mouse models including a differentiation bias towards immature lymphoid cells
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(Table 1.1). Injection of human erythropoietin (EPO) can improve erythrocyte development (Chen et
al., 2009) and the generation of the NOD-SCID-SGM3 (NSG-SGM3) mouse strain which expresses hu-
man GM-CSF and IL3 has allowed for improved myeloid reconstitution (Nicolini et al., 2004). Recently,
human M-CSF, GM-CSF, IL-3 and TPO expression from an endogenous mouse locus (MISTRG model)
has driven improvements in the development of monocytes, macrophages and natural killer (NK) cells

(Rongvaux et al., 2014).

The gold standard approach for testing self-renewal capacity is serial transplantation of donor cells at
limiting cell concentrations in a limiting dilution assay (LDA). Donor HSCs are first isolated and divided
into a minimum of three doses (dose spacing ideally > 3 fold between each respective group) before
transplantation (Fig.1.2). Following long-term engraftment, the number of engrafted mice (deter-
mined by an arbitrary threshold) is considered against the total number of mice to calculate the HSC
frequency of the transplanted population. Reconstitution of the blood system has been achieved by
single cell transplantation of mouse HSCs (Osawa et al., 1996) and later of human HSCs (Notta et al.,
2011). Single cell transplants of mouse HSCs particularly have also been powerful in advancing our
understanding of differentiation biases (Carrelha et al., 2018; Dykstra et al., 2007; Muller-Sieburg et
al., 2004; Rodriguez-Fraticelli et al., 2018; Sanjuan-Pla et al., 2013).
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Figure 1.2: Limiting dilution assay schematic to assay HSC frequency in a population. Mouse HSCs can be
isolated from a donor mouse or human HSCs can be isolated from a range of tissues including cord blood
(CB), bone marrow (BM) and mobilized peripheral blood (mPB). Cells are divided into a minimum of three
doses and injected into groups of mice (n=6 mice per group illustrated) for long-term (>16 week) transplan-
tation: low dose (red), medium dose (blue), high dose (green). Engraftment is then assessed by the % donor
chimerism (one value per mouse) set by an arbitrary threshold value set (dotted line). The HSC frequency of
the transplanted population can then be calculated taking into account the number of tested mice and the
number of mice showing successful human engraftment. Created with Biorender.
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1.2.3 Single cell transcriptomics

Single cell quantification of gene expression was first performed by qPCR (Eberwine et al., 1992;
Lambolez et al., 1992) although was greatly advanced by the development of microfluidics to separate
cDNA into discrete reactions. Within haematopoiesis, this approach first revealed heterogenous ex-
pression of the myeloid determination factor PU.1 amongst HSCs (Warren et al., 2006) and subsequent
scaling up of cell numbers and gene targets motivated progress in our understanding of transcription
factor regulatory networks (Moignard et al., 2013) and identified novel progenitor populations (Psaila
et al., 2016). A key advance came from the improvement of PCR methods which eventually allowed
for untargeted single cell gene expression quantification (reviewed in Svensson et al., 2018). Following
this, single cell cDNA amplification was refined and combined with high throughput DNA sequencing,

culminating in the first protocol for single cell RNA-Seq (cRNA-Seq) (Tang et al., 2009).

Extensive characterization of large numbers of single blood cells ensued, offering new insights into
transcriptional heterogeneity of progenitor populations and a more holistic view of the hierarchy (Paul
et al., 2015). Importantly, the advent of single cell sequencing technologies has provided increased
resolution where rare LT-HSCs would otherwise be obscured from multipotent progenitors. Nes-
torawa et al. published one of the earliest single cell landscapes of adult human haematopoiesis,
showing for the first time that despite a reduced mRNA within the HSC compartment, a subset of

genes showed higher expression in HSCs (Nestorowa et al., 2016).

A substantial body of scRNA-Seq work has now been performed across the haematopoietic hierarchy
and taken together, conclusions support the gradual acquisition of lineage specification programs in
a continuous manner until uni-lineage progenitor generation rather than a model of “stepwise” tran-
sitions between multi and bipotent cells (Macaulay et al., 2016; Notta et al., 2016; Velten et al., 2017).
There now exists two main classes of scRNA-Seq platforms, the first consisting of high throughput
fluidics-based methods (e.g. 10X genomics, DropSeq) which measure high (>10%) cell numbers with
1000-3000 genes detected per cell and low throughput methods (e.g. Smart-Seq2, CellSeg2) which
typically measure much lower cell numbers but detect >5000 genes per cell (reviewed in Watcham et

al., 2019).
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1.2.4 Limitations and advantages of approaches to study
haematopoiesis

Importantly, all experimental approaches outlined above even at the single cell level have caveats and
a range of approaches is preferred to draw conclusions. Table 1.1 details a list of key advantages and

limitations for techniques used in the present study.

Technique Advantages Disadvantages

NSG mice show a differentiation bias towards immature B
Supports  long-term | cells at expense of myeloid, erythroid and megakaryocyte

human engraftment output

Potential to assay self- | Lack of cross reactivity of mouse to human cytokines

In vivo xenograft | renewal capacity

transplantation Differential dependence on cytokines for differentiation

(e.g. IL-7 for B cell development)

Cell stress may bias/promote uni-lineage output

Human haematopoiesis may not be fully recapitulated

due to differences in life-span and metabolic rate

Easily accessible for | Lack of in vivo physiological support

genetic manipulation

In vitro single Controllable extrinsic | Supraphysiological levels of cytokines may bias differenti-

cell assays environment ation

HSCs cannot be maintained in quiescence

Cannot assay self-renewal capacity

Unbiased analysis of | Cell destroyed for molecular analysis

entire transcriptome

Inference of differen- | Poor detection of low-level expression transcripts/ tran-

tiation trajectories scripts in a limited number of cells, "drop-out"
Single cell tran-

Analysis of molecular | Low RNA content in HSCs leads to high technical noise
scriptomics
heterogeneity within

a population

Aims to fit all cells into a trajectory therefore discrete state

identification is minimized

Table 1.1: Advantages and limitations of current approaches in the HSC biology field which have been per-
formed in the present study
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1.3 An evolving view of the haematopoietic hierarchy

Our understanding of the haematopoietic hierarchy has progressed through utilizing a combination of
techniques, notably aided in recent years by scRNA-Seq. The HSC pool which sits atop the haemato-
poietic hierarchy is now recognised as molecularly and functionally heterogeneous (Fig.1.3) (reviewed
in Haas et al., 2018). Lineage restriction events can still be acquired at discrete decision points alt-
hough transitionary positions of differentiation exist, surmounting in many potential cell states. This

gradual progression allows flexibility to meet the high turnover demands of the blood system.

[

Erythrocytes Megakaryocytes B cells DCs

I ce

NK/ILCs

Figure 1.3: Continuous model of haematopoesis. (Taken from Laurenti and Gottgens, 2018). The HSC pool is
depicted as molecularly and functionally heterogeneous and downstream lineage specific progenitors exist
along a continuum of transcriptional states. The first bifurcation point separates the generation of megakar-
yocytes and erythroid cells from other lineages. Cells are represented as orange circles. Natural Killer (NK),
innate lymphoid cells (ILCs), long-term (LT) short-term (ST) multipotent progenitor (MPP).

1.4 HSC Heterogeneity

Over five decades of research now shows that a simplified perspective of individual HSCs acting as an
equipotent, self-renewing pool is perhaps convenient but biologically incorrect. In fact, the phenotypic
HSC compartment exhibits a striking degree of molecular and functional heterogeneity. HSCs are het-
erogeneous in both distinguishing stem cell properties of differentiation capacity and self-renewal. Of

note, the field has historically focussed on characterising heterogeneity within the mouse system,
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partly due to the relative ease of study, although an increasing body of work is beginning to show

significant heterogeneity within the human HSC pool.

1.4.1 Lineage biases

It is a defining property of HSCs to retain the potential for multi-lineage output, yet “balanced” HSCs
are rare. Intrinsic myeloid and lymphoid biases have been extensively characterised within the mouse
system and predominate the HSC pool (Dykstra et al., 2007; Kent et al., 2009; Morita et al., 2010;
Miller-Sieburg et al., 2002; Muller-Sieburg et al., 2004). Myeloid bias HSCs and lymphoid biased HSCs
can be isolated by cell surface expression of CD150 within the CD34 cKit*Sca-1*Lin" (LSK) population
(Challen et al., 2010; Kent et al., 2009; Morita et al., 2010).

More recent work has been able to precisely define lineage biases within the branches of the haema-
topoietic tree. Megakaryocytic biased mouse HSCs have been identified which reside within a primi-
tive subset of the HSC pool (Carrelha et al., 2018; Rodriguez-Fraticelli et al., 2018; Sanjuan-Pla et al.,
2013; Shin et al., 2014). Single cell transplantation of platelet bias HSCs showed lineage restriction
over impressive serial transplantation, however cells show multi-lineage capacity in vitro (Carrelha et
al., 2018). Another approach using transposon tagging mediated clonal tracking estimated that up to
half of the megakaryocyte lineage is produced by an independent pool of LT-HSCs (Rodriguez-Fraticelli
et al., 2018). Platelet restricted LT-HSCs in this study were able to generate multilineage grafts upon
subsequent transplantation in vivo (Rodriguez-Fraticelli et al., 2018). It is unclear whether a subset of
platelet biased LT-HSCs are in fact platelet restricted in vivo, which presents challenges in defining
cells identified as true HSCs or progenitors. Indeed, platelet biased HSCs and platelet restricted HSCs
may both exist, fulfilling distinct roles under steady state and stress respectively. Taken together, find-
ings underscore the degree of heterogeneity within the LT-HSC population. Collectively, this work is

important in challenging our ever-changing view of the haematopoietic hierarchy.

1.4.2 Self-renewal capacity

The differentiation biases discussed in mouse HSCs are a distinct phenotype yet intimately linked to
differences in self renewal capacity. Myeloid bias mouse HSCs show higher self-renewal capacity com-
pared to lymphoid bias HSCs in single cell transplants (Dykstra et al., 2007; Morita et al., 2010; Muller-
Sieburg et al., 2004). It is important to note that differentiation biases are intrinsic and not driven by
stochastic processes as they are observed upon serial transplantation (reviewed in Laurenti and

Gottgens, 2018).
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The human HSC compartment is also heterogenous in self-renewal capacity. A seminal study by Notta
et al. showed that a population of CB LT-HSCs can be enriched to a purity of 1 in 10.5 by high cell
surface expression of the integrin CD49f combined with positive selection of Thyl/CD90 (Notta et al.,
2011). In contrast, CD90/CD49f counterparts are predominantly comprised of HSCs with transient

engraftment kinetics and are denoted as ST-HSCs.

Studies of mouse and human haematopoiesis are caveated by the use of phenotypic cell surface mark-
ers to isolate HSCs for which there are now exist many different cell sorting strategies (Table 1.2). It is
unclear whether further phenotypic restriction will eventually produce a “pure” population of HSCs or
whether the unique combination of intrinsic and extrinsic regulatory factors influencing HSC behav-

iour will always produce heterogenous self-renewal and differentiation output at the single cell level.

Species | Name Cell-surface phenotype Self-renewal | Differentiation
Mouse in- +cKitt - * - -+
LT-HSC Lin"Scal*cKit"CD34°CD150"CD135°CD48™ + High
EPCR
IT-HSC Lin"Scal*cKit*CD34'°CD135 Rho'°CD49b" Intermediate
ST- . et _ _ _
HSC/MPP1 Lin"Scal*cKit*CD135°CD150°CD48 Low
MPP2 Lin"Scal*cKit*CD135°CD150*CD48* Low Lym-deficient
MPP3 Lin"Scal*cKit*CD135°CD150°CD48* Low Balanced
MPP4 Lin"Scal*cKit*CD135*CD150°CD48* Low Lym-biased
LT-HSC Lin"CD34*CD38 CD45RA-CD49f*CD90* High
Human ST
HSC/MPP Lin"CD34*CD38 CD45RACD49f CD90 Low

Table 1.2: Commonly used cell surface markers for phenotypic enrichment of HSC subsets in mouse and hu-
man (Adapted from Laurenti & Gottgens 2018): Determined capacity for self-renewal and differentiation de-
termined from in vivo studies. Long-term HSC (LT-HSC), intermediate term-HSC (IT-HSC), short-term HSC (ST-

HSC), multipotent progenitor (MPP), Lymphoid (Lym).

Across both mouse and human studies, the HSC pool is heterogenous in cell cycle status. HSCs with
superior self-renewal capacity reside in quiescence for extended periods of time, dividing very infre-
qguently. The importance of quiescence in regulating the HSC state will be discussed in the following

section (1.5).
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1.5 The regulation and importance of quiescence

1.5.1 Introduction to the cell cycle

The mitotic cell cycle is split into two key phases, the Synthesis (S) phase where DNA is replicated, and
the Mitotic (M) phase which generates two identical daughter cells. These are separated by two “Gap”
phases and include the pre-replicative Gap 1 (G:1) phase and post-replicative Gap 2 (G3) phase (Fig 1.4;
left). There also exists a state outside of the cell cycle, termed quiescence/(Go) defined as the reversi-
ble absence of cell cycling where cells can re-enter the cell cycle upon given stimulation. Initially, qui-
escence was thought to represent a passive state of inactivity but is now understood to be an actively
maintained collection of states where cells are poised for cell cycle re-entry and activity (reviewed in

Velthoven and Rando, 2019).

Quiescence Probability of quiescence exit
exit G 0 Frequency of division

CDKG® level
mRNA/Protein Synthesis
ERAD/mTORC activity

ST-HSC
- Time to first division
-0 LT-HSC Long-term repopulation capacity
@ Dormant HSC Retinoic Acid signalling

Figure 1.4: Heterogeneity in HSC quiescence status (Taken from Johnson, Belluschi & Laurenti 2020). The
cell cycle is divided into four distinct phases Mitosis (M), Gap 1 (G1), DNA synthesis phase (S), and Gap 2 (G,).
Quiescence (GO0) is a continuum of stable molecular states characterised by unphosphorylated retinoblas-
toma protein (Rb) and low levels of Cyclin dependant Kinases (CDK’s)/ Cyclins. Quiescence exit (Go to early
G;) is indicated by the arrow and is governed by CDK6 protein levels in HSCs. Rb is progressively phosphory-
lated throughout quiescence exit until hyperphosphorylation at the restriction point (denoted by R) whereby
cells transition into late G; and commit to cell division. The strength of the signal required for quiescence exit
is determined by the arrow shading and is inversely correlated with CDK6 protein level. ST-HSCs, LT-HSCs and
dormant HSCs exist in respectively increasing depths of quiescence. Dormant HSCs divide very infrequently.
Molecular and functional features of populations in distinct depths of quiescence indicated in text boxes.

1.5.2 The relationship between quiescence and self-renewal capacity

In many ways quiescent HSCs underpin the hierarchical structure of blood. The unique quality of sus-
tained self-renewal is mediated by quiescence which protects HSCs from exhaustion. The conse-
guence of the longevity of the LT-HSC population is the accumulation of proteostatic, oxidative and

DNA damage which increases the likelihood that a deleterious mutation is fixed in the HSC pool.
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Increased cell cycling itself is associated with higher DNA replication rates and increased bioenergetic
demands. Therefore quiescent HSCs are protected from detrimental mutations and oxidative damage
arising from cell cycle progression (reviewed in Wang and Dick, 2005). However, all HSC/MPPs reside
predominantly in Go and divide much less frequently than progenitors (Foudi et al., 2009). Heteroge-
neity exists within quiescent populations and this is tightly linked to stem cell function (reviewed in

Johnson et al., 2020).

Prolonged periods of quiescence, termed cell dormancy, are observed in a rare proportion of HSCs
and this is associated with an increased depth of quiescence (Fig.1.4; right). HSC dormancy has been
studied by inducible label retention assays in mice such as the H2BGFP reporter mouse allowing for
careful analysis of divisional history in vivo (Bernitz et al., 2016; Foudi et al., 2009; Qiu et al., 2014,
Wilson et al., 2008). Dormant HSCs cycle extremely infrequently, on average once every 120 days
(Wilson et al., 2008) and the great majority of self-renewal capacity in the HSC pool is encompassed
within these rare cells with a very low division history (Bernitz et al., 2016; Foudi et al., 2009; Qiu et
al., 2014; Wilson et al., 2008). Some studies suggest only the dormant fraction engrafts in secondary

transplantation (Qiu et al., 2014; Wilson et al., 2008).

Dormant mouse HSCs show low biosynthetic activity characterised by low transcription, low MYC tar-
get gene expression and high retinoic acid signalling (Cabezas-Wallscheid et al., 2017). The dormant
fraction is only recruited to enter the cell cycle upon transplantation or stress (Cabezas-Wallscheid et
al., 2017; Wilson et al., 2008). Treatment with G-CSF (Wilson et al., 2008), 5-FU (Wilson et al., 2008),
lipopolysaccharide (LPS) (Takizawa et al., 2011) and polyinosinic:polycytidylic acid (pIC) (Cabezas-
Wallscheid et al., 2017) causes dormant HSC activation and exit from quiescence. Upon cell cycle re-
entry following dormancy, homeostatic HSCs become less likely to return to quiescence (Qiu et al.,
2014), repopulation potential becomes restricted and self-renewal capacity declines proportionally to
each successive division (Bernitz et al., 2016; Qiu et al., 2014). Importantly, injury activated HSCs can

later return to dormancy (Wilson et al., 2008).

There are also distinct depths of quiescence within the human HSC pool as determined by hetero-
genous times of quiescence exit. ST-HSCs show a relatively faster time of quiescence exit in vitro com-
pared to LT-HSCs, governed by higher CDK6 protein expression (Laurenti et al., 2015). LT-HSCs lack
CDK®6 protein expression, resulting in a delayed time to first division and increased time of quiescence
exit (Laurenti et al., 2015). It can be speculated that the difference in division kinetics between LT-

HSCs and ST-HSCs forms the basis for the distinct functional roles these subsets exhibit within blood
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formation. ST-HSCs require a lower level of mitogenic stimulation for quiescence exit and therefore
can act as a “first response” to stress or injury whilst limiting the number of divisions required from

the LT-HSC population.

An increasing body of work is beginning to show that distinct depths of quiescence also exist within
the human LT-HSC compartment. LT-HSCs defined by high expression of the lectin receptor CLEC9A
and low CD34 expression (CD34"°CLEC9A") exhibit a slower time to first division in vitro with increased
multilineage repopulation capacity in vivo (Belluschi et al., 2018). Furthermore, a recent paper by
Kaufmann et al. has isolated a population of CD112"° LT-HSCs which show lower CDK6 expression with
transiently reduced, latent repopulation kinetics allowing for more durable long-term repopulation

capacity (Kaufmann et al., 2021).

1.5.3 Extrinsic regulation of quiescence: The HSC niche

HSCs reside within a BM niche comprised of haematopoietic and stromal cells connected by an inner-
vated network and surrounding vasculature (Fig.1.5) (reviewed in Pinho and Frenette, 2019). Within
the BM space HSCs reside in a relatively hypoxic environment (Nombela-Arrieta et al., 2013; Shima et
al., 2010; Takubo et al., 2010) supported through high HIF1la expression (Simsek et al., 2010; Takubo
et al., 2010). Hypoxic status is tightly linked to quiescence (reviewed in Suda et al., 2011) and live cell
imaging shows that HSCs continuously move away from vascular regions with an associated increase

in the proportion of quiescent cells (Lo Celso et al., 2009).

Correct HSC niche maintenance is regulated through secretion of key cytokines, notably CXCL12 and
SCF which bind to CXCR4 and KIT on HSCs respectively. A variety of differentiated haematopoietic cells
regulate HSC maintenance in the niche, notably megakaryocytes (Bruns et al., 2014), macrophages
(Hur et al., 2016), monocytes (Ludin et al., 2012) and regulatory T cells (Hirata et al., 2018). Non haem-
atopoietic cells also play key roles in HSC niche regulation. Osteoblasts produce thrombopoietin (TPO)
to regulate HSC quiescence (Qian et al., 2007) and mesenchymal stem cells (MSCs) express genes reg-
ulating HSC maintenance (Méndez-Ferrer et al., 2010). Endothelial cells provide a structural compo-
nent to the niche, produce the majority of SCF (Naveiras et al., 2009) and also produce CXCL12
(Greenbaum et al., 2013) which regulate HSC activity. The relative permeability of endothelial cells
also regulates the oxygen gradient in the niche (Itkin et al., 2016). Sympathetic nerves regulate the
synthesis of CXCL12 and the normal release of HSCs from the bone marrow in tune with the circadian

rhythm (Lucas et al., 2008; Méndez-Ferrer et al., 2008).
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Figure 1.5: Overview of the adult HSC niche and interactions which maintain quiescence
under steady state conditions (Adapted from Pinho & Frennete 2019). HSC subsets may
reside in distinct niches and regional localization is shown with respect to arterioles and
sinusoids. Haematopoeitic and non-haematopoietic cell types shown either directly or indi-
rectly influence HSC behaviour. Secretion of factors which promote or maintain HSC quies-
cence is indicated. The sympathetic nervous system and associated nonmyelinating
Schwann cells also regulate HSC quiescence. Vasculature ensures delivery of oxygen and
other nutrients whilst simultaneously removing waste products. Created with Biorender.

Granulocyte colony stimulating factor (G-CSF) induces HSC mobilization by disruption of the
CXCR4/CXCL12 signalling axis and the gradient of CXCL12 controls the degree of HSC egress (Shen et
al., 2001). G-CSF mediated mobilization of HSCs is not a cell autonomous process and is regulated by
the niche. G-CSF signalling in monocytes alone is even sufficient to trigger HSC mobilization
(Christopher et al., 2011). Furthermore, perturbation of osteocytes (Asada et al., 2013) and the sym-
pathetic nervous system (Katayama et al., 2006) leads to failed HSC egress upon G-CSF treatment. HSC
egress from the BM by G-CSF can be clinically exploited for autologous or allogenic HSC transplanta-
tion approaches, the treatment of chemotherapy induced neutropenia and a range of other clinical

uses (reviewed in Bendall and Bradstock, 2014)
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1.5.4 Transcriptional regulation of the HSC quiescent state

Maintenance of HSC quiescence is also regulated by a multitude of intrinsic factors leading to a distinct
epigenetic, transcriptional and post-translational state in quiescent cells. Intrinsic regulation of quies-
cence is mediated by an impressive array of transcription factors, miRNA’s, Cyclins, CDK’s and CDK

inhibitors (reviewed in Hao, Chen & Cheng. 2016).

The three retinoblastoma (Rb) family members of transcriptional repressors: RB, p107 and p130 in-
hibit cell cycle progression by blocking E2F family mediated gene transcription. Rb family triple knock
out leads to loss of quiescence, HSC pool expansion and impaired reconstitution potential (Viatour et
al., 2008). CDK inhibitors block CDK-Cyclin complex activity to maintain HSCs in quiescence such as
p21 (Cheng et al., 2000) and p57 (Matsumoto et al., 2011). In addition the INK4 family of CDK inhibitors
such as p18™K4c (Yuan et al., 2004) and p16™** (Stepanova and Sorrentino, 2005) also maintain HSC
quiescence. A number of transcription factors also directly maintain the HSC quiescent state. PU.1 is
a master regulator of the cell cycle controlling transcription of Cdk1, Ccnd1 and E2f1 with loss leading
to increased cell cycling and reduced self-renewal capacity (Staber et al., 2013). The AP-1 superfamily
also have instrumental roles regulating HSC quiescence such as cFos (Okada et al., 1999), and JunB
(Santaguida et al., 2009) with ablation leading to quiescence loss and decreased long-term repopula-
tion capacity. In addition, Gfi-1 (Hock et al., 2004; Zeng et al., 2004), BMI1 (lkonomi et al., 2020), SATB1
(Will et al., 2013), FOX03a (Miyamoto et al., 2007) and GATA-2 (Menendez-Gonzalez et al., 2019)

amongst many others directly facilitate the HSC quiescent state.

HSC quiescence is also maintained by layers of epigenetic regulation dictated by histone configura-
tions which affect chromatin accessibility and resulting gene expression. MicroRNA’s (miRNA’s) can
promote gene silencing such as miRNA-126 which represses PI3K/AKT signalling (Lechman et al., 2012)
and miR-29 with represses Dnmt3a (Hu et al., 2015) to maintain HSC quiescence. Using single cell
ATAC-Seq, quiescent LT-HSCs were recently found to have a distinct chromatin accessibility signature
(Takayama et al., 2021). This state is governed by CTCF mediated silencing of differentiation programs

with loss leading to chromatin interactions observed in ST-HSCs (Takayama et al., 2021).

1.5.5 Mechanistic regulation of quiescence exit and the restriction point

Upon receipt of extrinsic signals, HSCs can exit quiescence and re-enter the cell cycle. Cell cycle re-
entry is dictated by a shift in the balance of inhibitory and activating regulatory complexes (reviewed

in Nakamura-Ishizu et al., 2014). In quiescence, Rb is physically associated with E2F transcription
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factors repressing E2F mediated transcription of cell cycle activators (Passegué et al., 2005). Rb is able
to recruit chromatin remodelling complexes, histone and DNA methyltransferases and Polycomb re-
pressors to inhibit transcription of cell cycle progression genes (Dahiya et al., 2001; Robertson et al.,
2000; Zhang et al., 2000). Upon receipt of mitogenic signals, CDK4/6 complexed with Cyclin D is up-
regulated to initiate Rb phosphorylation (reviewed in Nakamura-Ishizu et al., 2014). Phosphorylation
of Rb causes a conformational change disrupting the E2F interaction (Burke et al., 2010) with Rb al-
lowing transcription of cell cycle progression genes including Cyclin E and CDK2. Rb is then hyperphos-
phorylated by CDK2/Cyclin E complexes which allows the cell to pass the “restriction point”, permit-

ting the transition into late G, (Yao et al., 2008).
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Figure 1.6: HSC Quiescence exit is governed by CDK/Cyclin complex dependant phosphorylation of Rb
(taken from Johnson, Belluschi & Laurenti 2020). In quiescence (Go), Retinoblastoma (Rb) remains unphos-
phorylated and physically associated to E2F transcription factors, blocking E2F mediated transcription of
CDK2, Cyclin E (CCNE), Cyclin A (CCNA) and MYC amongst others. Upon receiving mitogenic signals Rb be-
comes phosphorylated by CDK6/Cyclin D and subsequently Cyclin E/CDK2. Cyclin/CDK complex activity is
inhibited by the CDK inhibitors p16, p18, p27 and p57. E2F is released from Rb permitting associated tran-
scription of cell cycle and nucleotide biosynthesis genes. This stage in G; is known as the restriction point (R)
where cells enter late G; and lose dependency on extracellular mitogenic signals for cell cycle progression.
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The restriction point was first described by Pardee and colleagues who found that mitogen withdrawal
at different points of the cell cycle leads to a ubiquitous block in G; (Pardee, 1974). This seminal study
revealed that after the restriction point a given cell becomes committed to undergo cell cycle progres-
sion independently of mitogenic signals. Recent work has shown that CDK4/6 activity is necessary
throughout G; for cells to pass the restriction point whereas Cyclin E/CDK activity is in fact dispensable
(Chung et al., 2019). To note, the restriction point model has recently been challenged and refined.
Commitment to division is still thought to occur in G; although the exact point of commitment remains
unclear and may involve two bistable switches separated by a period of reversibility (reviewed

Pennycook and Barr, 2020).

1.5.7 Features of quiescent and activated HSCs

Quiescent HSCs share many characteristics with other quiescent adult stem cell populations including
decreased cell size, reduced RNA content, and reduced metabolic requirements (Fig.1.7). More spe-
cifically, quiescent HSCs show high numbers of inactive mitochondria (de Almeida et al., 2017) which
maintain a glycolytic metabolism with low ROS accumulation (Ito et al., 2006; Simsek et al., 2010;
Vannini et al., 2016). In addition, quiescent HSCs and are reliant on autophagy for recycling of dam-
aged organelles in absence of cell division (Ho et al., 2017; Warr et al., 2013). Translation and protein
synthesis rates in quiescent HSCs are also lower with respect to activated populations (Signer et al.,

2014, 2016).

Image removed for copyright reasons. Open Access to content is

available at Rando & Velthoven 2019 Cell Stem Cell (Figure 2).

Figure 1.7: Characteristics of quiescent and activated adult stem cell populations (Taken from Rando
& Velthoven 2019). Quiescent adult stem cells show shared features in epigenetic, transcriptional and
metabolic regulation. Arrows indicate direction of change from quiescent populations compared to re-
spective activated counterparts.
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Despite mitigated accumulation of damage, quiescent HSCs show high basal expression of stress re-
sponse pathways such as the unfolded protein response (Galen et al., 2014) and the integrated stress
response pathway (Galen et al., 2018) facilitated through high ER associated degradation complex
(ERAD) expression which acts to recognise and target misfolded proteins for ubiquitination (Liu et al.,
2020b; Xu et al., 2020). This leads to high “quality control” thresholds in HSCs that promote preferen-
tial apoptosis over repair in response to damage induced by unfolded proteins, reactive oxygen spe-
cies (ROS) generation or DNA damage (Galen et al., 2014, 2018; Milyavsky et al., 2010; Yahata et al.,
2011). These features are underpinned by distinct DNA damage repair mechanisms. Quiescent HSCs
preferentially undergo error prone non homologous end joining (NHEJ) upon genotoxic stress to pro-
mote apoptosis, in contrast to cycling cells which preferentially undergo homology directed repair
(HDR) (Milyavsky et al., 2010; Mohrin et al., 2010). Together, this protects the HSC pool by inhibiting

the generation of deleterious mutations and damaged HSC proliferation.

1.5.8 Definitions of quiescence and activation for this study

Quiescence exit itself (Go to early Gi) is poorly defined and understudied, partially attributed to a lack
of experimental control over quiescence status and the fact that no markers currently exist to distin-
guish Gofrom Gi. For the purpose of this study, | define quiescence exit as the duration of time taken
from loss of quiescence status to the hyperphosphorylation of Rb demarcating early and late G;. Sub-
sequently, late Gy until cell division (M phase) is defined as cell cycle progression. Finally, “HSC activa-

tion” is defined as the entire cell cycle process following loss of quiescence status.

1.6 Clinically relevant HSC culture

1.6.1 Loss of self-renewal capacity ex vivo

Whilst HSCs can return to quiescence in vivo following activation, return to quiescence ex vivo has
never been achieved. Prolonged HSC activation and cell cycling ex vivo is associated with loss of self-
renewal capacity in culture which reduces the efficacy of clinical approaches where culture is unavoid-
able, such as in ex vivo gene therapy protocols. Loss of repopulation capacity was observed following
stimulatory ex vivo cytokine conditions in early xenograft models of human cord blood (Gan et al.,

1997) and mobilized peripheral Blood (mPB) (Gothot et al., 1998) amongst many other studies since.

The mechanisms which drive loss of self-renewal capacity ex vivo are poorly studied and much more

is understood about loss of self-renewal in the context of in vivo models. HSC exit from quiescence ex
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vivo is due to environmental cues from stimulatory cytokines and the aerobic environment of culture
which in turn drive increased mitochondrial activation (Hinge et al., 2020; Vannini et al., 2016), oxida-
tive phosphorylation and ROS production (Manesia et al., 2015). Ex vivo culture of LT-HSCs also rapidly
increases protein synthesis rates (Kruta et al., 2021) and is associated with increased levels of MYC
which directly inhibits lysosomal recycling (Garcia-Prat et al., 2021). This changing external stimuli re-
models the mitochondria to an activated state (Hinge et al., 2020), disrupts proteostasis programs
(Kruta et al., 2021; Xie et al., 2019) and reduces the dependency on autophagic recycling (Garcia-Prat
et al., 2021). These changes are all associated with a loss of self-renewal capacity. Importantly, it re-
mains unclear what causes HSC functional loss rather than what is simply observed alongside HSC

functional loss.

1.6.2 Ex vivo expansion conditions

Over the past several years dramatic progress has been made in optimising conditions to maintain and
even expand functional HSCs in culture. Ex vivo HSC expansion approaches which have proven the
most successful recapitulate in vivo niche interactions. The BM niche is considered hypoxic and an
interesting early technique recreating this hypoxic environment showed significant ex vivo expansion
of mouse HSCs (Danet et al., 2003). The in vivo niche also provides significant structural support offer-
ing biophysical cues, however, HSCs have traditionally been cultured on hard hydrophobic plastics. To
circumvent this, CB and BM LT-HSCs have recently been cultured on hydrophilic zwitterionic hydrogels
and demonstrated convincing ex vivo expansion (Bai et al., 2019). Furthermore, ex vivo expansion of
HSCs has been achieved with co-culture of engineered MSCs which overexpress key transcription fac-

tors involved in maintenance of stemness (Nakahara et al., 2019).

HSCs are also best maintained ex vivo when cultured with cytokines known to be secreted by sur-
rounding niche cells such as stem cell factor (SCF), thrombopoietin (TPO) and FMS like tyrosine kinase
3 ligand (Flt-3L). /In vivo these soluble factors would be continuously replenished, however ex vivo
culture leads to an accumulation of inhibitory derived factors such as CCL3, CCL4 and TGF(3-2 promot-
ing unwanted differentiation (Kirouac et al., 2010). Therefore, many studies now implement a “fed-
batch” approach, supplementing cultures with fresh media to reduce inhibitory feedback systems (Bai
et al., 2019; Csaszar et al., 2012; Xie et al., 2019). Foetal bovine serum (FBS)/ serum albumin is also
often added to media which contains growth factors and buffers cells from rapid changes in pH (leyasu
et al., 2017). Although, FBS shows inconsistency between batches which reduces the reproducibility
of HSC culture (leyasu et al., 2017). Wilkinson et al. recently replaced serum with the synthetic poly-

mer polyvinyl alcohol (PVA), introduced supportive fibronectin to the culture and optimised high TPO
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and low SCF cytokine concentrations to develop a serum free culture system with impressive (236-899

fold) expansion in mouse HSCs over one month (Wilkinson et al., 2019).

A different approach involves the addition of small molecules to culture which maintain the self-re-
newal capacity of HSCs. Incorporation of the aryl hydrocarbon receptor antagonist StemRegeninl
(SR1) has shown a significantly increased proportion of engraftable mPB and CB CD34" cells following
seven day culture (Boitano et al., 2010). In addition, significant progress was made when the pyrim-
idoindole derivative UM171 was demonstrated to expand human CB CD34"* cells by =13 fold capable
of long-term transplantation after a 12 day fed-batch culture protocol (Fares et al., 2014). UM171 is
proposed to act by maintaining a more favourable epigenetic state for the transcription of stem cell
maintenance genes ex vivo (Chagraoui et al., 2021). Inhibition of DEGS1, the final enzyme in sphin-
golipid biosynthesis by 4HPR has also recently been shown to maintain HSC self-renewal capacity ex
vivo through coordinated activation of cell stress response programmes and restoring proteostasis

(Xie et al., 2019).
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Figure 1.8: A self-renewing ex vivo HSC (adapted from Wilkinson et al. 2020). Strategies to promote HSC
expansion ex vivo include the replacement of serum albumin with Polyvinyl alcohol (PVA), culture with
transgenic mesenchymal stem cells (MSCs) and culture using fibronectin or lipophilic hydrogels. Small mol-
ecule inhibitors such as SR1, UM171 and 4HPR also expand the self-renewing LT-HSC pool ex vivo. A “fed-
batch” approach where media including high concentrations of thrombopoietin (TPO), stem cell factor (SCF)
in addition to FMS like tyrosine kinase 3 ligand (FIt-3L) and lipids is recommended to dilute inhibitory factors
promoting differentiation. Created with Biorender.
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1.6.3 Clinical applications of ex vivo expanded HSCs

Importantly, the longstanding goal of these studies is to translate findings for clinical use. In addition
to resolving HSC functional attrition ex vivo, HSC expansion would allow for more effective use of low
HSC numbers obtained from paedeatric gene therapy approaches and low starting cell numbers ac-
quired from individual CB units (reviewed in Wilkinson et al., 2020). For allogenic transplantation ap-
proaches specifically, ex vivo expanded CB HSCs would also often be obtained in a shorter time-frame
than donor samples and require a reduced degree of HLA matching due to the vast majority of T cells
being naive (reviewed in Giralt and Bishop, 2009). Expanded HSCs may even require a reduced condi-
tioning regimen, as demonstrated through transplantation of PVA expanded mouse HSCs into non-

conditioned recipients (Wilkinson et al., 2019).

A significant challenge remains in developing culture protocols which are scalable for clinical use and
adhere to G.M.P standards. SR-1 expanded CB HSCs have now been successfully used to treat haema-
tological malignancies in a phase I/l clinical trial (Wagner et al., 2016) and a recent clinical trial using
UM171 expanded CB HSCs for the treatment of haematological malignancies published extremely
promising results where no graft failure or rejection occurred (Cohen et al., 2020). It is likely that in
the near future, small molecule and biophysical methods to expand HSCs ex vivo will develop a com-
binatorial approach for HSC expansion and this will become an established method of treatment for a
range of diseases. Importantly, key questions remain about the mechanism of action for small mole-
cule inhibitors and understanding the mechanisms which drive loss of self-renewal capacity ex vivo is

crucial in progressing this work.

1.7 HSC ex vivo gene therapy for rare monogenic disorders

The concept of gene therapy has fascinated scientists for decades; genetic correction of disease prop-
agating mutations in one durable treatment would allow a continued source of modified progeny,
effectively curing the disease. The possibilities and challenges of gene therapy were first speculated
by Friedmann and Roblin who concluded at the time of writing that gene therapy would be premature
due to a basic lack of understanding on gene regulation and the mechanisms causing disease
(Friedmann and Roblin, 1972). Since, our understanding of HSC molecular biology and disease etiology
has significantly improved and HSC gene therapy is used to treat a variety of disorders (reviewed in

Tucci et al., 2021).

HSCs are ideal targets for ex vivo gene therapy, not only due to their unique capacity for both self-

renewal and multipotency but features such as the relative ease of accessibility, intrinsic ability to
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home to the niche upon transplantation and the unfortunate wealth of monogenic disorders which
affect the blood system. Most importantly, there exists an unmet clinical need delivered by HSC gene
therapy. Clinical approaches for inherited haematological disease often involve allogenic BM trans-
plantation from a HLA matched donor where availability is scarce (<25%) (reviewed in Aiuti et al.,
2017). Imperfect donors dramatically increase the risk of post-transplant complications (Boelens et
al., 2013; Walters, 2015) such as graft versus host disease (GvHD) which requires urgent restoration
of haematopoiesis to avoid complications from pancytopenia (such as bleeding, infections and ane-
mia) and can be fatal (reviewed in Morgan et al., 2017). Gene therapy directly circumvents this risk by
using an autologous approach of cell harvest, correction ex vivo and re-infusion of cells back into the

same patient (Fig.1.9).
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Figure 1.9: HSC ex vivo gene therapy workflow: The patient’s cells are first harvested and CD34* en-
richment performed. CD34" cells are cultured and exposed to a viral vector (usually through two rounds
of transduction) containing the therapeutic transgene. Corrected CD34" cells are re-infused back into
the patient at high cell doses on average >6 x 10° cells per kg of the patient’s weight (Aiuti et al., 2009;
Biffi et al., 2013). Created with Inkscape.

1.7.1 Promises and challenges in early gene therapy trials

The first disease investigated for HSC gene therapy was the rare, debilitating condition of Adenosine
Deaminase - Severe Combined Immunodeficiency (ADA-SCID). Lack of adenosine deaminase (ADA)
causes accumulation of toxic metabolic substrates in developing lymphocytes leading to a severely

compromised immune response, skeletal dysplasia and cognitive defects (reviewed in Gaspar et al.,
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2009). ADA-SCID was considered an ideal candidate for gene therapy for several reasons including the
monogenic cause of the disorder and the ubiquitous expression of ADA (Ferrari et al., 1991). In addi-
tion, corrected lymphocytes would have a survival advantage due to the correct utility of cytokines
and other growth signals (Kume et al., 2002). Importantly, there existed an unmet clinical need; over
75% of ADA-SCID cases have no suitable HLA matched donor for allogenic HSC transplantation leaving
treatment options limited to weekly enzymatic replacement therapy (ERT) (reviewed in Aiuti et al.,

2009).

The first ex vivo gene therapy attempts were to treat ADA-SCID and involved y-retroviral transduction
of CB and BM CD34" cells (Bordignon et al., 1995; Kohn et al., 1995), although the frequency of genet-
ically modified HSCs was limited with little clinical effect. Soon after, a clinical trial was initiated for X-
linked SCID (SCID-X1) to restore the IL2 receptor gamma (IL2RG) (Cavazzana-Calvo et al., 2000) and
reported normal numbers of functional T cells with limited numbers of transduced B cells shown two
years after therapy (Hacein-Bey-Abina et al., 2002). Following this, a significant breakthrough came
through introduction of non-myeloablative chemotherapy with busulfan prior to transplantation

which allowed gene modified HSPCs increased access to the niche (Aiuti et al., 2002).

Early clinical trials highlighted the remarkable potential of gene therapy and in the following years,
trials for other monogenic disorders using gamma retroviral vectors were conducted including X-
linked chronic granulomatous disease (X-CGD) (Ott et al., 2006) and Wiskott-Aldrich Syndrome (WAS)
(Boztug et al., 2010). Importantly, some of these trials experienced a major shortcoming caused by
the use of y-retroviral vectors. Gammaretroviral vectors have a tendency to cause insertional muta-
genesis due to the long-terminal repeat (LTR) sequences integrating near promoters of proto-onco-
genes to ectopically activate expression (Howe et al., 2008; Montini et al., 2009). Indeed, 4 out of 9
children treated with gene therapy for X linked SCID later developed T cell leukaemia (Hacein-Bey-
Abina et al., 2008) with similar complications were observed in the trials for X-CGD (Ott et al., 2006)

and WAS (Boztug et al., 2010).

Despite setbacks, an extended Phase I/Il trial was conducted using a y-retroviral vector in ten individ-
uals with ADA-SCID and in this seminal study long-term, multi-lineage reconstitution was observed
with no insertional mutagenesis (Aiuti et al., 2009). Positive clinical trial data in long-term follow up
studies culminated in the decision for European market approval of Strimvelis in 2016, the first ex vivo

HSC gene therapy product for the treatment of ADA-SCID (reviewed in Aiuti et al., 2017). Shortly after,
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a later update of this trial demonstrated robust immune reconstitution up to 13 years post therapy

(Cicalese et al., 2016).

1.7.2 Early improvements in viral vectors for gene therapy

Since early setbacks, the field has focussed on the development of safe lentiviral vectors which exploit
the core machinery of HIV for efficient nuclear translocation and genomic integration (Naldini et al.,
1996). It is now standard practise to use third generation self-inactivating (SIN) lentiviral vectors which
have a markedly improved safety profile. All dispensable HIV-1 genes have been removed to reduce
virulence (Dull et al., 1998) and deletions are present within the 3’ LTR U3 region making the vector
replication incompetent (Yu et al., 1986). Upon integration, the 3’ UTR is transferred to the 5’ LTR U3,
“self-inactivating” the 5’LTR promoter/enhancer function. Finally, packaging functions are also sepa-
rated across three plasmids to reduce the risk of recombination during vector production (reviewed
in Gandara et al., 2018). Modified clinical lentiviral vectors have several additional benefits. The native
HIV-1 envelope has been replaced by a VSV-G coat protein which allows for increased cell tropism and
concentration of vectors to a high titre by ultracentrifugation (Burns et al., 1993). In addition, lentiviral
vectors do not rely on dissociation of the nuclear membrane for integration, allowing for transduction

in non-dividing/quiescent cells (reviewed in Matreyek and Engelman, 2013).

1.7.3 Current lentiviral vector based clinical trials

Since the seminal investigation studies and the European market approval of Strimvelis in 2016, inte-
grative lentiviral vector approaches are underway for a growing range of immunodeficiency disorders
including ADA-SCID, SCID-X1, WAS and X-CGD with the majority of treated patients showing polyclonal

engraftment and effective immune reconstitution (reviewed in Tucci et al., 2021).

HSCs have now also been used to treat inherited lysosomal/peroxisomal storage disorders which se-
verely impair the nervous system. This is based on the premise that gene corrected HSCs expressing
normal to supraphysiological levels of the target gene give rise to corrected macrophages and micro-
glia which can infiltrate the bone, muscle and brain (reviewed in Sagoo and Gaspar, 2021). One suc-
cessful application of this approach is within the lysosomal storage disorder Metachromatic leu-
kodystrophy (MLD), where arylsulfatase A (ARSA) deficiency leads to toxic accumulation of sulfatide
causing widespread demyelination and neurodegeneration. In a pivotal study, Biffi et al. showed for
the first time that HSC gene therapy provided ARSA reconstitution to above normal levels resulting in

arrested MLD disease progression (Biffi et al., 2013). Following this, a clinical trial for 33 patients with
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MLD was initiated and show reconstituted ARSA expression and with a good safety profile (Fumagalli
et al., 2020). HSC gene therapy has also recently been successfully used to treat Hurler Syndrome
(Mucopolysaccharidosis I; MPS 1) where loss of functional a-L-iduronidase (IDUA) causes glycosamino-
glycan (GAG) accumulation in peripheral organs and the nervous system leading to a wide variety of
complex symptoms including hepatosplenomegaly, brain atrophy and spinal cord compression
(Gentner et al., 2021). Approximately two years following lentiviral gene therapy of mobilized periph-
eral blood CD34" cells, 100% of patients (8/8) exhibited sustained supraphysiological blood IDUA ac-
tivity with detectable levels of IDUA in cerebrospinal fluid (Gentner et al., 2021). Similarly, HSC gene
therapy is now being performed for a range of other lysosomal storage disorders such as adrenoleu-
kodystrophy (ALD), MPS-IIIA, Gaucher disease and Fabry disease (reviewed in Sagoo and Gaspar,
2021).

Transfusion dependent B-thalassemia (TDT) and sickle cell disease (SCD) are caused by mutations in
the haemoglobin B subunit gene (HBB) and are the most common monogenic diseases worldwide.
The gene therapy field has therefore been eager to establish a durable treatment option for these
large patient cohorts. However, the design of vectors has been challenging due to the complex regu-
lation of the B-globin gene by introns, the promoter and the B-globin Locus Control Region (LCR) (May
et al., 2000). There are now multiple gene therapy clinical trials underway for TDT and SCD using mPB
CD34* cells and a range of lentiviral based approaches which show varying degrees of success
(reviewed in Tucci et al., 2021). One recently reported trial used a vector containing the nucleic acid
substitution (HbA™’?) which strongly inhibits polymerization of sickle haemoglobin (Thompson et al.,
2018). Variable corrected haemoglobin expression was observed and six of the nine patients with the
most severe 3°/B°genotype continuing to receive transfusions around 1 year after therapy, albeit with
a reduced transfusion volume (Thompson et al., 2018). Another approach used a lentiviral vector con-
taining the B-globin gene under control of the LCR and targeted cells by intrabone injection (Marktel
et al., 2019). Here, transfusion was discontinued in 75% of pediatric patients although with a lower

success observed in in adults.

1.7.4 Lentiviral vector integration site analysis and safety profile

Lentiviral based HSC gene therapy clinical trials have shown preferential integration within transcrip-
tionally active regions with a semi-random profile and no preferential insertion near proto-oncogene
sequences (Aiuti et al., 2013; Biffi et al., 2011, 2013) easing concerns surrounding the safety of gene
therapy. In Feburary 2021 bluebird bio halted SCD trials after one incidence of acute myeloid leukae-

mia (AML) and one incidence of myelodysplastic syndrome (MDS), a blood cell disorder which can
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precede leukemia, was reported (reviewed in Sagoo and Gaspar, 2021). Furthermore, in August 2021
a case of MDS, a blood cell disorder which can precede leukemia, was reported in a bluebird bio clinical
trial for ALD (bluebird bio, 2021a). Of note, independent analyses of vector integration sites have now
shown that in the SCD trial the case of AML was very unlikely attributed to the gene therapy (bluebird
bio, 2021b) and similarly the causality of the MDS in the SCD patient was determined as due to under-
lying inflammation in the SCD patients bone marrow (Sagoo and Gaspar, 2021). However, evidence
suggests that in the ALD trial, the case of MDS was likely mediated by lentiviral insertion (bluebird bio,
2021a) and it can be speculated this may be attributed to the broad, constitutive promoter (MND)
used in this study (Eichler et al., 2016). Overall, recent lentiviral vector safety concerns highlight the
importance of careful vector design to mitigate insertional oncogenesis and longitudinal follow up

studies to determine the causality of diseases unfortunately arising after therapy.

1.7.5 Genome editing approaches to gene therapy

Genome editing approaches are recently showing exciting promise within gene therapy. Unlike semi-
randomly integrating vectors, genome editing involves the precise modification of DNA through site
specific deletion, insertion and substitution. Genome editing can be performed by a range of methods,
notably through the widely used Clustered Regulatory Interspaced Short Palindromic Repeats
(CRISPR)- Cas systems (reviewed in Ferrari et al., 2021). The distinctive repeat sequences of the CRISPR
locus were first described in E.coli by Ishino et al. (Ishino et al., 1987) and later in a halophilic archaeon
by Mojica et al. (Mojica et al., 1993), who subsequently identified the repeating sequences as foreign
genetic elements from bacteriophage DNA (Mojica et al., 2005). Subsequent research unveiled a pow-
erful system involving enzymatic cleavage (Bolotin et al., 2005) which acts as an adaptive immune
response (Barrangou et al., 2007), with precise DNA targeting (Deltcheva et al., 2011), and can be
exploited for a wide range of applications. More specifically, using only a single stranded guide RNA
associated with a Cas-9 enzyme, a targeted double strand break can be induced at a gene of interest
(reviewed in Doudna, 2020). Upon Cas-9 cleavage the target site undergoes endogenous repair, typi-
cally through either error prone non-homologous end joining (NHEJ) or the high fidelity homology
directed repair (HDR) (reviewed in Adli, 2018). When the CRISPR-Cas system is combined with a DNA
repair template in actively dividing cells, HDR allows for integration of the template sequence, effec-

tively permitting precise genome editing (Doudna, 2020).
Both NHEJ and HDR mediated applications have been investigated therapeutically for the treatment

of monogenic blood disorders. Recently, a neat, indirect method to treat TDT and SCD was achieved

in a clinical trial by electroporation mediated CRISPR-Cas9 targeting of the transcription factor BCL11A
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in mPB CD34" cells (Frangoul et al., 2021). NHEJ restored y-globin synthesis and recapitulated the phe-
notype of foetal haemoglobin with transfusion independence observed over one year following ther-
apy (Frangoul et al., 2021). HDR mediated approaches have also been investigated, although are still
at pre-clinical stage of development for the treatment of SCD (Dever et al., 2016; Romero et al., 2019)

and X-CGD (De Ravin et al., 2017) amongst many others (reviewed in Ferrari et al., 2021).

1.7.6 Challenges posed by recent success and possible solutions

Importantly, despite great progress there are still many improvements to be made. It remains a sig-
nificant challenge to scale up the investigational studies from rare diseases to manufacturing person-
alised medicine at a commercial scale. Within the umbrella of “scalability issues” exists remaining
challenges related to logistics, cost, vector production and the composition of the target cell popula-

tion.

One significant drawback of HSC gene therapy is that cells need to be infused within days of correction,
resulting in chronically unwell patients travelling to specialised centres. To overcome this, cryo-
preserved cells are currently being tested in a lentiviral based clinical trial to treat ADA-SCID and MLD
(Fumagalli et al., 2020). This permits increased flexibility with the added benefits of full characterisa-
tion of the product before infusion and adjustment of the conditioning regimen where necessary

(reviewed in Kohn et al., 2019).

Gene therapy is a high cost treatment and Strimvelis is marketed at €594,000 per patient (reviewed
in Kohn et al., 2019). Of note, this cost is approximately double that of annual ERT and combined with
the reduced cost of intensive care over the patient’s lifetime, a one-time curative gene therapy is
both more cost effective and provides a higher quality of life than alternative treatments (reviewed in
Kohn et al., 2019). Nonetheless, the cost of gene therapy is a major concern. The treatment cost is
attributed to the vector development costs, the high dose of corrected CD34" cells required for re-
infusion and G.M.P standards which must be adhered to throughout the therapeutic process. LT-HSCs
which hold the potential for long-term reconstitution are rare (<1%) within the CD34* compartment
(Notta et al., 2011) and therefore the majority of viral vector is used to transduce short-term progen-
itor populations. Both HSC and progenitor populations are key to facilitating combined short and long-
term recovery following therapy (Biasco et al., 2016; Scala et al., 2018) however, it is critical that a
sufficient LT-HSC population is corrected. Future therapies may aim to re-infuse pre-selected pheno-
typic LT-HSC, ST-HSC and progenitor populations in order to deliver a better understood cell compo-

sition (Zonari et al., 2017).
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Large quantities of purified G.M.P viral vectors are required to transduce high numbers of CD34" pa-
tient cells, and vector production is the most expensive component of gene therapy (reviewed in
Sagoo and Gaspar, 2021). Recent advances in viral vector research aim to improve transduction effi-
ciency and production scale. Previously, manufacturing of viral vectors was performed by transient
transfection into producer cells which is laborious and poorly reproducible. Stable producer cell lines
have now been generated to consistently produce high titre vectors and if implemented in clinical
trials will reduce costs (reviewed in Sagoo and Gaspar, 2021). Various small molecules have also been
introduced to improve transduction such as poloxamers and PGE2 which promote membrane integrity

following viral infection (Hauber et al., 2018; Zonari et al., 2017).

A recurring challenge in the field, fuelled by the recent emergence of leukaemia in some treated pa-
tients (bluebird bio, 2021b; Orchard therapeutics, 2020) is how best to deliver the corrected gene.
Integrating viral vectors remain the method of choice for gene addition although, electroporation is
now the preferred delivery method for programmable nucleases and DNA templates (Genovese et al.,
2014) and it is likely that an increasing number of clinical trials will implement this approach (Frangoul
et al., 2021). Importantly, HSCs are notoriously difficult to edit, limiting the progress of this avenue of
gene therapy. This is partially attributed to their quiescent status as gene correction using an exoge-
nous DNA template requires HDR which only active in S-G; cell cycle phases (Genovese et al., 2014).
Recently, double stranded breaks have been shown to activate the p53 response causing a prolifera-
tion delay (Schiroli et al., 2019) and limiting the number of edited HSCs capable of repopulation
(Ferrari et al., 2020). Transient p53 inhibition and forced cell cycle progression through upregulating
components of the HDR machinery markedly improved HDR efficiency and improved polyclonal graft

contribution (Ferrari et al., 2020) which may be implemented in future clinical trials.

Finally, targeting of LT-HSCs ex vivo is still a major challenge. Despite the sustained presence of cor-
rected T cells in ADA-SCID treated patients up to 13 years since therapy (Cicalese et al., 2016) limited
myeloid cell correction is observed with gene marking in the CD34* compartment only at 1-2% (Aiuti
etal.,2017). Moreover in a recent clinical trial for X-CGD, one out of seven patients showed a transient
response, highlighting that the LT-HSC population had not been sufficiently targeted (Kohn et al.,
2020). Further, considerable variation in is observed within trials at matched time-points as exempli-
fied by recent TDT trials (Marktel et al., 2019; Thompson et al., 2018) which may suggest a lack of
understanding of the cell composition being re-infused into the patient. Exacerbating this issue further

is that HSC numbers are limited to what is collected. This is due to loss of LT-HSC self-renewal capacity
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ex vivo and cell loss during the ex vivo engineering process. Ex vivo expansion conditions (reviewed in
Wilkinson et al., 2020) may provide an effective solution to this challenge, although the mechanisms
which drive loss of self-renewal capacity ex vivo in current clinically approved conditions are poorly

understood.

1.8 An introduction to the Laurenti laboratory expertise and the
motivations for the present study

Within Dr. Elisa Laurenti’s laboratory, we are interested in applying single cell biology approaches to
understand the dynamics of human blood production over an entire lifetime and across anatomical
space. This work is primarily carried out through integrated single cell transcriptomics, in vitro single
cell functional assays and in vivo xenograft transplantation approaches. Most notably, the Laurenti

laboratory discoveries have included:

1. Dissecting human foetal development: HSC/MPP numbers and differentiation po-

tential are, for the first time, shown to change throughout human gestation, with an early
erythroid predominance shifting to a greater lymphoid contribution over gestational age
(Popescu et al., 2019). Collectively this work provides the first single cell atlas of human foetal

development.

2. Characterising human HSCs at distinct anatomical sites: Human HSPC sub-

sets across mPB, peripheral blood (PB), spleen and BM are discovered to have distinct tran-
scriptional signatures and functional characteristics based on anatomical location (Mende et
al., 2022). This work shows a functional bias in PB HSPCs towards erythroid-megakaryocytic
differentiation and identifies resident splenic progenitors which are only activated to prolifer-
ate in response to stress. This study represents the first integrated transcriptional and func-

tional comparison of extramedullary HSPCs.

3. Characterising functional heterogeneity in human LT-HSC pool: The
human LT-HSC fraction is revealed to be polarised by cell surface expression of CLEC9A and
CD34, allowing the prospective isolation of novel functional subsets (Belluschi et al., 2019).
CLEC9AMCD34" LT-HSCs exhibit slower quiescence exit kinetics and multilineage repopulating
capacity as opposed to CLEC9A°CD34" LT-HSCs which show faster quiescence exit kinetics and

myelo-lymphoid restricted differentiation capacity (Belluschi et al., 2019). This work provides
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the first evidence that not all human LT-HSCs are multipotent and identifies the earliest point

of lymphoid commitment understood to date.

4. Understanding human aging: impressive clonal tracking of human HSCs through so-

matic mutation burden was performed across a human lifetime (0 — 81 years) and identified
rapid, drastic remodelling of the HSC pool after the age of 70 (Mitchell et al., 2022). The shift
in clonal dynamics upon ageing is explained by positive selection of mutations and is charac-
terised by a profoundly reduced clonal diversity. This study provides the first explanation as

to why optimal, functional haematopoiesis abruptly declines in the elderly.

The basis of the present project was established from Dr. Laurenti’s prior interest in studying the im-
pact of HSC quiescence exit on resulting stem cell function. Before establishing their own group, Dr.
Laurenti’s work pertaining to this interest first demonstrated that dormant HSCs which cycle ex-
tremely infrequently capture the vast majority of long-term repopulation potential in the HSC pool
(Wilson et al., 2008). This paper, amongst subsequent others around the time (Bernitz et al., 2016;
Foudi et al., 2009; Qiu et al., 2014), established the dogma that cell cycle progression in vivo drives
loss of long-term repopulation capacity in HSCs. Following this, Dr. Laurenti discovered that CDK6 pro-
tein levels differentially regulate quiescence exit length within the human HSC pool, with ST-HSCs
showing higher CDK6 protein levels being primed for rapid cell cycle re-entry in comparison to LT-HSCs
(Laurenti et al., 2019). Overall, this paper speculates that intrinsic differences in cell cycle kinetics may
form the basis for the different functional roles of ST-HSCs and LT-HSCs in blood production. Taken
together, and given that LT-HSC culture is associated with both quiescence exit and loss of self-renewal
capacity, these studies warranted asking the provocative question of whether cell cycle progression

drives loss of self-renewal capacity ex vivo, and this formed the motivation for the present study.
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2. AIMS

The field of gene therapy is building on remarkable progress but is hampered by outstanding issues.

This thesis is divided into three chapters to contribute to addressing current challenges.

Chapter 1 Aim: Characterise the effect of a lentiviral ex vivo gene therapy
protocol on the transcriptome of LT-HSCs with respect to ST-HSCs and pro-
genitor populations

Targeting of long-term HSCs ex vivo is still a major challenge as exemplified by the transient success
observed in some clinical trials and high variation between patients treated with the same protocol.
It is therefore paramount to understand the effect of the ex vivo modification protocol on the LT-HSC
compartment. To address this question, | perform scRNA-Seq of LT-HSC, ST-HSC and CD34* compart-

ments in 4 mPB healthy donors before and after a 62 hr ex vivo lentiviral gene therapy protocol.

Chapter 2 Aim: Define the kinetics associated with loss of stem cell capacity
and identify potential drivers of self-renewal capacity loss in culture

Secondly, it is well appreciated that HSC repopulation potential reduces following ex vivo manipula-
tion. Long-term reconstitution is observed up to 13 years following therapy (Cicalese et al., 2016) but
the extent to which long-term repopulation capacity is lost and the mechanisms driving such attrition
in HSC function are unclear. To tackle this question, | perform long-term transplantation of CB and
mPB HSPC populations at successive time-points in clinically relevant culture and dissect transcrip-

tional changes in a time resolved manner using scRNA-Seq.

Chapter 3 Aim: Is cell cycle progression responsible for the loss of self-re-
newal capacity associated with HSC culture?

Finally, loss of repopulation capacity ex vivo is correlated with increased cell cycling. However, the
dependency of cell cycle progression to this process is unclear and often over simplified. The presump-
tion from current literature is that cell cycle progression itself drives the loss of self-renewal capacity
associated with HSC culture. To formally test this question, | reversibly arrest cell cycle progression in
early Gi1 and assess resulting HSC behaviour through scRNA-Seq combined with in vitro and in vivo

functional stem cell assays.
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3. METHODS

All methods were performed at Cambridge Stem Cell Institute (Cambridge, UK) unless otherwise indi-

cated.

3.1 Sample Preparation

3.1.1 Umbilical cord blood

CB samples were obtained with informed consent from healthy donors by Cambridge Blood and Stem
Cell Biobank (CBSB) in accordance with regulated procedures approved by the relevant research and
ethics committees (07/MRE05/44 and 18/EE/0199 research studies). CB samples were pooled inde-
pendently of sex and processed as a single sample, with the exception of scRNAseq experiments where

only single sex CB samples were used.

CB Mononuclear cells (MNCs) were isolated from whole blood (diluted 1:1 in PBS) by Pancoll (PAN-
biotech) density gradient centrifugation at 500g for 25 minutes with the brake off. MNCs were har-
vested and incubated with Red Blood Cell Lysis Buffer for 15 minutes at 4°C (BioLegend). MNCs were
then incubated in PBS + 3% foetal calf serum (FCS) (90ul/102 cells) containing CD34" selection beads
(Miltenyi Biotech) (30ul/108 cells) and FcR blocking reagent (30ul/108 cells) for 30 minutes at 4°C. Cells
were washed, resuspended in an appropriate volume of AutoMACS buffer (2-4ml) and CD34" selection
carried out using the AutoMACS cell separation machine (Miltenyi Biotech) selecting programme

“Posseld2”. CD34* cells were counted manually and stored at -150°C until further use.

3.1.2 Mobilised peripheral blood

Mobilized peripheral blood (mPB) was obtained from healthy male donors aged 25 to 28 by admin-
istration of daily Filgrastim (Neupogen) (10ug/kg/day) for 5 days. Apheresis was performed on day 5
and 6 using the Optia Spectra (Terumo BCT). mPB samples were shipped from the US to the GSK re-
search facility (Stevenage, UK). The human biological samples were sources ethically and their re-

search use was in accord with the terms of the informed consents under an IRB/RC approved protocol.
mPB CD34" cells were enriched by the CliniMacs Prodigy system (Miltenyi Biotech) using the LP-34

programme for 5 hours (hr) and 45 minutes. Briefly, the LP-34 programme consists of successive plate-

let washes, CD34 AB-nanobead conjugate incubation, immunomagnetic column selection, cell
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cultivation, volume reduction and finally target cell elution. Following CD34* enrichment, cells were
cryopreserved in 10% DMSO (Sigma) in FCS (RBMI). Experimental work on mPB CD34* cells was also
covered under 07/MRE05/44 and 18/EE/0199 REC approved research studies. mPB sample prepara-

tion was performed at the GSK research facility (Stevenage, UK).

3.2 Lentiviral vector generation

3.2.1 Lentiviral vector production and purification

Third generation self-inactivating (SIN) lentiviral vectors expressing GFP under control of an EIF1a pro-
moter were produced by transient transfection in HEK293T cells. HEK293T cells were cultured at 37
°C/ 5% COz in an orbital shaker and passaged until the optimum density (1.5x10° cells/ml) achieved.
Cells were centrifuged at 300g for 10 minutes and resuspended in G.M.P Stem Cell Growth Medium
(SCGM) (CellGenix) containing Polyethylenimine PEIPro (Polyplus) and plasmids generated at GSK, Ste-
venage: Gag-Pol (pG3-SYNGP), Rev (pG3-REV), VSVG (pG3-VSVG) and the transfer plasmid (pG3T).
Cells were incubated for 24 hr at 37 °C/ 5% CO. 5mM Sodium Butyrate (Sigma) was added to enhance
transfection and cells incubated for a further 48 hr. HEK293T cells were then centrifuged at 1000g for
20 minutes at 4 °C and the supernatant clarified using 0.8pum and 0.45um vacuum filters. The clarified
supernatant was centrifuged at 5000g for 20 hr at 4 °C, the supernatant discarded and the pellet air
dried. Pellets were resuspended in SCGM and stored at -80°C. Lentiviral vector production and purifi-

cation was performed at the GSK research facility (Stevenage, UK).

3.2.2 Vector Titration

CEM A3-04 cells were cultured in RPMI until optimal density (1.5x10° cells/ml) obtained. CEM cells
were centrifuged at 300g for 5 minutes and resuspended in RPMI containing 8ug/ml protamine
(Sigma) and plated in a 24 well plate at a density of 1.5x10°8 cells/ml. The density of cells was kept
constant between wells. Serial dilutions (4 to 4°) of purified lentiviral vector were added to wells
and cells incubated at 37°C/5% CO; for 2 hr. 1.5ml of RPMI 1640 (supplemented with 1% Glutamine,
10% FCS and 1% Penicillin/Streptomycin (Pen/Strep) (ThermoFisher Scientific) was added to each well
and plates were again incubated at 37°C/ 5% CO, for 5 hr. GFP positivity was determined by flow
cytometry following 4 days of culture. CEM cells were centrifuged at 500g for 5 minutes, resuspended
in PBS + 5% Human Serum Albumin (HSA) (Irvine Scientific) containing 1% 7-AAD Viability dye (Bio-
legend). GFP positivity was analysed on the MACSQuant Analyzer 10 (Miltenyi Biotech). Vector titre

(TU/ml) was calculated as = (Number of cells x %GFP* x Dilution Factor) / Transduction volume (0.5
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mL). Appropriate measures to control for psuedotransduction were taken. Vector titration was per-

formed at the GSK research facility (Stevenage, UK).

3.3 Flow Cyvtometry

3.3.1 Fluorescence-Activated Cell Sorting (FACS)

mPB and CB CD34" cells were thawed by dropwise addition of pre-warmed Iscove’s Modified Dul-
becco’s Medium (IMDM) (Thermo Fischer Scientific) supplemented with 0.1mg/ml DNAse (Lorne La-
boratories) and 50% FCS. Cells were centrifuged at 500g for 5 minutes and incubated in PBS + 3% FCS
containing an antibody mix (Table 3.1; Panel A) for 20 minutes. All staining was performed at room
temperature unless indicated. Cells were washed and resuspended in PBS + 3% FCS for cell sorting on
the BD FACS Aria Fusion (BD Biosciences) at the NIHR Cambridge BRC Cell Phenotyping hub. Popula-
tions were isolated (Fig.3.1) in either a bulk or single cell manner depending on experimental purpose.
Single cells were sorted with the single cell purity setting and index data recorded for all surface mark-
ers to allow for retrospective correlation of cell surface phenotype and function. To assess cell surface
expression of phenotypic markers at 0 hr and 62 hr following the gene therapy protocol, voltages were

not altered for any channels (n=3 mPB scRNA-Seq experiments analysed). Purity for all sorts was >95%.

Antibody Panel
Fluorochrome A B C D E
FITC CD45
PE GlyA* GlyA* GlyA*
PeCy5 CD49f* CD45 CD45 CD45** CD14
PeCy7 CD38 CD14 CD14 CD38*
APC CD90 CD56 CD33 CD33*
AF700 CD19 CD19 CD19*
APCCy7 CD34 CD11b CD3 CD34* CD3
Bv421 CD45RA CD15
BV450 CD45
BV510 Zombie CD41a CD45 Sytox Blue***
Vio Bright B515 CD45**

Table 3.1: Antibody panels for cell sorting and flow cytometry analysis. All antibodies/reagents purchased from
Biolegend or otherwise BD Biosciences (where indicated *), Beckman Coulter (**) or ThermoFisher (***) and
were titrated before experimental use using mononuclear cells (MNCs) and appropriate controls. The CD34-
APCCy7 antibody (clone: 581) was custom made from BD Biosciences. The FITC channel was compensated for
in experiments involving GFP. The BV510 channel was used to distinguish Live/Dead cells using Zombie Aqua
(Biolegend). Panel A: Isolation of phenotypic compartments of LT-HSC, ST-HSC, CD34*, CD34*/CD38 and
CD34*/CD38* populations. Panel B: Determination of colony size and lineage output derived from single sorted
LT-HSCs. Panel C: Determination of graft size and lineage output from primary transplants into NSG animals and
secondary transplants from mPB in NSG-SGM3 animals. Panel D: Isolation of Viable (Sytox Blue’) CD45*" popu-
lations from primary mouse BM transplanted with cultured human CB. Panel E: Determination of graft size and
composition from secondary NSG-SGM3 animals transplanted with CB.
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Figure 3.1: Example gating strategy for isolation of phenotypic populations. Representative 0 hr mPB CD34*
enriched donor sample. LT-HSC: Zombie /CD197/CD34*/CD38/CD90*/CD49f* (top 30% of CD90/CDA9f expres-
sion). ST-HSC: Zombie/CD197/CD34*/CD387/CD907/CD49f (bottom 30% of CD90/CD49f expression).

For scRNA-Seq experiments performed before and after the gene therapy protocol the following pop-
ulations were sorted at 0 hr: CD34* (Zombie /CD197/CD34"), LT-HSC: Zombie /CD19/CD34*/CD38"
/CD90*/CD49f* (top 30% of CD90/CD49f expression) and ST-HSC: Zombie’ /CD197/CD34*/CD38/CD90
/CD49f (bottom 30% of CD90/CD49f expression). After single cell sorting for scRNA-Seq, populations
were bulk sorted and exposed to the lentiviral gene therapy protocol (Methods 3.4.1). At 62hr: Zom-

bie” (Live) fractions from each population were re-sorted for scRNA-Seq.

3.4 Cell Culture conditions

Cells were cultured under three distinct conditions at 37°C/ 5% CO, across all in vitro experiments. The
CDKG6 inhibitor Palbiciclib (PD0332991; denoted as PD) (Sigma) was added at 200nM to ex vivo gene
therapy conditions, differentiation facilitating conditions and single cell My-Meg-Ery-NK differentia-

tion assay conditions where indicated.

3.4.1 Ex vivo lentiviral gene therapy protocol

Ex vivo gene therapy conditions comprise of G.M.P SCGM (CellGenix) supplemented with L-Glutamine

(1%), Pen/Strep (1%) in addition to the following cytokines: SCF (300ng/ml), Flt-3L (300ng/ml), IL-3
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(60ng/ml) and TPO (100ng/ml) as advised by internal GSK cell culture protocols at the beginning of my
PhD and published in Biffi et al., for the first time (Biffi et al., 2013). Cells were cultured in ex vivo gene
therapy media in a 96 well flat bottom plate coated with 33.3ug/ml of Retronectin (Takara). The 62 hr
clinical protocol consists of pre-stimulation in gene therapy media (24 hr) followed by transduction
with a lentiviral vector containing GFP (14 hr), an interim incubation in gene therapy media without
the vector (10 hr) and a second hit of transduction (14 hr). Vectors of >1.19E+08 TU/ml were used for
all experiments at multiplicity of infection (MOI) of 100-300. Of note, for scRNA-Seq experiments vec-
tors of >4.44E+08 TU/mL were used. Transduction efficiency is estimated by GFP* (% of Singlets) at

the 62 hr time-point relative to non-transduced.

3.4.2 Differentiation facilitating conditions

Differentiation facilitating conditions comprise of StemPro media (Stem Cell Technologies) supple-
mented with Nutrients (0.028%), Pen/Strep (1%), L-Glu (1%), human LDL (50ng/ml) in addition to the
following cytokines: SCF (100ng/ml), Flt-3L (20ng/ml), TPO (100ng/ml), EPO (3 units/ml), IL-6
(50ng/ml), IL-3 (10ng/ml) and GM-CSF (20ng/ml).

3.4.3 Single cell My-Meg-Ery-NK differentiation assay conditions

Single cell differentiation conditions facilitating the growth of myeloid (My), megakaryocyte (Meg),
erythroid (Ery) and lymphoid (Lym; only natural killer (NK) cells supported) colonies comprise of
StemPro base media (Stem Cell Technologies) supplemented with Nutrients (0.035%), Pen/Strep (1%),
L-Glu (1%), human LDL (50ng/ml) in addition to the following cytokines: SCF (100ng/ml), FIt-3L
(20ng/ml), TPO (100ng/ml), EPO (3 units/ml), IL-6 (50ng/ml), IL-3 (10ng/ml), GM-CSF (20ng/ml), IL-11
(50ng/ml), IL-2 (10ng/ml) and IL-7 (40ng/ml).

3.5 In vitro functional assays

3.5.1 Time to first division

Cells were single cell sorted into 96 well u-bottom plates containing 100yl of indicated media per well,
centrifuged at 500g for 5 minutes and manually counted every 12 hr for 96 hr using a light inverted

microscope.
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3.5.2 Single cell My-Meg-Ery-NK assay

Cells were single cell sorted into a 96 well flat bottom plate containing 100ul of My-Ery-Meg-NK dif-
ferentiation assay media (Methods 3.4.3). Cells were harvested after 21 days in culture into 96 well u-
bottom plates and incubated for 20 minutes in the dark with an antibody mix (Table 3.1; Panel B). Cells
were washed with PBS + 3% FCS and resuspended in 100l of PBS + 3% FCS for analysis on the LSR
Fortessa X-20 (BD Biosciences) using the HTS plate reader. Colony size and lineage output were ana-

lysed on colonies with >30 cells in (CD45* & GlyA* & CD41a*) gates (Figure 3.2).
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Figure 3.2: Example gating strategy for determination of colony size and lineage output from single cell My-
Meg-Ery-NK assay. Representative gating of a colony harvested from a single mPB LT-HSC after 21 days cul-
ture in My-Meg-Ery-NK media. A true colony was determined if >30 cells observed in (CD45* & GlyA* & CD41a)
gates. Myeloid: CD45*/CD11b*. Monocyte: CD45*/CD14*. Granulocyte: CD45*/CD15*. Lymphoid (NK only):
CD45*/CD56*. Megakaryocyte: CD41a*. Undifferentiated colonies were determined as having >30 cells in
(CD45* & GlyA* & CD41a) gates however no true lineage.

3.5.3 Cell Cycle Assay

Cells were harvested at indicated time-points and incubated with Cytofix/Cytoperm (BD Biosciences)
for 10 minutes to fix cells. Cells were washed with 400ul of 1x Permwash (BD Biosciences) and centri-
fuged at 500g for 5 minutes. Cells were stained overnight in Anti-Rb (phospho S807/5811) (Cell Signal-

ling Technologies). Cells were then washed with 1x Permwash, centrifuged at 500g for 5 minutes and
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resuspended in 1x Permwash containing 0.5ug/ml DAPI (ThermoFisher Scientific) for 15 minutes. Cells
were again washed with 1x Permwash and resuspended in PBS + 3% FCS for analysis on LSR Fortessa
X-20 (BD Biosciences). DAPI was recorded on a linear scale and samples analysed at < 30 events/sec-

ond.

3.5.4 Cell Size measurement

100 cells/well were sorted into a 384 well plate containing My-Meg-Ery-NK differentiation assay media
either untreated (UNTR) or treated with PD. Cell images were taken every 24 hr. Cell size was analysed
using ImageJ and expressed as cell diameter (um). Cell size measurement experiments and analysis

were performed by Serena Belluschi.

3.5.5 Mitochondrial Activity assay

CB populations were cultured in differentiation facilitating conditions, harvested at indicated time-
points and stained with 100nM Tetramethylrhodamine (TMRM) (Life Technologies) for 40 minutes at
37°C/ 5% CO.,. Cells were washed with PBS + 3% FCS, centrifuged at 500g for 5 minutes and resus-
pended in an appropriate volume of PBS + 3% FCS for analysis on the LSR Fortessa X-20 (BD Biosci-

ences).

3.5.6 Tunicamycin proteostatic stress treatment and apoptosis assay

mPB populations were cultured for 6 hr and 24 hr before addition of 3ug/ml Tunicamycin (Sigma). An
equivalent concentration of DMSO was added to control wells. Cells were cultured with Tunicamy-
cin/DMSO for a further 24hr. After culture, cells were washed and resuspended in Annexin-V staining
mix comprised of: 50l of fridge cold PBS containing 2.5ul Annexin-V (PE) (BD Biosciences) and 2.5ul
7-AAD (BD Biosciences) per sample. Cells were incubated for 15 minutes and 200ul of 1x Annexin-V

binding buffer (BD Biosciences) added for immediate analysis on the LSR Fortessa (BD Biosciences).

3.6 single cell RNA-Seq library preparation

Sequencing libraries were prepared using the Smart-Seq2 protocol (Picelli et al., 2014) although
adapted in the following sections. Single cells were first sorted into 96 well PCR plates containing 4l
of cell lysis buffer per well (0.2% Triton X-100 (Sigma), 2U/ul RNAse inhibitor (Clontech), 5mM DTT
(Invitrogen) and 1ImM dNTPs (Invitrogen)) and stored at -80°C. An annealing mix was then added con-

taining Extrernal RNA Consortium Controls (ERCC) (Ambion, Life Technologies) diluted to 1:3,000000,
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5uM Oligo-dT (Invitrogen), 10mM dNTPs (Invitrogen) and nuclease free H,0 (ThermoFisher Scientific).
23 PCR cycles were performed to account for the low RNA content of HSCs. The DNA: Ampure XP
beads ratio used was 1:0.8 for PCR purification. The quality of cDNA produced was detected using the
high sensitivity DNA chip (Agilent) and analysed on the 2100 Bioanalyzer (Agilent). Amplified cDNA
was quantified by the Picogreen dsDNA Assay kit (Invitrogen) and samples diluted to 0.1-0.15ng/pl.
Library preparation was then performed using the Nextera XT DNA sample preparation protocol (lllu-
mina). Tagmentation reaction volumes were altered from the lllumina Nextera NT DNA sample prep-
aration kit as follows: tagmentation DNA buffer (2.5ul), amplicon tagment mix (1.25ul) and using
1.25pl of sample. Tagmentation was performed by incubation of the samples to 55°C for 10 minutes.
1.25pul of Nextera NT buffer was added per sample to strip the Tn5 transposase from tagmented DNA.
The size distribution of the amplified pooled library was quantified on the 2100 Bioanalyzer (Agilent).
Sequencing was then performed at the CRUK-CI genomics facility by [llumina HiSeq4000. The library
preparation was performed by Serena Belluschi for experiments involving time-course culture of CB
over differentiation facilitating culture and myself for experiments involving culture of mPB in gene

therapy conditions.

3.7 In vivo functional assavs

3.7.1 Mice

NOD.Cg-Prkdcscidll2rgtm1Wijl/Sz) (NSG) mice or NOD.Cg-Prkdcscid 12rgtm1Wijl Tg(CMV-
IL3,CSF2,KITLG)1Eav/ MloySz) (NSG-SGM3) mice were bred in-house or obtained from Charles River.
All experimental cohorts were >11 weeks of age. Only female cohorts were used for experiments in-
volving NSG animals. Both male and female animals were used for experiments involving NSG-SGM3
animals. All animals were housed in a specific pathogen free animal facility and experiments con-
ducted under UK Home Office regulations. This research has been regulated under the Animals (Sci-
entific Procedures) Act 1986 Amendment Regulations 2012 following ethical review by the University

of Cambridge Animal Welfare and Ethical Review Body (AWERB).

3.7.2 Primary xenograft transplantation experiments

NSG mice were sub-lethally irradiated (2.4 Gy) 24 hr prior to transplantation. For intrafemoral injec-
tions, mice were anesthetised with isoflurane and transplanted with the indicated cell dose in PBS +
0.1% Pen/Strep (ThermoFisher) (25ul). Following transplantation, mice were injected subcutaneously
with the analgesic buprenorphine (Animalcare) at 0.1mg/kg. For intravenous injection, mice were

transplanted with a cell suspension (max 150ul volume) in PBS + 0.1% Pen/Strep by tail vein injection.
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For all xenograft experiments involving cell culture, injected cell doses at time-points are representa-
tive of the cell count at the time of sort (0 hr). Mice were culled and bone marrow harvested 18-20
weeks post injection. The femur and tibia bones from the two hind legs were taken. For intrafemorally
injected mice the injected femur was analyzed separately whereas for intravenously injected mice the
BM from the four bones was analysed together. Bone marrow was stained in an antibody panel (Table
3.1; Panel C) for 20 minutes before washing and resuspending in PBS + 3% FCS for analysis on the LSR
Fortessa X-20 (BD Biosciences). Mice were considered engrafted if human cells (hCD45"" &GIyA*)
>0.01% of Singlets and if >30 cells were present in any lineage determination gate (Fig.3.3). Intrafemo-
ral injections for CB cultured in differentiation facilitating conditions were performed by myself,
Serena Belluschi, Emily Calderbank or Nicole Mende. Intravenous injections were performed by my-

self.
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Figure 3.3: Example gating strategy for analysis of mouse BM after primary transplantation (18-20 weeks).
Representative example from a mouse injected with mPB CD34*/CD38 cells cultured in gene therapy conditions
(62 hr) and transduced with a lentiviral vector containing GFP. Erythroid (Ery) cells were identified as CD45
/GlyA*. Myeloid (My) cells were identified as CD45"*/CD33*. Lymphoid (Lym) cells were identified as
CD45*/CD19*. Mice were considered engrafted if (hCD45* &GlyA*) >0.01% of Singlets and a lineage detected

by containing >30 cells in any respective lineage gate. Same gating strategy was used for secondary transplanta-
tion experiments.
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3.7.3 Secondary xenograft transplantation experiments

For secondary transplantation experiments of cultured CB, NSG-SGM3 mice were irradiated using
2.25Gy 24 hr prior to transplantation. Primary BM samples were shipped to Toronto on dry ice and
cells were thawed in X-VIVO 10 media (Lonza) + 50% fetal bovine serum (Wisent) supplemented with
DNase (100 pg ml™, Roche). Viable (SytoxBlue’) (ThermoFisher Scientific) human CD45* cells were
sorted (Table 3.1; Panel D) on the Aria Fusion (BD Biosciences). Cells were pooled based on condition
and intrafemorally injected in three doses (4 fold decrease between each dose). At 8 weeks post trans-
plant, the injected femur was taken alongside the alternate femur of the hind legs. Bone marrow was
stained in an antibody panel (Table 3.1; Panel E) and analysed for human engraftment on the FACSCe-
lesta (BD Biosciences). The injected femur was analysed separately. Mice were considered engrafted
if human cells (hCD45*" &GlyA*) >0.01% of Singlets and if >30 cells were present in any lineage deter-
mination gate. Secondary intrafemoral transplantation experiments for cultured CB were kindly per-
formed at the Princess Margaret Cancer Centre, Toronto by Kerstin Kaufmann, Gabriela Krivdova, and

Jessica McLeod (John Dick group) and analysis performed by myself.

For secondary transplants of cultured mPB, primary mouse BM was thawed by dropwise addition of
pre-warmed Iscove’s Modified Dulbecco’s Medium (IMDM) (Thermo Fisher Scientific) supplemented
with 0.1mg/ml DNAse (Lorne Laboratories) + 50% FCS. Cells were counted three times using a haemo-
cytometer, an average taken and divided into three doses based on cell count. Cells were intrave-
nously transplanted by tail vein injection using a cell suspension (max 150ul volume) in PBS + 0.1%
Pen/Strep. At 8 weeks post-transplant the femur and tibia bones from the two hind legs were taken.
Bone marrow was stained in an antibody mix (Table 3.1; Panel C) and analysed on the LSR Fortessa X-
20 (BD Biosciences). Mice were considered engrafted if human cells (hCD45*" &GlyA*) >0.01% of Sin-

glets and if >30 cells were present in any lineage determination gate (Fig.3.3).
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3.8 single cell RNA-Seq analysis

3.8.1 scRNA-Seq dataset of CB culture in differentiation facilitating

conditions

Two repeats of the CB time-course experiment were completed (two batches). Read alighment was
performed using GSNAP (Wu et al., 2016) and initial quality control (QC) was performed by FastQC
(Andrews, 2010). The count matrix was generated by HTSeq (Anders et al., 2015) and genes were

filtered out if expressed in < 3 cells. Additional QC was then performed in the bglab package (Jawaid,

2017) using the determined thresholds (Table 3.2).

mapped reads

QC thresholds Batch 1 Batch 2
Reads mapped to gene >2x10° >2x10°
Ratio of genes to total number | >0.3 >0.2

of reads

Ratio of mitochondrial reads to | <0.15 <0.2

nuclear genes

Ratio of nuclear genes to total | >0.75 No threshold
mapped reads

Number of genes with 10 > 2000 No threshold
reads per million

Ratio of ERCC spike-in to <0.2 No threshold

Table 3.2: Quality control thresholds for analysis of the CB time-course scRNA-Seq dataset. Values generated

by Kenny Sham.

Batch

Number Time-point Before QC After QC
0 hr 72 29
6 hr 72 49

Batch 1 24 hr 72 28
72 hr UNTR 72 42
72 hr PD 72 27
0 hr 95 56
6 hr 95 85

Batch 2 24 hr UNTR 95 58
24 hr PD 95 80
72 hr UNTR 95 42

Table 3.3: Number of sequenced CB LT-HSCs cultured in differentiation facilitating conditions and
number of cells retained for analysis following QC from each batch. Values generated by Kenny Sham.

A natural log transformation was performed with a pseudocount of 1 added to mitigate the mean-
variance relationship, reduce skewing of data and account for drop-outs. ComBat (Zhang et al., 2020)

was then used for batch correction specifying time-points as covariates. Highly variable genes (HVG)
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were selected in scanpy (parameters: minimum_mean = 0.05, maximum_mean = 13, minimum_dis-
persion = 0.1, maximum_dispersion = 3). 16276 HVG were retained for further analysis. A PCA space
was calculated and BBKNN performed to integrate the datasets from two experiments (batches). 15
nearest neighbours were calculated using the K-nearest neighbour (KNN) algorithm and a force di-
rected graph (FDG) or uniform manifold approximation and projection (UMAP) were generated. A dif-
fusion map was also generated to calculate Dpt pseudotime from a starting 0 hr cell. Differential ex-
pression analysis between time-points and conditions (including PD treated cells) was performed us-
ing the raw count matrix by DESeq2 (Love et al., 2014), taking into account the batch and time-point
in the design matrix. The size factor and dispersion were estimated and a Wald test performed for
statistical analysis. The list was filtered for FDR < 0.05. 10010 genes differentially expressed were
found between any pairwise comparison over the UNTR time-course of CB LT-HSC culture. Cell cycle
phase assignment was performed in scanpy using the Satija lab cell cycle scoring and regression (Satija
lab, 2017) with a list of 97 genes identified as key for cell cycle progression (Tirosh et al., 2016). Cell
cycle regression was then performed using the function “regress_out”, which regresses the GoM and

S score from the dataset. Analysis performed by Kenny Sham.

3.8.2 scRNA-Seq dataset of mPB culture in gene therapy conditions

mPB LT-HSC, ST-HSC and CD34* populations were sequenced before and after the ex vivo gene therapy
protocol (Methods 3.4.1) from repeat experiments using individual mPB donors (four batches total).
Read alighment was performed using GSNAP (Wu et al., 2016) and initial QC by FastQC (Andrews,
2010). The count matrix was generated by HTSeq (Anders et al., 2015). Additional QC was performed

independently for each batch using the Smart-Seq2 pre-processing package smqgpp (Wang, 2020).

QC thresholds Batch 1 Batch 2 Batch 3 Batch 4
Reads mapped to nuclear | >10°? > 1052 > 15000 > 100000
genome (log10)

Ratio of genes to total >0.3 >0.3 >0.1 >0.2
number of reads

Number of genes with 10 | No threshold > 1000 > 1000 > 1000
reads per million set

Ratio of mitochondrial <0.2 <0.2 <0.2 <0.2
reads to nuclear genes

Ratio of ERCC spike-insto | <0.4 <0.4 <0.2 <0.2
mapped reads

Table 3.4: Quality control thresholds for scRNA-Seq analysis of mPB cultured in the ex vivo gene therapy pro-

tocol. Values generated by Xiaonan Wang/Kenny Sham.
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Batch Number Cell Type Before QC After QC After outlier
removal
LT-HSC UNTR 210 189 188
Batch 1 ST-HSC 141 130 130
CD34* 190 175 175
LT-HSC UNTR 162 131 131
LT-HSC PD 96 75 75
Batch 2
ST-HSC 155 105 104
CD34* 153 127 126
LT-HSC UNTR 134 80 80
LT-HSC PD 24 12 12
Batch 3
ST-HSC 112 40 40
CD34* 110 80 77
LT-HSC UNTR 240 117 117
LT-HSC PD 44 7 7
Batch 4
ST-HSC 230 120 120
CD34* 232 132 130

Table 3.5: Number of mPB cells cultured in gene therapy conditions sequenced and number of cells retained
for analysis following QC from each batch/repeat experiment. Values generated by Xiaonan Wang/Kenny
Sham.

The total number of cells after quality control and outliers filtering was 1512. The scanpy function
‘filter_genes’ was then used to filter low quality genes with parameters: min_cells = 1, and default
values for others. The counts were normalised using the function ‘normalise_data’ from the package
smqgpp (Wang, 2020) with default parameters used and a pseudo-count of 1 added. 1599 HVG were
found and retained using a smqgpp function ‘tech_var’ (parameters useERCC = True, meanForFit = 10,
and default values for others). A PCA space was calculated and 10 nearest neighbours for each cell
were found. A UMAP was then created in scanpy using default parameters. Differential expression
analysis between time-points and conditions (including PD treated cells) was performed using the raw
count matrix in DESeq2, taking into account the number of genes and the batch in the design matrix
(~ n_genes + batch). The size factor and dispersion were estimated and the Wald test performed for
statistical analysis. The list was filtered for FDR < 0.05. Cell cycle phase assighnment was performed
using the Satija lab package (Satija lab, 2017) in the same manner as the CB scRNA-Seq dataset in
differentiation facilitating conditions. Analysis was performed initially by Xiaonan Wang and subse-

qguently by Kenny Sham.
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3.8.3 Integration of mPB scRNA-Seq dataset to CB scRNA-Seq time-
course dataset

Raw counts were natural log normalised by the package smqpp (Wang, 2020) using default parameters
and a pseudocount of 1 added. ComBat was performed (Zhang et al., 2020) in scanpy for batch
correction with default parameters (no covariate specified). Highly variable genes were found using
the scanpy function ‘highly_variable_genes’ (parameters: min_mean = 1, max_mean = 8, min_disp =
0.5), and default for others. 3255 HVGs were found using the parameters (min_mean = 1, max_mean
=8, min_disp = 0.5; default for others) for the integration of the mPB and CB UNTR scRNA-Seq datasets
whereas 3643 HVG were found for the integration of the mPB and CB scRNA-Seq datasets with PD
treated conditions. The PCA was calculated with scanpy and 15 nearest neighbours determined for
each cell. A UMAP was created for visualisation purposes and a diffusion map was generated to

calculate Dpt pseudotime from a chosen 0 hr cell. Integration was performed by Kenny Sham.

3.8.4 Integration of CB or mPB scRNA-Seq dataset to multi-tissue
landscape of differentiation and prediction of cell cluster labels

The CB and mPB scRNA-Seq datasets were combined with the multi-tissue landscape of differentiation
(Fig.3.4) in the Seurat package (Stuart et al., 2019). Integration was performed separately for CB and
mPB datasets. Seurat objects were created from the raw count matrix, filtering for genes expressed
in > 3 cells with default values for other parameters. The SCTransform function was used to normalise
the datasets and regress the percentage of mitochondrial genes from all counts. The CB/mPB datasets
were first prepared for integration using ‘PrepSCTIntegration’ function which determines the features
to use in integration and ‘SelectintegrationFeatures’ was used to find 3000 HVG. The dataset was then
subsetted accordingly. The ‘IntegrateData’ function was used to combine the datasets with the
parameters: normalization.method = ‘SCT’ and default values used for other parameters. A PCA was
then generated for the combined dataset using default parameters and a UMAP was created for
visualisation purposes. The seurat object was used for label projection on the multi-tissue landscape.
Leiden clusters 1,3,18,14,24,25,26 were excluded from label projection because clusters represent
cells which are unsupported by in vitro culture conditions. ‘MapQuery’ was used to predict the leiden
cluster label on the the CB/mPB dataset using the functions reference.reduction = PCA and
reduction.model = UMAP. Integration of CB/mPB scRNA-Seq datasets and label transfer were

performed by Kenny Sham.
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Figure 3.4: Multi-tissue landscape of haematopoeitic differentiation (Mende et al., 2022). Generated
from 118,783 CD19°CD34* HSPCs isolated from BM, peripheral blood (PB) and spleen from 10 adult do-
nors. (Number of donors per organ: n=4 BM, n=3 spleen, n=8 PB). Generated by Hugo Bastos.

3.8.5 Downstream analysis of scCRNA-Seq datasets

degPatterns (Patano, 2017) was used to group genes based on expression pattern, inputting the count
matrix for 10010 genes representing the union of all differentially expressed genes over the CB scRNA-
Seq dataset in differentiation facilitating conditions. 8966 genes remained after filtering. A distance
matrix was generated from all pairwise comparisons between time-points and hierarchical clustering
was performed. 15 clusters were manually found to fit the dataset with patterns showing no redun-

dancy.

To assess gene expression variability within the CB scRNA-Seq dataset Bayesian Analysis of Single cell
Sequencing data (BASICS) was used on the filtered count matrix (Vallejos et al., 2015) and a correction
was performed to mitigate the mean-variance dependency (Eling et al., 2019). Differentially variable
genes were extracted for analysis. Systematic Identification of Bimodally Distributed genes (SIBER)
was also performed (Tong et al., 2013) on the filtered count matrix for the 10010 genes differentially
expressed between any pairwise time-point comparison. Within the SIBER package, log-normal distri-
butions were fitted to each gene at each time-point and the distance between two peaks of expression
and the expression level quantified. Genes which showed a zero count for for > 20% of all cells in each
time-point were considered as zero-inflated and values excluded. Genes with a bimodal index (BI) >
1.9 were considered bimodally distributed. SIBER was performed on both CB scRNA-Seq batches sep-

arately and an average taken.
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The Ratio of Global Unshifted Energy (ROGUE) package was employed (Liu et al., 2020a) to assess the
uniformity of expression within clusters of the CB scRNA-Seq dataset by an entropy based statistic.
The ROGUE value was calculated for each time-point using default parameters. Of note, there is no
ROGUE threshold value advised and this package was used to assess uniformity of a given cluster rel-

atively within the dataset.

3.8.6 Analysis of scRNA-Seq data against curated biological net-
works/pathways

Gene Set Enrichment Analysis (GSEA) (v4.2) was performed against the c2 curated pathway database
using a pre-ranked list by the stat value (value of the Wald test statistic) from the DESeq2 output
specifying 10000 permutations. Gene-Set Variation Analysis (GSVA) was also performed (Hanzelmann
et al., 2013) against c2 curated pathways in R using default parameters. GSVA calculates an enrich-
ment score per cell, providing information on the variability between pathway expression within a
given sample. Cluego (Bindea et al., 2009), a Cytoscape plug in was used for enrichment of gene lists
to KEGG/Reactome pathways and Gene Ontology terms with a significance threshold of p < 0.05 im-
posed. The Cytoscape plug in iRegulon (Janky et al., 2014) was used for analysis of transcription factor
regulatory networks from inputted gene lists. The 10k motif collection and the 1120 ChiIP-seq track

collection was selected for enrichment specifying the FDR < 0.05.

3.8.7 Analysis of scRNA-Seq data against custom signatures

All gene signatures were created using the top 100 differentially expressed genes contrasting previ-
ously reported populations. Signatures were created from CD34"°CLEC9A" (Subsetl) and
CD34"CLEC9A" (Subset 2) obtained from Belluschi et al. 2018, human dormant LT-HSC populations
from the Cabezas-Wallscheid group contrasting activated (cycling) human HSCs (Zhang et al. Nature
Cell Biology, in revision) and clusters from a multi-tissue landscape of haematopoeisis (Fig 3.4) (Mende
et al., 2022). Gene signatures were also used from a landscape of human BM differentiation (Velten
et al,, 2017). Gene signatures were also generated from Affymetrix microarray data in contralateral
(CSC), activated (ASC) and quiescent muscle satellite cell (QSC) populations in mouse (Rodgers et al.,
2014). First gene lists were converted from mouse to human using bioMaRt (Durinck et al., 2005) and
the top 100 differentially expressed genes contrasting each subset were identified. To calculate en-
richment of gene signatures GSEA was performed against a pre-ranked list by the stat value (Wald test
statistic) from the DESeqg2 output. Significant enrichment to signatures was considered specifying the

FDR < 0.05.
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For analysis of enrichment to custom signatures whilst mitigating the effects of cell cycle, a compiled
manually curated list of 613 genes from “Reactome: Cell_Cycle_Checkpoints” and “Reactome: Cell_cy-
cle_mitotic” gene-sets was removed from the count matrix where indicated. Pre-ranked GSEA was

then performed (ranked by stat value) specifying 10000 permutations.

3.9 Plotting and Statistical Analysis

Analysis of the HSC frequency from transplanted populations was performed by using Extreme Limit-
ing Dilution Analysis (ELDA) software (Hall, 2014) taking into account the number of engrafted mice
as a proportion of the total mice used and the cell dose transplanted. For analysis of a statistical dif-
ference in the HSC frequency within two groups, a Chi-Squared test was performed within the ELDA
software. Flow cytometry data was analysed using FlowJo software (v10). For analysis of colony data
derived from single sorted LT-HSCs, FlowJo v.10 gating statistics were exported and data further ana-
lysed in R Studio (v.1.2). Graphpad Prism (v9.3), python (v3.8.6) and R Studio (v1.2) were used for the
creation of all plots. Statistical analysis between multiple groups was performed in Graphpad Prism or
R Studio. Normality of data was deduced from the Shapiro-Wilks normality test. For statistical analysis
between two groups a parametric test (Students t-test) or a non-parametric test (Mann-Whintey U-
test) was performed. For analysis between multiple groups, an analysis of variance (ANOVA) test was
performed. For categorical analysis, a Fishers Exact test was performed. All statistical tests were per-

formed with a confidence interval of 95%.
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4. RESULTS

4.1 Chapter 1: Ex vivo gene therapy culture conditions signifi-
cantly rewire the transcriptome of LT-HSC, ST-HSC and CD34*

cells

4.1.1 An ex vivo gene therapy protocol modulates predominantly
shared changes across LT-HSC, ST-HSC and CD34* populations

The vast majority of CD34* cells (>99%) do not retain the potential for long-term blood reconstitution
and instead are important for short-term, steady-state blood formation and tissue repair (Notta et al.,
2011). It is also well recognised that progressive ex vivo culture almost always leads to a loss in HSC
repopulation capacity. As the longstanding goal of HSC gene therapy is a one-time, lifelong treatment
option, it is therefore critical to study the impact of this ex vivo modification protocol on underlying
HSC regulation and function. However, to our knowledge no scRNA-Seq study to date has focussed
analysis on a purified HSC subset cultured in gene therapy conditions. To this end, scRNA-Seq of CD34*
(CD197/CD34*), ST-HSC (CD197/CD34*/CD38/CD45RA/CD907/CD49f) and LT-HSC (CD19/CD34*/CD38
/CD45RA/CD90*/CD49f*) populations was performed on mPB from 4 independent healthy donors at
0 hr (immediately following single cell sorting) and after a 62 hr ex vivo gene therapy protocol. Cells
were cultured in ex vivo gene therapy media (Biffi et al., 2013) and exposed to two hits of lentiviral
transduction (Fig.4.1a). At the 62 hr time-point populations were harvested and live cells were sorted
for scRNA-Seq. Lentiviral vectors were generated at GSK using clinical constructs in which the thera-
peutic transgene was replaced with pGFP, allowing for convenient single cell sorting of GFP* trans-
duced populations. | then performed library preparation of the four donors using the Smart-Seq2 pro-

tocol (Picelli et al., 2014).

2069 mPB cells were sequenced and 68% of cells passed QC (508 CD34*, 394 ST-HSCs and 516 LT-
HSCs). UMAP visualisation shows two discrete cell clusters based on culture time-point, suggesting
that the impact of culture duration is more prominent than the phenotypic separation of populations
(Fig.4.1b). Next, differential gene expression was performed comparing 62 hr GFP* to 0 hr from each
population by DESeg2 and demonstrated changes in over 800 genes within each subset (Fig.4.1c).
Interestingly, many of these protocol-induced changes are shared between subsets with only 12%
(255 genes) uniquely changed within the LT-HSC compartment (Fig.4.1d). Only one anti-correlated
gene was observed going up in LT-HSCs and down in the other populations (BRPF1, FDR = 0.0369; data

not shown).
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Figure 4.1: The 62 hr ex vivo gene therapy protocol causes shared changes to the transcriptome of HSC subsets and

CD34" cells.
a. scRNA-Seq workflow from mobilized peripheral blood donors before and after a gene therapy protocol con-
sisting of 62 hr culture and transduction with a pGFP lentiviral vector. Live cells (Zombie’) were sorted at the
62 hr time-point. 2069 cells were sequenced and 67% of cells passed quality control.
b. UMARP visualization of 508 CD34*, 394 ST-HSC and 516 LT-HSCs at 0 hr and at 62 hr time-points. UMAP con-

structed using 1599 HVG.
c. Differentially expressed genes after transduction and culture in populations (62 hr GFP+ vs Ohr; FDR<0.05)

using DESeq analysis.
d. Venn Diagram of common differentially expressed genes (62 hr GFP* vs Ohr) across populations.
e. Heatmap of top differentially expressed c2 pathways by GSVA (62 hr GFP* vs Ohr) in indicated subsets. Me-

dian GSVA score across population indicated.

Gene Set Variation Analysis (GSVA) (Hdnzelmann et al., 2013) was then performed to better under-
stand the biological pathways associated with differentially expressed genes following culture. GSVA
calculates an enrichment score per pathway per cell. This allows for improved interrogation of path-

way variation within single cells of a given time-point when compared to GSEA. Mirroring the results
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at the gene level, over 95% of significantly enriched GSVA pathways (FDR<0.01) were common to all
populations. The most significant commonly upregulated pathways include “Reactome: G,M check-
points”, “Reactome: Mitochondrial translation” and “KEGG: Oxidative phosphorylation” indicating
that cells are upregulating metabolic biosynthesis programs and entering mitosis (Fig.4.1e). Gene-sets
commonly downregulated after the clinical protocol include “Nagashima: EGF signalling”, which reg-
ulates HSC regeneration following myelosuppressive injury (Doan et al., 2013) and the “Eppert: HSC”
signature generated from upregulated genes in CB HSCs compared to downstream progenitors
(Eppert et al., 2011). This is accompanied by downregulation of the KEGG database gene-sets “Allo-
graft rejection” and “Graft versus host disease” which, upon further inspection is driven by downreg-
ulation of MHC Class | and Class Il genes/cofactors. Slight but significant shifts in the median GSVA
score are observed between CD34*, ST-HSC and LT-HSC populations respectively within time-points
(Fig.4.1e). Compared to other cell types, LT-HSCs maintain higher expression of the “Eppert: HSC”
gene-set and lower expression of “Schuhmacher: Myc targets”, “KEGG: Oxidative phosphorylation”

and “KEGG: Allograft rejection” at both time-points.

In summary, these data demonstrate that significant transcriptional change is acquired within the LT-
HSC compartment during an ex vivo gene therapy protocol aimed to preserve long-term repopulation
capacity. LT-HSCs change very similar biological pathways when compared to ST-HSCs and CD34* cells
over this protocol, although the degree to which these pathways are changed varies between subsets.
This broadly suggests that the overwhelming change from the extrinsic environment of ex vivo culture

causes the induction of common biological processes.

4.1.2 LT-HSCs show a reduced amplitude of gene expression change
over culture and a distinct regulatory network

| next sought to analyse differences in the regulatory framework and the amplitude of gene expression
change in CD34*, ST-HSC and LT-HSC populations ex vivo. LT-HSCs show a reduced fold change in both
upregulated and downregulated genes compared to ST-HSCs and CD34" cells following the ex vivo
gene therapy protocol (62 hr GFP* vs 0 hr NT) (Fig.4.2a). Whilst no interesting biological pathways
could be observed from extraction of genes uniquely changed in each of the subsets (Fig.4.1d), iRegu-
lon transcription factor target analysis demonstrates that subsets regulate different transcriptional

networks over culture (Fig.4.2b).
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Figure 4.2: LT-HSCs show a reduced amplitude of gene expression change and a unique transcription
factor regulatory network over culture.

a. log; fold change of gene expression in populations exposed to gene therapy culture conditions and
lentiviral transduction (62 hr GFP+ vs 0 hr NT). Line at mean and S.D. shown. Unpaired t-test performed
and significant values indicated (p<0.05).

b. iRegulon analysis of enriched transcription factor motifs from genes uniquely changed in respective
subsets over culture. Only enriched transcription factor networks which are unique to each subset are-
shown (FDR<0.01). Direction of change over culture indicated by colour of datapoints. Normalised En-
richment Score (NES) calculated by iRegulon. Size of datapoints indicate the number of enriched genes
involved in the transcription factor regulatory network.
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255 genes uniquely changed in LT-HSCs over the gene therapy protocol (126 downregulated and 99
upregulated; FDR<0.05) showed enrichment to 10 transcription factor motifs which were not ob-
served in other subsets (Fig.4.2b). The master regulators of stem cell function, JUN (Li et al., 2019) and
KLF4 (Guo et al., 2009) transcription factor networks are exclusively downregulated in LT-HSCs follow-
ing culture and transduction. The NRF1 network, which acts as a checkpoint regulator of the mito-
chondrial UPR upon metabolic activation (Mohrin et al., 2015) is also exclusively upregulated in LT-
HSCs, suggesting unique mechanisms of mitochondrial activation upon quiescence exit. ST-HSCs show
unique upregulation of the caudal homeobox transcription factor network CDX2 which has a critical
role in developmental haematopoiesis (El Omar et al., 2021). CD34" cells show unique upregulation of
POL3RA and E2F4 networks which are involved in transcription regulation and cell cycle progression
respectively. These data imply that LT-HSCs have a differential regulatory network in cell cycle and

metabolic processes over culture when compared to other HSPC subsets.

4.1.3 LT-HSCs show differential regulation of antigen presentation
and processing markers after culture

To further disentangle differences in LT-HSC behaviour after the ex vivo gene therapy protocol, LT-
HSCs were compared to ST-HSCs and CD34" cells at 0 hr and at 62 hr (GFP* populations) respectively.
Despite clear functional differences as previously reported in CB (Laurenti et al., 2013; Notta et al.,
2011), uncultured mPB LT-HSCs are strikingly transcriptionally similar to ST-HSCs and CD34" cells
(Fig.4.3a). At 62 hr, LT-HSCs become transcriptionally more distinct from ST-HSCs and CD34* cells
(Fig.4.3b). Cluego biological pathway analysis (Bindea et al., 2009) was then performed on genes up-
regulated in LT-HSCs with respect to both ST-HSCs and CD34" cells and this was performed at both
time-points. Analysis showed significant enrichment at 0 hr to “Reactome: MHC class Il antigen
presentation” (padj<0.01) (including enriched CD74 and HLA-DRA) and analysis at 62 hr showed en-
richment to “Reactome: MHC Class | antigen presentation” (including the Beta-2 microglobulin com-

ponent of MHC Class | molecules B2M, in addition to HLA-A, HLA-E and HLA-G) (Fig.4.3c).
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Figure 4.3: LT-HSCs maintain higher expression of antigen processing and presentation markers over culture
whilst changing expression of phenotypic LT-HSC cell surface markers.
a. -b. Number of differentially expressed genes (FDR < 0.05) within O hr (a) 62 hr (b) subsets.
c. Cluego pathway analysis of significantly enriched Reactome pathways (padj < 0.01) at indicated time-
points. Cluego pathway analysis performed separately at both time-points.
d. log,fold change (logfc) of cell surface marker median fluorescence intensity (MFI) after culture (62 hr

GFP*/ Ohr)

in LT-HSCs and ST-HSCs.

e. Normalised expression of CD74 (upper) and HLA-DRA (lower) in subsets before (0 hr) and after the 62
hr gene therapy protocol (62 hr GFP* populations shown).

f.  HLA-DR/DP/DQ cell surface expression in subsets before (0 hr) and after the 62 hr gene therapy pro-
tocol (62 hr GFP* populations shown; representative example of n=3 biological repeats).

65




To assess how phenotypic markers used to isolate HSC populations change following culture, | ana-
lysed index data acquired from four mPB scRNA-Seq experiments upon cell sorting at both time-points
(0 hr and 62 hr GFP*). Cell surface expression of phenotypic markers used to isolate HSCs are altered
during this protocol (Fig.4.3d), and the field is lacking reliable LT-HSC cell surface markers after culture.
| therefore hypothesized that candidate cell surface markers may be found from MHC regulators which
show higher expression in LT-HSCs compared to ST-HSCs and CD34" cells at 62 hr. 8 genes were deter-
mined to be significantly higher in LT-HSCs compared to ST-HSCs and CD34" cells at both 0 hr and 62
hr. Further inspection showed seven out of eight genes were involved in MHC Class Il antigen pro-
cessing and presentation, including the alpha chain of HLA-DR (HLA-DRA) and the MHC class Il regula-
tor CD74 (Fig.4.3e). These data demonstrate that LT-HSCs show differential expression of genes in-

volved in antigen presentation and processing which they modify throughout culture.

| next sought to investigate whether these genes are expressed at the cell surface level through anti-
body staining of: CD74, HLA-DRA and a broad MHC Class Il antibody (encompassing HLA-DR/DP/DQ).
CD74 cell surface expression in cultured LT-HSCs proved unreliable over repeat experiments (data not
shown), perhaps attributed to the multifaceted role of this protein as both an intracellular MHC Class
Il chaperone protein and a cell surface receptor (reviewed in Schroder, 2016). Despite this shortcom-
ing, a proportion of 62 hr GFP* LT-HSCs exhibited a higher median fluorescence intensity (MFI) in HLA-
DR/DP/DQ cell surface expression (Fig.4.3f) with respect to ST-HSCs and CD34" cells (representative
example shown; n=3 biological repeat experiments). Although these results proved interesting it was
not deemed feasible to perform long-term transplants of the MHC Il hi/lo fractions for several reasons.
Firstly, the HLA locus is the most polymorphic region of the human genome with variations across
ethnicities (Lim et al., 2019), therefore variability in MHC Class Il expression is expected within and
across populations. Secondly, MHC Class Il expression variability has been shown to impact suscepti-
bility to many immune disorders (Kim et al., 2017; Wang et al., 2009). Therefore, HLA protein expres-
sion may not represent a reliable cell surface in the context of clinical research. Finally, the HLA-
DR/DP/DQ antibody encompasses all MHC Class Il expression which may produce a heterogenous re-
sponse given the diversity of potential HLA-DR/DP/DQ protein combinations. In addition, isolation of
the required cell dose from cultured mPB LT-HSC MHC Il hi/lo fractions to produce long-term stable
grafts in vivo would involve initial cell sorting (0 hr) of a very high number of LT-HSCs. Taken together,
this approach would significantly deplete sample availability with the added complexity of a poten-

tially heterogenous response.

66



4.1.4 Transduction alone exerts a minimal effect on the transcriptome
of CD34+*, ST-HSC and LT-HSC populations.

Results generated show that the ex vivo manipulation protocol has a considerable effect on the HSC
transcriptome. To discern the effect of transduction alone, GFP* populations were compared to non-
transduced (NT) populations at the 62 hr time-point. The GFP" population was not compared after it
was found that a significant proportion of GFP™ cells at 62 hr later upregulate GFP to become GFP* in
the context of single cell differentiation assays (data not shown). This is perhaps attributed to the
second hit of transduction occurring 14 hr prior to cell harvest. Lentiviral vectors of > 4.44E+08 TU/m|
were used for transduction with a trend for higher transduction efficiency observed in LT-HSCs when
compared to CD34" cells (Fig.4.4a). Transduction alone caused a minimal effect on the transcriptome
and cells do not cluster based on GFP status at the 62 hr time-point (Fig.4.4b). The CD34* compartment
showed the highest number of differentially expressed genes acquired from lentiviral transduction
(Fig.4.4c). To note, this number is ~20 fold reduced when compared to the number of differentially
expressed genes acquired from the combined effect of culture and transduction. The only significantly
enriched biological pathway determined from differentially expressed genes (62 hr GFP* vs 62 hr NT)
is the GO term “Intracellular transport of virus” (padj = 0.001) observed in CD34* GFP* cells (Fig.4.4d).

Enriched genes include Exportin XPO1, and the viral sensor BST2.

One gene that is commonly upregulated in all GFP* populations relative to NT is SI00A7A which en-
codes the anti-microbial peptide koebnerisin. SI00A7A shows successively higher expression levels in
NT, GFP- and GFP* subsets respectively across all populations (Fig.4.4e). Koebnerisin was originally
identified from psoriatic skin (Wolf et al., 2003) and is overexpressed in a variety of bacterial and viral
infections (Glaser et al., 2009; Jansen et al., 2013; Wolf et al., 2008). Reliably increased expression in
all subsets may suggest the potential to use of SI00A7A as a biomarker of transduction, although lack
of cell surface expression does not allow for convenient flow cytometry isolation of populations. Over-
all, these data broadly suggest that lentiviral transduction causes a minor increase in cell stress and
inflammatory related genes across all subsets with no significant disruption to homeostatic function.
Importantly, it should be considered that changes acquired as a result of the lentiviral vector in this
study are reduced from that expected if a therapeutic transgene were incorporated, where corrected
target gene expression would modulate downstream signalling pathways and have pleiotropic effects

on mature blood cell production (Aiuti et al., 2013; Biffi et al., 2013; Mamcarz et al., 2019).
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Figure 4.4: Transduction alone has a minimal effect on the transcriptome.

a. Lentiviral transduction efficiency of populations at the 62 hr time-point (GFP* % of Viable cells). Paired
t-test performed (no significant values generated; CD34* cells vs LT-HSCs p = 0.053).

b. UMAP visualization of 62 hr NT, GFP- and GFP* and cells generated based on 820 cells. UMAP con-
structed using 1599 HVG.

c. Number of differentially expressed genes (FDR < 0.05) acquired from lentiviral transduction (62 hr
GFP* vs 62 hr NT).

d. Venn Diagram illustrating shared differentially expressed genes between subsets (62 hr GFP* vs 62 hr
NT).

e. Barplot of logz normalised expression of SI00A7A in 62 hr CD34*, ST-HSC and LT-HSCs. Line at median.
Upper and lower whiskers indicate the 25" and 75" percentile of expression. (FDR < 0.01 for all 62 hr
GFP* vs 62 hr GFP™ populations).
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4.1.5 Cultured LT-HSCs remaining in the G; phase of the cell cycle
show enrichment of HSC signatures in contrast to cycling S-G,M cells

One of the most striking transcriptional changes observed across all subsets is the upregulation of cell
cycle progression pathways. In fact, the top differentially expressed GSVA pathway between 62 hr
GFP* cells relative to O hr cells across all populations is “KALMA_E2F1 targets” (Fig.4.1e). It is well
appreciated that progressive HSC culture leads to a loss of long-term HSC repopulation capacity, how-
ever a subset of LT-HSCs remain after the ex vivo gene therapy protocol, as evidenced by successful
long-term haematopoietic reconstitution in gene therapy treated patients (reviewed in Sagoo and
Gaspar, 202 1). Given these findings, | next wanted to establish whether 62 hr LT-HSCs in different
stages of the cell cycle display transcriptional differences which may indicate that cell cycle status
drives functional heterogeneity within the cultured LT-HSC population. Transcriptome-based cell cycle
allocation was thus determined for all cells in the dataset using a panel of 97 marker genes (Tirosh et
al., 2016) within the Satija group package (Methods 3.8.2). As expected, CD34*, ST-HSC and LT-HSC

populations are assigned to later phases of the cell cycle at 62 hr (Fig.4.5a+b).

Recently, the Cabezas-Wallscheid group (Frieburg, Germany) identified a cell surface marker that en-
riches for dormant human LT-HSCs and | helped contribute to this work by performing single cell dif-
ferentiation assays using this population (Zhang et al., Nature Cell Biology, in revision). The team kindly
shared an RNA-Seq signature generated from this population with our group. | was next interested in
determining how the ex vivo culture process impacts this signature because dormant in vivo HSCs have
been conclusively shown to retain the majority of the self-renewal capacity within the HSC pool
(Bernitz et al., 2016; Foudi et al., 2009; Wilson et al., 2008). We have determined that cells are allo-
cated to later phases of the cell cycle following 62 hr culture (Fig.4.5a+b) and therefore, this may lead
to lower enrichment of 62 hr mPB cells to the dormant HSC signature driven solely by cell cycle related
genes. To circumvent this issue, two comprehensive cell cycle gene-sets (“Reactome: Cell Cy-
cle_Checkpoints” combined with “Reactome: Mitotic_Cell_Cycle”; 613 non overlapping genes total)
were removed from the dormant HSC signature and from the mPB scRNA-Seq dataset. In absence of
cell cycle related genes, LT-HSCs show a drastic decrease in expression of this signature (Fig.4.5c) after
the 62 hr protocol. This indicates that following culture LT-HSCs are becoming transcriptionally more

distinct to a population of highly enriched LT-HSCs and that this is not due to cell cycle related changes.
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Figure 4.5: 62 hr mPB LT-HSCs in the G; phase of the cell cycle enrich to HSC signatures in contrast to
cycling (S-G2M phase) 62 hr LT-HSCs

a.

UMAP visualization of 508 CD34*, 394 ST-HSC and 516 LT-HSCs at 0 hr and following a 62 hr ex vivo
lentiviral gene therapy protocol. UMAP constructed using 1599 HVG. Cells coloured by transcrip-
tional cell cycle phase assignment.

Barplot quantification of cell cycle scores in (a)

GSVA score of human HSC dormancy signature (generated from Cabezas-Wallscheid group) for
mPB LT-HSC, ST-HSC and CD34* populations at 0 hr and 62 hr. Manually curated cell cycle gene-
set (613 genes) removed from mPB scRNA-Seq dataset and from HSC dormancy signature. Line at
median. Upper and lower whiskers indicate the 25" and 75" percentile of expression.

GSEA enrichment of G; and S-G;M phase 62 hr mPB LT-HSCs (only values FDR<0.05 shown) to
multi-tissue landscape of differentiation (Mende et al., 2022). Manually curated cell cycle gene-
set (613 genes) removed from mPB scRNA-Seq dataset and differentiation signatures.

GSEA enrichment of G; and S-G;M phase 62 hr LT-HSCs (only values FDR<0.05 shown) to landscape
of BM differentiation using signatures for HSCs and progenitor populations. Velten et al., 2017;
supplementary table 4). Manually curated cell cycle gene-set (613 genes) removed from mPB
scRNA-Seq dataset and differentiation signatures.
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Next, | sought to determine whether LT-HSCs in the G; phase of cell cycle at 62 hr showed transcrip-
tional differences in signatures of HSC differentiation when compared to 62 hr LT-HSCs in S-G;M
phases. Signatures were first generated from a multi-tissue landscape of haematopoietic differentia-
tion produced by our lab (methods 3.8.4; Fig.3.4) combining BM, spleen and non-mobilised PB (10
adult donors, 118783 CD19°CD34" single cells) (Mende et al., 2022) and enrichment was performed
using GSEA. It is known that progenitors cycle more frequently than HSCs, therefore to mitigate po-
tential enrichment being driven by cell cycle genes, the manually curated cell cycle gene-set (613
genes) was removed from both the mPB scRNA-Seq dataset and signatures generated from Mende et

al., 2022.

G; phase mPB LT-HSCs showed significant enrichment (FDR<0.05) to HSC/MPP clusters in addition to
erythroid-primed multipotent progenitors and megakaryocytic-erythroid progenitors (MEP-MPP and
MEP) and my-biased multipotent progenitors (MY-MPP) (Fig.4.5d). Cycling (S-G,M phase) mPB LT-
HSCs showed enrichment to myeloid progenitors (MYP) and cycling erythroid progenitors amongst
others (Fig.4.5d). Results were confirmed by repeating this methodology using a single cell landscape
of BM differentiation (Velten et al., 2017). Similarly, cell cycle related genes (613 genes) were removed
from Velten et al. signatures and the mPB scRNA-Seq dataset. GSEA was then performed to compare
62 hr LT-HSCs in the G; and S-G,-M phases of the cell cycle. G1 LT-HSCs again showed enrichment to
BM HSC signatures whereas S-G,M cells showed enrichment to downstream signatures for monocyte
and neutrophil progenitors (FDR<0.05) (Fig.4.5e). These results collectively suggest that cultured G;
phase LT-HSCs exhibit a transcriptional profile more similar to primitive cells with a higher stem cell

capacity. In contrast, cycling cells acquire myeloid progenitor transcriptomic traits.
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4.1.6 Chapter 1 Summary:

Overall, data obtained in this chapter shows that a clinically approved gene therapy protocol which
aims to maintain HSC function ex vivo causes marked transcriptional change in mPB CD34*, ST-HSC
and LT-HSC populations. Transcriptional changes acquired are predominantly attributed to the culture
process rather than lentiviral transduction. Culture induced transcriptional changes are largely con-
served between LT-HSCs, ST-HSCs and CD34" cells. However, the amplitude of gene expression change
in LT-HSCs is attenuated compared to other populations and transcriptional change occurs via a dis-

tinct transcription factor regulatory framework.

After culture, LT-HSCs show downregulation of a transcriptional signature generated from an enriched
population of human dormant LT-HSCs (Zhang et al., Nature cell biology, in revision) and culture results
in allocation to later phases of the cell cycle. Finally, LT-HSCs remaining in the G; phase of the cell cycle
at 62 hr show enrichment of HSC signatures as opposed to cycling S-GoM phase cells which instead

enrich to downstream progenitor signatures.

Taken together, the loss of LT-HSC transcriptional identity over culture may be linked to culture dura-
tion and progression through the cell cycle. It is apparent from this dataset that LT-HSCs show unique
regulatory mechanisms in culture and LT-HSCs should be studied in further detail to better understand
loss of long-term repopulation capacity ex vivo. Also, given the degree of transcriptional change ac-
quired and the importance of cell cycle status in clustering, it would be useful to dissect changes in a
time-course nature based on time-points relevant to cell cycle progression stages. Therefore, in sub-
sequent chapters | will focus on understanding the impact of culture in a more precise, temporal man-

ner at single cell resolution.
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4.2 Chapter 2: Defining the transcriptional and functional dy-
namics of single HSC activation over an entire cell cycle

4.2.1 Quiescence exit occurs at approximately 24 hr in CB and mPB
LT-HSC culture independently of culture conditions

Results obtained thus far demonstrate that there may be value in dissecting HSC activation during
culture at time-points meaningful to cell cycle progression. The cell cycle kinetics of mPB LT-HSCs and
CB LT-HSCs were first characterised in contrasting media compositions. mPB LT-HSCs were cultured in
ex vivo gene therapy media (no lentiviral transduction performed) aimed to maintain HSC repopula-
tion capacity (Biffi et al., 2013), whereas CB LT-HSCs were cultured in differentiation facilitating con-
ditions aimed to promote cell cycle progression (Laurenti et al., 2015). mPB LT-HSCs show a gradual
increase in the proportion of cells having completed quiescence exit over the 6-62 hr culture window,
by which time 89% of cells have hyperphosphorylated Rb (Fig.4.6a) marking commitment to cell divi-
sion. Concurrently, the proportion of cycling cells (S-G,M phases) as determined by DAPI/pRb staining
is significantly increased within the 24-62 hr window (Fig.4.6b) (p=0.0357). This is supported by an

average time to first division in single sorted mPB LT-HSCs of 67.09 hr (Fig.4.6c+h).

CB LT-HSCs cultured in differentiation facilitating conditions also show an accumulation of hyperphos-
phorylated Rb over the 6-48 hr window (p=0.0276) (Fig.4.6d). At 48 hr of culture, 97% of LT-HSCs have
passed the restriction point and 38% of these cells are actively cycling (5-G,M phase) (Fig.4.6e). The
average time to first division of single sorted CB LT-HSCs in these conditions is 60.96 hr (Fig.4.6f+h).
Of interest, at matched time-points of 0, 6 and 24 hr of culture the proportion of mPB and CB LT-HSCs
having hyperphosphorylated Rb is very similar (Fig.6a+d) and interpolation of this data (Sigmoidal re-
gression analysis R2>0.97) indicates that both mPB and CB LT-HSCs exit quiescence at approximately
24 hr (Fig.4.6g). However, CB LT-HSCs show a trend for a lower time to first division (p=0.0589)
(Fig.4.6¢c+h). These data may suggest that the difference in division kinetics is attributed to a faster
cycling time through the late G1-M cell cycle phases. From these experiments we cannot conclude
whether the trend for a longer time to first division in mPB LT-HSCs compared to CB LT-HSCs is at-

tributed to the difference in media composition, stem cell source or a combination of these factors.
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Figure 4.6: Kinetics of mPB and CB LT-HSC quiescence exit and cell cycle progression.

a.

pRb in bulk mPB LT-HSC populations cultured in gene therapy conditions (Mann Whitney U-test per-
formed and significant values indicated), n=3 or n=4 independent mPB samples.

Cell cycle status as determined by pRb/DAPI staining in bulk mPB LT-HSCs.

Cumulative time to first division kinetics of single sorted mPB LT-HSCs (n=3 independent mPB samples).
Curve shows sigmoidal regression analysis (R?>0.99).

pRb staining in CB LT-HSCs cultured in differentiation facilitating conditions (Mann Whitney U-test per-
formed and significant values indicated).

Cell cycle status as determined by pRb/DAPI staining in bulk CB LT-HSCs.

Cumulative time to first division kinetics of single sorted CB LT-HSCs (n=4 independent CB samples).
Curve shows sigmoidal regression analysis (R?>0.99).

LoglCso of quiescence exit time interpolated from Sigmoidal regression analysis in mPB (a) and CB
(d).(mPB R%=0.977; CB R? =0.995). Upper and lower confidence limits indicated (95%).

Mean time to first division of CB and mPB LT-HSCs (CB = 60.96 hr; mPB = 67.09 hr) Unpaired t-test
performed (p=0.0587).
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CB LT-HSCs have a delayed time to first division in culture with respect to ST-HSCs which is attributed
to a longer duration of quiescence exit (Laurenti et al., 2015). mPB donor samples have been treated
with the mobilisation agent G-CSF which has been shown to induce proliferation in the HSC compart-
ment (Morrison et al., 1997; Wright et al., 2001), although recent data in mouse suggests that G-CSF
mobilizes dormant LT-HSCs without proliferation (Bernitz et al., 2017). | was therefore interested in

determining whether G-CSF alters the delayed kinetics of LT-HSCs with respect to ST-HSCs in culture.
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Figure 4.7: Delayed kinetics of LT-HSCs compared to ST-HSCs are comparable in CB and mPB irrespective of
media.
a. pRb staining of matched mPB LT-HSC and ST-HSC bulk populations (n=3 matched donor samples). Mann
Whitney U-test performed on ST-HSCs and significant values indicated.
b. Cell cycle status of mPB LT-HSC and ST-HSC bulk populations as determined by pRb/DAPI staining (n=3
matched donor samples).
c. Cumulative time to first division kinetics of single sorted mPB LT-HSCs and ST-HSCs (n=2 matched donor
samples). Curve shows representative example. Sigmoidal regression analysis (R2>0.99).
d. Mean time to first division in single sorted mPB LT-HSCs and ST-HSCs (n=2 matched donor samples; n=1
unmatched LT-HSC repeat).
e. pRb staining of CB LT-HSC and ST-HSC bulk populations (n=3 matched donor samples). Mann Whitney
U-test performed on ST-HSCs at time-point comparisons, no significant values determined.
f.  Cell cycle status of CB LT-HSC and ST-HSC bulk populations as determined by pRb/DAPI staining (n=3
matched donor samples).
Cumulative time to first division kinetics of single sorted CB LT-HSC and ST-HSCs. Curve shows repre-
sentative example. Sigmoidal regression analysis (R?>0.99).
h. Mean time to first division in single sorted CB LT-HSCs and ST-HSCs (n=4 matched donor samples). Paired
t-test performed and significant values indicated.
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Of note, experiments involving LT-HSCs were performed at the same time as those in Fig.4.6. mPB ST-
HSCs showed similar levels of hyperphosphorylated Rb and a higher proportion of cells in later phases
of the cell cycle compared to LT-HSCs at matched time-points (Fig.4.7a+b). mPB ST-HSCs showed a
reduced time to first division of approximately 9 hr (n=2 matched biological repeats) compared to LT-
HSCs (Fig.4.7c+d). The increased proportion of ST-HSCs in later phases of the cell cycle compared to
LT-HSCs was also observed in CB (Fig.4.7e+f) with a similar reduction in time to first division of 10 hr
(n=4 matched repeat experiments) (Fig.4.7g+h). These data demonstrate that G-CSF treatment is not
able to accelerate the difference in quiescence exit time between the LT-HSC and ST-HSC compart-
ments over ex vivo culture, perhaps suggesting that this difference is intrinsic or that LT-HSCs are in-

deed more “resistant” to G-CSF induced cell cycling.

Collectively, these results delineate the quiescence exit and cell division kinetics of mPB and CB HSC
subsets cultured in contrasting conditions. LT-HSC quiescence exit in CB and mPB cultured across both
conditions occurs at approximately 24 hr of culture. Cell division occurs at approximately 61 hr for CB
LT-HSCs cultured in differentiation facilitating conditions and 67 hr for mPB LT-HSCs cultured in gene
therapy media. Finally, ST-HSCs show a similar reduction in time to first division compared to LT-HSCs

in both CB and mPB HSC sources.

4.2.2 A sharp decline in CB LT-HSC long-term repopulation capacity
between 6 and 24 hr of culture

Understanding the kinetics of self-renewal loss in culture is important to drive improvements to HSC
ex vivo protocols for therapeutic use. Few studies have transplanted CD34" enriched populations after
successive time-points in culture (Ferrari et al., 2020; Gan et al., 1997; Kennedy et al., 2009; Zonari et
al., 2017) however, to our knowledge no study to date has investigated this question using a purified

population of LT-HSCs, particularly at early time-points < 24 hr of culture.

To this end, we set out to better refine the kinetics of long-term repopulation capacity loss over clini-
cally relevant culture. First, we performed limited dilution analysis (LDA) transplantation experiments
using CB LT-HSCs cultured in differentiation facilitating conditions for 0, 6, 24 and 72 hr (Fig.4.8a).
These time-points were chosen to represent distinct cell cycle phases over these culture conditions
(Fig.4.6). At indicated time-points, three doses of CB LT-HSCs were transplanted by intrafemoral injec-
tion into NSG animals. Of note, the cell dose is representative of the 0 hr time-point (cells were not

re-counted before injection) (Table 4.1; Fig.4.8a).
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Number of tested Number of engrafted
Hours of culture Cell Dose mice mice
Ohr 100 4 4
Ohr 25 6 6
Ohr 5 10 4
6hr 100 4 4
6hr 25 3 2
6hr 5 4 3
24hr 300 12 12
24hr 50 12 4
24hr 10 8 0
72hr 700 14 13
72hr 300 12 9
72hr 50 13 4

Table 4.1: Human CB LT-HSC cell dose and mouse information for primary in vivo transplantation studies in
differentiation facilitating media. Human CB LT-HSC cell dose (representative of O hr at the time of sort), the
number of mice tested and the number of mice showing human engraftment 18 weeks post transplantation
are indicated. Mice were considered engrafted if human cells (hCD45*" &GlyA*) > 0.01% of Singlets and > 30
cells present in any lineage determination gate. Ohr: 20 mice, n=2 experiments; 6hr: 11 mice, n=2 experi-
ments; 24 hr 32 mice n=3 experiments; 72 hr 39 mice, n=5 experiments).

Human engraftment was read out by flow-cytometry at 18 weeks post transplantation. Mice were

considered engrafted if human cells (hCD45™ & GlyA*) > 0.01% of Singlets and if > 30 cells were pre-

sent in any lineage determination gate. Limiting dilution analysis showed that long-term repopulation

capacity is unchanged (p=0.652) for the first 6 hr of culture such that the HSC frequency is determined

as=1in8.1at0hrand=1in10.57 at 6 hr of culture. Strikingly, between 6 to 24 hr in culture the HSC

frequency of the transplanted population drops drastically by 10 fold (=1 in 98.3 at 24 hr; Fig4.8b),

corresponding to the time cells have completed quiescence exit. An additional decrease in HSC fre-

qguency is observed between 24 - 72 hr (= 1 in 217 at 72 hr), when cells are progressing through the

cell cycle and entering mitosis, although to a much lower degree (2 fold reduction in %LTRC from 24 —

72 hr) than at earlier time-points.
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Figure 4.8: HSC frequency is maintained for the first 6 hr of culture and is significantly reduced by 72 hr.

a.

Workflow of in vivo transplantation. CB LT-HSCs were cultured in differentiation facilitating condi-
tions and transplanted at indicated doses and time-points by intrafemoral (IF) injection. mPB
CD34*/CD38 cells were cultured in ex vivo gene therapy conditions (including exposure to a lentivi-
ral vector containing GFP) and transplanted at indicated doses and time-points by intravenous (1V)
injection. Mice were harvested at 18 weeks post transplantation. Created with Biorender.

Extreme limiting dilution analysis (ELDA) of the HSC frequency / % long-term repopulating cell
(%LTRC) within the transplanted CB LT-HSC population. Chi-squared test performed and significance
indicated.

ELDA analysis of HSC frequency within the transplanted mPB CD34*/CD38 population. Chi-squared
test performed and significance indicated.

GFP* proportion of human CD45* cells from mice engrafted with mPB cultured for 62 hr in gene
therapy conditions. Number of engrafted mice with GFP* grafts (determined by > 30 cells in GFP*
gate) as a proportion of total engrafted mice indicated above graph.

Fold change of HSC frequency (determined by ELDA analysis) from time-point comparisons for CB
and mPB transplantations.
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| next sought to measure the kinetics of long-term repopulating HSC loss in the gene therapy protocol
conditions. mPB CD34*/CD38 cells were cultured in these conditions for 0, 6 and 62 hr, this final time-
point marking completion of an ex vivo gene therapy protocol provided by GSK at the beginning of my
PhD studies. At specified time-points cells were transplanted by intravenous (IV) injection in three
doses (Table 4.2). To note, CD34*/CD38 cells were used instead of LT-HSCs to better represent clinical
protocols of ex vivo gene therapy which use the CD34" fraction (Aiuti et al., 2013; Biffi et al., 2013;
Hacein-Bey-Abina et al., 2002), reading out LT-HSC function at 18 weeks post transplantation. The
CD34* fraction itself could not be chosen due to the high dose of cells required per mouse to achieve

long-term engraftment (LT-HSCs are <1% of CD34*) (Notta et al., 2011).

Number of tested Number of engrafted
Hours of culture Cell Dose mice mice
Ohr 5000 5 4
Ohr 1250 9 6
Ohr 50 6 1
6hr 50 6 0
6hr 1250 3 1
6hr 5000 2 2
62hr 55000 12 9
62hr 25000 13 12
62hr 8000 4 4

Table 4.2: Human mPB CD34*/CD38" cell dose and mouse information for primary in vivo transplantation
studies in gene therapy protocol conditions. Human mPB CD34*/CD38" cell dose (representative of 0 hr at
the time of sort), the number of mice tested and the number of mice showing human engraftment 18 weeks
post transplantation are indicated. Mice were considered engrafted if human cells (hCD45** & GlyA*) > 0.01%
of Singlets and > 30 cells present in any lineage determination gate. 0 hr: 20 mice, n=2 experiments; 6 hr: 11
mice n=1 experiment; 62 hr: 29 mice n=3 experiments.

Integrating the data from the LDAs at each time-point suggested that mPB cultured in gene therapy
conditions follows similar kinetics of repopulation capacity loss to the studies in CB. Long-term repop-
ulation capacity is maintained for the first 6 hr (Fig.4.8c; 0 hr vs 6 hr p=0.672) with a HSC frequency of
= 1in 1601 at 0 hr and =1 in 2208 at 6hr. Subsequently the HSC frequency declines by approximately
10-fold over 62 hr in culture (= 1 in 18466 at 62 hr) as cells are undergoing cell cycle progression. Of
note, LDA experiments in mPB were performed at 24 hr but there were unanticipated health issues
with this cohort and the number of mice remaining did not yield statistical power to perform an LDA.
Mice with GFP* grafts (> 30 GFP"* cells) after exposure to the full 62 hr ex vivo gene therapy protocol

and transplantation accounted for the majority of engrafted mice (23/25 mice; Fig.4.8d) and GFP
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grafts were only observed in mice with <1% human engraftment (data not shown). This demonstrates
that long-term repopulating HSCs were targeted by the transduction protocol and that as a whole,

expression of the vector was not silenced over the 18-week experiment.

Due to the difference in population transplanted between studies performed with CB and mPB, the
loss of long-term repopulation capacity over culture was not directly compared between the two
sources. Instead, the fold change relative to uncultured mPB/CB was calculated. The early dynamics
of long-term repopulation capacity in culture over 6 hr are similar between mPB and CB despite dif-
ferences in the medium and stem cell source (Fig.4.8e). The results obtained suggest that mPB cul-
tured in gene therapy conditions show a reduced loss in long-term repopulation capacity compared
to CB cultured in differentiation facilitating conditions, although it should be considered that the final
time-point in these studies differs by 10 hr (Fig.4.8e). Importantly, the cell dose chosen in 62 hr mPB
transplantation experiments is significantly higher when compared to other time-points because it
was expected that %LTRC would significantly decline between 24 — 62 hr. However, results demon-
strate that there is a high proportion of engrafted mice at the 62 hr time-point using current cell doses
(only 4/29 mice are not engrafted). Caution should therefore be taken when drawing conclusions of
the % LTRC at 62 hr using currently obtained results. Due to the high proportion of engrafted mice at

62 hr, this experiment should be repeated using the same cell doses as the 0, 6 and 24 hr time-points.

4.2.3 Ex vivo culture causes extensive transcriptional rewiring of uncul-
tured LT-HSCs within the first 6 hr

We next sought to investigate transcriptional changes associated with HSC activation over culture in
an effort to better understand the kinetics of long-term repopulation capacity loss ex vivo. CB LT-HSCs
were sorted by flow cytometry and cultured in differentiation facilitating conditions over a time-
course for 0, 6, 24 and 72 hr before scRNA-Seq. These culture conditions were chosen due to the
significant reduction in long-term repopulation capacity observed over 72 hr (Fig.4.8b) and aimed to
encompass the full breadth of HSC activation over the first complete cell cycle ex vivo. Libraries were
prepared by the Smart-Seq2 protocol (Methods 3.6) (Picelli et al., 2014). 668 total cells were se-
quenced, pre-processed and 64% of cells passed quality control (Methods 3.8.1). Following selection
of highly variable genes, cell clustering was performed by the K-Nearest Neighbour (KNN) approach
for downstream analysis. Force directed graph (FDG) visualisation demonstrates that ex vivo cultured
CB LT-HSCs cluster by time in culture (Fig.4.9a) and pseudotime ordering largely followed time in cul-

ture (Fig.9b).
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Figure 4.9: Ex vivo culture over 72 hours causes significant transcriptional rewiring from the quiescent CB
LT-HSC state.

a.

— ¢. FDG visualization of scRNA-Seq from 389 CB LT-HSCs cultured in differentiation facilitating con-
ditions coloured by time-point (a) pseudotime (b) transcriptionally allocated cell cycle status (c). FDG
constructed from 16256 HVG.

Barplot quantification of c.

Number of differentially expressed genes from uncultured CB LT-HSCs. Upregulated genes indicated
by a positive change and downregulated genes indicated by a negative change. Dashed lines indicate
changes between each successive time-point. Coloured boxes indicate differentially expressed genes
in time-point comparison also differentially expressed in O hr vs 72hr. Unshaded boxes indicate dif-
ferential expression from O hr not observed in 0 hr vs 72 hr comparison.

log2FC of differentially expressed genes from 0 hr (Unpaired t-test performed and significant values
indicated (6 hr vs 24 hr upregulated p=0.173; 6 hr vs 24 hr downregulated p=0.0583).
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Transcriptional assignment of cell cycle status (Fig.4.9c+d) showed an increasing proportion of LT-HSCs
allocated to S-G;M phases as culture progresses (58% at 24 hr and 91% at 72 hr) in agreement with
functional analysis (Fig.4.6b). Differential gene expression was then performed for all pairwise com-
parisons in the dataset using DeSeq2. Ex vivo culture has a rapid effect on the transcriptome with 40%
of all gene expression change observed between 0 - 72 hr of culture happening within the first 6 hr
(Fig.4.9¢), before the vast majority of cells (>95%) have undergone quiescence exit (Fig.4.8a). The un-
ion of all differentially expressed genes between any pairwise comparison over the time-course was
then selected (10010 genes). The amplitude of gene expression change (log>FC) from 0 hr to any other
time-point was then calculated for each of these genes. The median log,FC is significantly higher for
changes occurring between 24 — 72 hr for both upregulated and downregulated genes when com-
pared to 6 — 24 hr (Fig.4.9f). Results may suggest that the amplitude of gene change accelerates only

once cells have surpassed quiescence exit.

4.2.4 A subset of uncultured CB LT-HSCs are primed for aerobic
metabolism

Ex vivo culture significantly rewires the quiescent CB LT-HSC transcriptome with marked differential
expression observed over successive time-points. Until now, differential expression has only been con-
sidered between time-points, not informing on heterogeneity within clusters. To better quantify tran-
scriptional heterogeneity of CB LT-HSCs within each time-point the ROGUE package was used with the
aim to determine the uniformity of the single cell populations at each time-point (Liu et al., 2020a).
ROGUE captures the degree of randomness or entropy expected within a population of single cells. A
heterogenous cell population will show increased fluctuations in expression levels, constraining the
degree of randomness observed and decreasing the determined ROGUE value (Liu et al., 2020a). Sur-
prisingly, the time-point with the lowest uniformity is 0 hr (Fig.4.10a) whereby a subset of uncultured
HSCs locate closer to cultured cells by separation along the FA2 axis (Fig.4.10a). To investigate this
observation, 0 hr cells were manually categorised into “0 hr-EARLY” and “0 hr-LATE” (0 hr-EARLY > 350

FA2) denoted by their respective pseudotime score (Fig.10b).

2207 genes were significantly upregulated and 829 genes were significantly downregulated in 0 hr-
LATE compared to 0 hr-EARLY cells (data not shown). The degree of transcriptional heterogeneity
within the 0 hr time-point is therefore larger than the transcriptional change induced by culture for 6
hr, but not for 24 hr. GSEA was then used to assess the potential similarity of O hr-EARLY and O hr-
LATE cells to previously characterised populations. Signatures were generated from a subset of CB LT-

HSCs previously discovered by our lab defined by CD34°CLEC9AM cell surface expression, which exhibit

82



slower quiescence exit kinetics and multipotent potential (Belluschi et al., 2018) and a population of
dormant human LT-HSCs (Zhang et al., Nature Cell Biology, in revision). 0 hr-EARLY LT-HSCs show sig-
nificant enrichment (FDR< 0.01) to both the human dormant LT-HSC signature and multi-potent
CD34'"°CLEC9A" LT-HSCs compared to 0 hr-LATE cells (Fig.4.10c). Conversely, signatures of CB LT-HSCs
with myelo-lymphoid restricted potential (CD34MCLEC9A"°) which have faster quiescence exit kinetics
(Belluschi et al., 2018) were enriched in 0 hr-LATE cells (Fig.4.10c). In line with this observation, CDK6
expression is lower in 0 hr-EARLY cells (Fig.4.10d; FDR<0.001) which may suggest a degree of cell cycle

priming within the LT-HSC compartment.
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Figure 4.10: A subset of uncultured LT-HSCs with a higher pseudotime score (Ohr-LATE) show increased
CDK®6 expression.
a. ROGUE score indicating population uniformity at each time-point of culture.

b. Pseudotime score of 0 hr-EARLY and O hr-LATE.
c. GSEA enrichment to signatures generated from Belluschi et al. 2018 and a human dormant LT-HSC

signature generated from the Cabezas-Wallscheid lab (Nature Cell Biology, in revision). GSEA was
performed from a pre-ranked list generated from the De-Seq2 output between 0 hr EARLY compared

to 0 hr-LATE cells.
d. CDK®6 transcript expression in 0 hr-EARLY and O hr -LATE cells.
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0 hr-LATE LT-HSCs are also determined to show upregulation of genes involved in maintaining chro-
mosome organisation such as the centromeric stability proteins CENPM, CENPO, BUB1, AUNIP
(Fig.4.11a) (> 16 log,FC; FDR < 0.01). Quiescent cells have a tightly condensed chromosome structure,
therefore it can be suggested that in O hr-LATE cells centromeric and associated structural re-organi-
sation genes are increased to prepare for rapid changes in the epigenetic and transcriptional land-

scape upon HSC activation in culture (Takayama et al., 2021).
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Figure 4.11: Ohr-LATE LT-HSCs show metabolic priming at the transcriptional level.

a. Volcano plot of normalised reads from 0 hr-EARLY and 0 hr-LATE uncultured LT-HSCs. Blue data points
indicate significant differentially expressed genes of > 2 log,fold change (FDR < 0.05).

b. Balloon plot of significantly enriched Cluego pathways (FDR < 0.001) (from KEGG and Reactome data-
bases). Size of data-point indicates number of enriched target genes.

c. GSVA scores per cell of Reactome TCA Cycle and respiratory electron transport pathways. Unpaired t-
test performed and significance indicated.

d. Force directed graph coloured by GSVA score per cell of Reactome TCA Cycle and respiratory electron
transport pathways in (c). Representative of 389 single CB LT-HSCs. Shape indicates culture time-point.
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Another notable feature of 0 hr-LATE cells is the strikingly higher (> 15 log,FC) basal levels of key genes
involved in oxidative phosphorylation such as MIPEP, a peptidase involved in metabolic protein mat-
uration, DLAT a component of the pyruvate dehydrogenase complex and the mitochondrial tRNA hy-
drolase ICT1 (Fig.4.11a). Cluego biological pathway analysis was performed to analyse significantly
enriched Reactome, KEGG and Gene Ontology (GO) pathways (Bindea et al., 2009). Enriched Reactome
pathways include “Gene expression (Transcription)” “TCA Cycle and Respiratory Electron Transport”,
“Metabolism” and “Mitochondrial Translation” (Fig.4.11b). GSVA scores calculated per cell demon-
strate that O hr-LATE cells have significantly higher pathway expression of “Reactome: TCA Cycle and
Respiratory Electron Transport” on average within the population compared to both 0 hr-EARLY cells
and also 6 hr cultured LT-HSCs, although it should be noted that the 6 hr time-point shows hetero-
genous expression of this pathway (Fig.4.11c + d) Taken together, this may suggest that on average, 0
hr-LATE cells show a higher degree of metabolic activation than LT-HSCs cultured for 6 hr. Overall,
these data show that despite their quiescent status, uncultured LT-HSCs show a gradient of CDK6 tran-

script expression and transcriptional metabolic priming.

4.2.5 Dynamic patterns of gene activation and repression exist within
the first cell cycle ex vivo

To better understand the molecular changes over the time-course, the Bioconductor package degPat-
terns (Patano, 2017) was implemented to group differentially expressed genes over the time-course
by expression pattern. 15 groups of expression were selected (accounting for 8966 genes) that did not
show redundancy in pattern (Fig.4.12). The majority (>70%) of genes were involved in dynamic pat-
terns of expression whereby a change in direction or amplitude was observed over 72 hr culture, ra-
ther than a continuous trend. To unpick key trends exhibited over the time-course, patterns of upreg-
ulation and downregulation were classified into Early, Continuous, Late and Transient based on direc-

tion and amplitude of change (Fig.4.12).
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Figure 4.12: Distinct patterns of gene expression activation and repression over 72 hr in CB LT-HSC culture
Raw output of boxplots generated by degPatterns package to group genes based on expression pattern over
the 72 hr CB LT-HSC time-course (representative of 8966 filtered genes; min group size > 15). Connecting
lines represent individual genes. Line at median. Upper and lower box whiskers indicate the 25" and 75
percentile of expression. Group number and the number of genes fitting this pattern are indicated. Coloured
tiles indicate the designated classification.
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Upregulated genes show a variety of expression trends over the time-course (Fig.4.13a).The continu-
ous up grouping (2351 genes) depicts a gradual increase of expression over 72 hr and includes genes
involved in pathways previously associated with HSC activation from quiescence (Cabezas-Wallscheid
et al., 2017; Kruta et al., 2021; Simsek et al., 2010) including “KEGG: RNA Polymerase”, “Reactome:

Protein Folding” and “Reactome: TCA Cycle and Respiratory Electron Transport” (Fig.4.13b+e).
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Figure 4.13: Dynamics of gene expression activation during 72 hr CB LT-HSCs culture

a.
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Pie chart denoting groupings of upregulated gene expression dynamics from genes differentially ex-
pressed over 72 hr fit into an expression pattern by degPatterns (representative of 7227 genes).

-d. Examples of genes following continuous up, late up and transient up patterns. Boxes represent
time-points. Line at median. Upper and lower whiskers of box indicate the 25 and 75 percentile of
expression.
GSVA scores per cell of c2 curated pathways (GSEA analysis) clustered by DEGpatterns following a
continuous up trend scaled over time.
Violin plot of MYC natural log normalised expression (left) GSVA scores per cell of c2 curated path-
ways (GSEA analysis) following a late up trend scaled over time (middle-right).

Violin plot of CFLAR and DEGS1 natural log normalised expression (Left: upper+lower). GSVA scores
per cell of c2 curated pathways (GSEA analysis) following a transient up trend scaled over time (Mid-
dle-Left: upper + lower).



Data indicates that transcription, translation and mitochondrial activity are continuously increasing

over 72 hrin culture.

Late activation (1765 genes) is characterised by upregulation only after the 6 hr time-point
(Fig.4.13c+f). Interestingly, the master regulator of cell growth, proliferation and differentiation MYC
follows this pattern in addition to various MYC target pathways “Coller_ MYC_Targets_Up” (Fig.4.13f),
“Schuhmacher _Myc_Targets Up” and “YU_Myc_Targets_Up” (data not shown). Other genes follow-
ing this trend are predominantly involved in cell cycle progression (87% of enriched KEGG/Reactome
pathways directly relate to mitotic related processes; data not shown) as supported by late upregula-

tion of “Reactome: APC-C CDC20 mediated degradation of Cyclin B” (Fig.4.13f).

The transient up classification consists of an initial increase in expression between 0 hr to 6 hr followed
by a sharp change in the direction of expression (2641 genes) (Fig.13d+g). The pro-survival gene CFLAR
follows this pattern and is accompanied by GSVA pathways “KEGG: Apoptosis”, “Reactome: Toll Like
Receptor Cascades” and “Reactome: TNF signalling” (Fig.4.13g). In addition, DEGS1, the final enzyme
in de novo sphingolipid biosynthesis follows this trend as supported by transient upregulation of
“KEGG: Sphingolipid metabolism” (Fig.4.13g). When pharmacologically inhibited ex vivo, DEGS1 has
recently been shown to promote maintenance of HSC self-renewal capacity by restoring optimal pro-
teostasis (Xie et al., 2019). Taken together, our data broadly indicate that cell stress and apoptotic

pathways are transiently activated in culture.

Downregulated genes predominantly follow a dynamic, transient trend over 72 hr in culture (68% of
filtered downregulated genes) (Fig.4.14a). The metabolic pathways “KEGG: Primary bile acid biosyn-
thesis”, “KEGG: Retinol metabolism” (Fig.4.14b,d) and similarly “Reactome: Retinoic Acid Biosynthe-
sis” (data not shown) are transiently downregulated during 72 hr of culture. Bile acids have recently
been shown to be crucial in expanding foetal liver HSCs to regulate proteostatic stress (Sigurdsson et
al., 2016) and retinoic acid signalling is crucial for the maintenance of HSC dormancy and self-renewal
capacity (Cabezas-Wallscheid et al., 2017; Schénberger et al., 2021). Our data suggest transient sup-

pression of pathways may regulate HSC function in culture.
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Figure 4.14: Dynamics of gene expression downregulation during 72 hr CB LT-HSC culture.

a. Pie chart denoting groupings of downregulated gene expression dynamics from genes differentially
expressed over 72 hr fit into an expression pattern by degPatterns (representative of 1695 genes).

b. -c. Examples of genes following transient down and continuous down patterns. Boxes represent time-
points. Line at median. Upper and lower whiskers of box indicate the 25" and 75 percentile of ex-
pression.

d. GSVAscores per cell of c2 curated pathways (GSEA analysis) scaled by time following a transient down
expression pattern.

e. GSVA scores per cell of c2 curated pathways (GSEA analysis) scaled by time following a continuous
down expression pattern.

f.  Violin plot of selected unclassified natural log normalised expression of genes.
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Continuously downregulated GSVA pathways include “Reactome: Integrin Cell Surface Interactions”,
“KEGG: Adhesion Molecules CAMS” and “Reactome: Activation of Matrix Metalloproteinases”
(Fig.4.14c+e). Integrin signalling and adhesion molecules such as cadherins and matrix metalloprotein-
ases play important roles in HSC niche maintenance (Theodore et al., 2017; Wagers et al., 2002; Wein
et al,, 2010). Therefore, these data suggest that that ECM and niche interactions expressed in vivo are

downregulated in a continuously decreasing manner.

10.4% of genes differentially expressed over the time-course could not be classified into specific
grouping suggesting their expression over culture exists as a rare pattern not found in > 15 genes. The
AP-1 transcription factors involved in cell cycle regulation, JUN and FOS could not be classified by
degPatterns (Fig.4.14f) and show high expression in 0 hr LT-HSCs before sharply dropping by 6 hr,

suggesting that their function is only necessary in quiescent uncultured LT-HSCs.

Taken together, data presented show that the first 72 hr of CB LT-HSC culture is associated with dy-
namic differential gene expression. Continuously increased expression over time of genes involved in
transcription, translation and oxidative phosphorylation is accompanied by serially decreasing expres-
sion of genes involved in maintenance of the in vivo HSC niche. Interestingly, many differentially ex-
pressed genes show transient patterns in culture, such as transient upregulation of cell stress and
apoptotic pathways alongside transient downregulation of retinoic acid signalling and bile acid meta-

bolic processes.

4.2.6 Genes bimodally distributed at 6 hr show transient expression dy-
namics during 72 hr of culture

Our data demonstrate that the average expression value of key genes and biological pathways modu-
lating HSC behaviour changes dynamically in LT-HSCs between culture time-points. Next, in an effort
to better understand the molecular heterogeneity that exists within the LT-HSC fraction, | sought to
investigate gene expression variability and bimodality in culture by using methods to assess the distri-

bution of gene expression within time-points.

To identify bimodally distributed genes, SIBER (Systematic Identification of Bimodally Expressed
genes) was performed using the filtered count matrix for 10010 genes differentially expressed be-
tween any time-point comparison over 72 hr in culture (Tong et al., 2013). Briefly, SIBER fits a lognor-

mal distribution to a given gene’s expression distribution and quantifies the distance between two
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components of expression to yield a bimodal index (Bl) per gene (Methods 3.8.5). Genes with a Bl >

1.9 were classified as bimodally distributed.
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Figure 4.15: Gene expression variability is dynamic over the time-course and 6 hr bimodally distributed
genes are transiently expressed over the 72 hr time-course.

a. Distribution of the calculated bimodal index over time-course per gene. Calculated using the filtered
count matrix of 10010 genes differentially expressed between any pairwise comparison over 72 hr
in culture. Line at median. Upper and lower box indicated at 25" and 75" percentile.

b. Venn Diagram of common bimodally distributed genes between pairwise comparisons over the 72
hr time-course.

c. Classification of expression pattern for the combined list (116 genes total) of genes showing in-
creased variability and bi-modality at 6 hr (including upregulated and downregulated expression
dynamics).

d. Enriched KEGG and Reactome pathways (selected pathways shown; FDR<0.05) from genes showing
increased variability and bimodality at 6 hr.

e. Mean bimodal index (calculated for n=2 scRNA-Seq experiments separately) of selected genes from
pathway analysis in (d). Dotted line indicates determined bimodal index threshold of > 1.9. Missing
data-points indicate excluded values due to high zero inflated count (not considered bimodal due
to technical effects).

The median Bl increases sequentially from 0 hr to 24 hr with the highest stepwise change in Bl occur-
ring between 6 hr to 24 hr (Fig.4.15a). The number of bimodal genes is dynamic over the time-course
with only 1.1% (31 genes) being consistently bimodal over all four time-points (Fig.4.15b). To comple-
ment this approach and explore gene expression variability in our dataset from a different perspective,

we used the package BASICS (Bayesian Analysis of Single-Cell Sequencing data). BASICS gives a distinct
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read out of molecular heterogeneity by identifying increased variability (calculated by residual over-
dispersion) from that expected for the mean expression value of a given gene (Eling et al., 2019;
Vallejos et al., 2015). We reasoned that combining the lists of differentially variable and bimodal genes
allowed for increased confidence of genes which were bimodal as a result of biological meaning rather

than attributed to technical effects.

Variability in transcript expression within populations has recently been shown to predict later cell
fate choices between populations (Griin, 2020) and given that a sharp drop in long-term repopulation
capacity is observed between the 6 -24 hr transition, we focussed our analysis on variable genes at
the 6 hr time-point. Genes at the 6 hr time-point which showed both increased variability using the
BASICS package and a bimodal distribution of expression using the SIBER package (combined list of
116 genes; hereafter referred to as “bimodal genes”) were compared to other time-points. It was
identified that 6 hr bimodal genes predominantly show a transient classification of expression over
the time-course (Fig.4.15c). Cluego pathway analysis was performed on bimodal genes at 6 hr and
significant enrichment to “Reactome: HSP90 chaperone cycle for steroid hormone receptors”, “Reac-
tome: Ub-specific processing proteases” and “KEGG: HIFla signalling pathway” was observed
(Fig.4.15d). Key enriched genes from these pathways show a reduction in bimodality between 6 — 24
hr /6 -72 hr and include the hypoxia-Inducible factor HIF1a, the anti-apoptotic regulator CFLAR, the
stress induced phosphoprotein 1 STIP1, and the proteosome subunits PSME2 and PSDM3 (Fig.4.15e).

Overall, these data suggest that genes which are bimodally distributed and show increased variability
at the 6 hr time-point largely show transient dynamics of expression and are involved in cell stress

related pathways.

4.2.7 Common molecular mechanisms of activation from quiescence
between adult stem cell populations

Data so far builds a picture that quiescence exit ex vivo is associated with dynamic transcriptional
changes impacting cell stress and long-term repopulating capacity. Previous work by Rodgers et al.
has defined an injury induced state of “Galert” in muscle satellite cells contralateral to a site of injury
(CSCs) which represents an intermediary state of transcriptional activation when compared to quies-
cent (QSC) and activated (ASC) populations (Rodgers et al., 2014). CSCs show the highest transcrip-
tional similarity to QSCs as opposed to ASCs (Fig.4.16a) with the Galert state characterised by in-
creased cell size, mitochondrial activity, faster cell cycle kinetics and enhanced tissue regenerative

capacity (Rodgers et al., 2014). To better understand how our time-course data of activation over
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culture corresponds to in vivo stem cell activation in response to injury, transcriptional signatures from
ASC, CSC and QSC mouse populations were generated and genes were converted to human orthologs.
GSEA from the 72 hr CB LT-HSC time-course to these signatures (only significant values shown; FDR <
0.05) demonstrates that muscle stem cell activation in vivo is fairly concordant with CB LT-HSC activa-
tion ex vivo. The strongest enrichment of the CSC signature was at 24 hr compared to 6 hr (Fig.4.16b)

suggesting that this transition may be transcriptionally similar to the characterised state of Galert.
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Figure 4.16: LT-HSC exit from quiescence and activation ex vivo show common molecular features to mus-
cle stem cell activation in vivo.

a. lllustration of transcriptional association between muscle stem cell populations (adapted from Rodg-
ers et al. 2014; Figure 2). Measured by Pearsons correlation coefficient. Satellite cells in muscle con-
tralateral to site of injury (CSCs) exhibit an intermediary state of transcriptional activation and dis-
tinct cell cycle state, from quiescent (QSC) and activated (ASC) populations.

b. GSEA analysis of ASC, QSC, and CSC signatures (only significantly enriched values shown; FDR < 0.05).
Positive enrichment indicates enrichment to leading term.

c. Cluego biological pathway analysis from genes differentially expressed between 6 to 24 hr and en-
riched in CSC signature.

d. Natural log normalised expression of key regulators involved in MTOR signaling scaled by time (up-
per - lower).
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No significant enrichment of ASC or CSC signatures was observed at 6 hr relative to O hr indicating that
both time-points are primitive in activation. Removal of cell cycle associated genes from the signatures
(Methods 3.8.7) has a very minimal effect on the enrichment score (average difference in NES = 0.023;

data not shown) indicating that cell cycle genes are not the main driver of the enrichment observed.

Biological pathway analysis (Cluego; FDR < 0.01) was performed on differentially expressed genes from
6 — 24 hr which were also found in the CSC signature. Enriched biological pathways included “Reac-
tome: Mitochondrial Translation” (including MRPL/MRPS genes), “Reactome: TCA Cycle and Respira-
tory Electron Transport” (including COX7B, NDUFA11, SDHB) and “KEGG: Proteasome” (including
PSMB3, PSMB3, PSMB5) (Fig.4.16¢). Activation of mTORC1 is required for the injury induced state of
Galert such that genetic ablation of Rptr leaves CSCs unresponsive to injury (Rodgers et al., 2014).
However, we do not see an increase in notable regulators of MTOR signalling (Fig.4.16d) or down-
stream signal transduction pathways (no change in expression of TSC1/2, VEGFA, PIK3A, AKT1; data
not shown). Importantly, mTORC signalling may be differentially regulated over culture post-transcrip-
tionally. Collectively, my data suggest that there are similarities in the molecular mechanisms of acti-
vation from quiescence between ex vivo and in vivo populations and more broadly across adult stem

cell sources.

4.2.8 LT-HSCs cultured for 6 hr maintain survival in response to
proteostatic stress

The 6 to 24 hr transition shows a dramatic drop in CB long-term repopulation capacity and transiently
expressed genes over this time window show enrichment to cell stress related pathways. Given these
observations, | next wanted to perform Annexin-V/7-AAD staining to investigate whether transcrip-
tional changes in cell stress response pathways have functional implications on cell viability over the
time-course. Of note, the following experiments would have ideally been performed with CB HSC pop-
ulations, however the COVID-19 pandemic caused a complete halt to CB donations and therefore, |
instead used mPB samples to address this question. Annexin-V/7-AAD staining was performed at each
time-point in mPB LT-HSCs and ST-HSCs in three matched mPB donor samples across two experiments.
The long-term repopulation capacity of ST-HSCs is drastically reduced (1 in approximately 500 in un-
cultured CB) (Notta et al., 2011). This population was included in these experiments to identify
changes differential within LT-HSCs which may inform on the mechanism driving long-term repopula-
tion capacity loss over culture. A significant drop in viability is observed between the 6 to 24 hr time-
point in LT-HSCs (average 24% reduction) and ST-HSCs (average 31% reduction) with a subsequent

slight increase by 62 hr of culture (Fig.4.17a). LT-HSCs show a reduction in the proportion of cells in
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the early apoptotic phase (Annexin-V*/7-AAD’) in matched samples at 0 hr and a trend for this reduc-
tion at other time-points (Fig.4.17b). This may suggest that LT-HSCs have a delayed apoptotic response
to culture induced stress relative to ST-HSCs. The reduction in viability does not directly result in a
significant drop in absolute cell counts, highlighting that only a proportion of the population are un-
dergoing apoptosis (Fig.4.17c) and therefore the reduction in stem cell frequency at 24 hr (Fig.4.8b+d)

is not primarily explained by a lower number of starting cells injected than at earlier time-points.
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Figure 4.17: A significant drop in viability is observed between 6 to 24 hr in mPB LT-HSC and ST-HSC
populations cultured in gene therapy media.

a. Proportion of viable (Annexin-V~/ 7-AAD") mPB LT-HSCs and ST-HSCs from matched donor sam-
ples at indicated time-points of culture in ex vivo gene therapy conditions (n=3 matched mPB
donor samples performed over n=2 repeat experiments, mean values from mPB donor samples
plotted; paired t-test performed and significant values indicated).

b. Proportion of early apoptotic (Annexin-V* / 7-AAD") mPB LT-HSCs and ST-HSCs from matched do-
nor samples at indicated time-points (n=3 matched mPB donor samples performed over n=2 re-
peat experiments, mean values from mPB donor samples plotted; paired t-test performed with
significant values indicated) (6 hr LT-HSC vs 6 hr ST-HSC p=0.1151; 24 hr LT-HSC vs 24 hr ST-HSC
p=0.187; 62 hr LT-HSC vs 62 hr ST-HSC p=0.1652).

c. Manual cell counts (performed by Trypan blue exclusion) at indicated time-points of culture (n=3
matched mPB donor samples over n=1 experiment).
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LT-HSCs maintain high expression of cell stress response pathways (Galen et al., 2014, 2018) which
cooperate to promote HSC survival during low stress conditions such as amino acid deprivation (Galen
et al., 2018) and preferential apoptosis under high stress conditions such as disrupted proteostasis
(Galen et al., 2014). Transient dynamics of cell stress related pathways suggest that cells cultured for
different durations may show distinct responses to proteostatic stress induction. To investigate this
hypothesis, 6 hr and 24 hr cultured mPB LT-HSCs and ST-HSCs were treated with tunicamycin, which
blocks N-linked glycoprotein synthesis and causes misfolded protein accumulation in the ER with sub-
sequent UPR activation (reviewed in DuRose et al., 2006). Following tunicamycin addition to media,
cells were cultured for an additional 24 hr (Fig.4.18a). LT-HSCs cultured for 6 hr maintain higher via-
bility upon proteostatic stress induction than 6 hr cultured ST-HSCs (Fig.4.18b; p=0.0414). Further-
more, 6 hr cultured LT-HSCs show a trend for a higher survival in response to proteostatic stress when
compared to 24 hr cultured LT-HSCs (Fig.4.18b; 6 to 24 hr p=0.199). These data may suggest that dur-
ing the first hours of culture LT-HSCs show an increased ability to respond to stress which is later

abolished in tested culture durations.
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Figure 4.18: LT-HSCs exposed to proteostatic stress at 6 hr show a trend for higher viability when compared
to 24 hr of culture.

a. Workflow of culture with proteostatic stress inducing agent tunicamycin. Tunicamycin (3ug/ml) was
added to sorted bulk mPB LT-HSC and ST-HSCs at 6 or 24 hr of culture in gene therapy media. An
equivalent concentration of DMSO was added to control wells. Cells were harvested for apoptosis
assay (Annexin-V/7-AAD staining) following a further 24 hr in culture. Created with Biorender.

b. Viable cells (Annexin-V- / 7-AAD’) in response to proteostatic stress induction by tunicamycin treat-
ment in matched LT-HSCs and ST-HSCs from n=3 mPB donor samples (Paired t-test performed and
significant values shown; LT-HSC 6 hr vs 24 hr p=0.199).
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4.2.9 Investigating the application of our datasets as a resource for fur-
ther study into LT-HSC activation ex vivo

My data thus far conclusively demonstrate that during clinically relevant culture, long-term repopula-
tion capacity within the LT-HSC fraction is dramatically reduced. However, a subset of LT-HSCs remain
following ex vivo gene therapy culture, as shown from longitudinal data acquired from HSC ex vivo
gene therapy clinical trials(reviewed in Sagoo and Gaspar, 2021). Although importantly, this fraction
is not easily identifiable. We hypothesised that the time-course scRNA-Seq dataset may be a useful
reference dataset to mine for prospective markers of cultured LT-HSCs or molecular pathways which

maintain the LT-HSC state ex vivo.
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Figure 4.19: 62 hr cultured mPB LT-HSCs with relatively higher CD74 expression show transcriptional
similarity to earlier time-points of CB LT-HSC activation ex vivo.

a. Diffusion map of CB LT-HSCs cultured in differentiation facilitating conditions for 0, 6, 24 and
72 hr (n=389 single CB LT-HSCs, experimental data equivalent to Fig.4.9; Diffusion map con-
structed from 3643 HVG).

b. Diffusion map of 62 hr mPB LT-HSCs (GFP* and GFP") projected on to the CB reference dataset
(n=223 single 62 hr GFP* and GFP- mPB LT-HSCs, experimental data equivalent to Fig.4.1; Dif-
fusion map constructed from 3643 HVG). CB dataset coloured in grey. mPB LT-HSCs coloured
by smoothed natural log normalised CD74 expression.

c. Smoothed natural log normalised expression of CD74 and HLA-DRA in mPB LT-HSCs over cal-
culated pseudotime rank from CB time-course scRNA-Seq dataset. (Rug plot indicative of n=389
CB LT-HSCs and n=223 mPB LT-HSCs).
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mPB LT-HSCs cultured in gene therapy protocol conditions and sequenced from Chapter 1 were inte-
grated with the CB scRNA-Seq 72 hr time-course dataset. The datasets were then corrected for batch
effects using ComBat and highly variable genes were selected in scanpy (Methods 3.8.2). The integra-
tion was then visualised by diffusion map and a starting cell picked from the CB scRNA-Seq dataset to
calculate a pseudotime score (Fig.4.19a). A subset of LT-HSCs with high CD74 expression locate to-
wards earlier time-points (notably 0 hr and 6 hr) on the CB scRNA-Seq dataset (Fig.4.19b+c). However,
this is not observed for another prospective marker identified in Chapter 1, HLA-DR, where expression
shows fairly consistent levels over the calculated pseudotime rank (Fig.4.19c). Results obtained sug-
gest that 62 hr mPB LT-HSCs with relatively higher CD74 expression exhibit transcriptional similarity
to CB LT-HSCs cultured for 6 hr. This result is interesting when taken in context that mPB and CB cul-
tured for 6 hr show preserved long-term repopulation capacity (Fig.4.8b+c). We hypothesize that CD74
may be further investigated as a transcriptional marker to demarcate a population of cultured LT-
HSCs. More broadly, this result suggests merit in utilising our data-set as a resource to better under-

stand the molecular consequences of HSC activation ex vivo.

4.2.10 Chapter 2 Summary:

Collectively, data presented in this chapter demonstrate that the first cell cycle ex vivo is associated
with dynamic transcriptional patterns and a significant reduction in long-term repopulation capacity.
Curiously, we find that repopulation capacity is maintained for the first 6 hr of culture before signifi-
cantly dropping within the timeframe that cells are completing quiescence exit. At the 6 to 24 hr tran-
sition, we observe an increased proportion of HSCs undergoing apoptosis and a trend for reduced
viability in response to proteostatic stress. This is framed at the molecular level by dynamic regulation
of cell stress and apoptotic pathways. Taken together, our results suggest that the 6 to 24 hr transition

may be key for stem cell fate decisions ex vivo.
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4.3 Chapter 3: Correlation or Causation: Cell cycle progression
and loss of self renewal capacity ex vivo

Data presented so far in this thesis demonstrate that ex vivo culture of HSCs drives significant tran-
scriptional rewiring from the quiescent state. LT-HSCs must adapt to the oxidative environment of
culture and our data suggests that the 6 to 24 hr transition may be crucial in determining the fate of
LT-HSCs ex vivo. CB and mPB LT-HSCs undergo cell cycle progression over the culture conditions tested
and it can be interpreted from our data, alongside many other studies that cell cycle progression ex
vivo is correlated with a loss of long-term repopulation capacity. Previous literature has inferred that
cell cycle progression itself is a major driver of stem cell functional loss in culture. To formally test this,
work in this chapter will use the CDK6 inhibitor Palbociclib (PD), to reversibly block cell cycle progres-

sion in culture before in vitro and in vivo functional assays to test stem cell capacity.

4.3.1 Treatment with the CDKG6 inhibitor Palbociclib reversibly arrests
cell cycle progression in vitro with no impact on differentiation output

We first evaluated whether PD treatment could arrest LT-HSCs in early G;, preventing cell cycle pro-
gression over clinically relevant durations of culture. These experiments were performed in the differ-
entiation facilitating conditions and ex vivo gene therapy conditions characterised in Chapter 2 and
UNTR cells are equivalent to those presented in Chapter 2. A 200nM concentration of PD was chosen
for all studies herein based on dose dependent response studies carried out (data not shown) and
because this inhibitor concentration has previously been effective within the context of an in vitro HSC
culture system as shown by Laurenti et al. 2015. Treatment with PD significantly reduces the propor-
tion of cells with Rb phosphorylation at the Ser807/811 site in mPB LT-HSCs (Fig.4.20a-c; p=0.0024)
and mPB ST-HSCs (Fig4.20c; p=0.020) cultured in gene therapy media for 62 hr. Treatment with PD
also caused a dramatic reduction in the proportion of divided mPB LT-HSCs cultured in gene therapy
conditions (Fig.4.20d + e) and CB LT-HSCs cultured in differentiation facilitating conditions (Fig.4.20f +
g). Data from both test culture conditions demonstrates that > 90% of mPB and CB LT-HSCs treated
with PD become pharmacologically arrested in early G1 and cannot pass the restriction point or un-
dergo mitosis during 72 hr of culture. Of interest, CB ST-HSCs cultured in differentiation facilitating
conditions show a higher proportion of divided cells when cultured with PD treatment when compared
to mPB ST-HSCs cultured in gene therapy media with PD treatment (Fig.4.20e+g). Therefore, it can be
concluded that only the LT-HSC fraction are in a complete early G; arrest induced by CDK6 inhibition

over these culture conditions.
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Figure 4.20: CDK®6 inhibition by Palbociclib effectively arrests mPB and CB LT-HSCs in early G, ex vivo.

a.

-b Representative example of pRb/DAPI flow cytometry staining in gene therapy media at 62 hrin UNTR
mPB LT-HSCs (a) 200nM Palbociclib (PD) treated mPB LT-HSC (b) (gate determined from unstained cells
and positive control of actively cycling CD34*/CD38* progenitors).

Proportion of viable cells showing Rb phosphorylation (Ser807/811) in UNTR/PD treated mPB LT-HSCs
and ST-HSCs cultured in ex vivo gene therapy conditions (no lentiviral transduction). Paired t-test per-
formed and significant values indicated (n=3 matched independent mPB samples in LT-HSCs, n=1 un-
matched untreated LT-HSC; n=4 matched independent mPB samples in ST-HSCs).

Cumulative time to first division kinetics of single sorted UNTR/PD treated mPB LT-HSCs and ST-HSCs
cultured in gene therapy media. Representative example shown (n=2 matched repeats; n=4 repeat ex-
periments total). Curve shows sigmoidal regression analysis (R?>0.99).

Quantification of divided single cells from (d) after 96 hr in culture. Connecting lines indicate matched
donor samples.

Cumulative time to first division kinetics of single UNTR/PD treated CB LT-HSC/ST-HSCs cultured in dif-
ferentiation facilitating media. Representative example shown (n=2 matched repeats; n=4 repeat exper-
iments total). Curve shows sigmoidal regression analysis (R?>0.99).

Quantification of divided single cells from (f) after 96 hr in culture. Connecting lines indicate matched
donor samples.
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We next wanted to determine whether early G; arrest during LT-HSC culture could be reversed and
whether pharmacological early Gi arrest impacts in vitro differentiation output. mPB LT-HSCs were
UNTR or treated with PD and cultured in the 62 hr gene therapy protocol before sorting into single
cell My-Meg-Ery-NK differentiation assay conditions (Methods 3.4.3; no PD treatment after 62 hr time-
point) (Fig.4.21a). Of note, GFP* colonies (> 30 cells in GFP* gate) consisted of 36.7% of total UNTR
colonies and 70.1% of total PD treated colonies, no differences in colony size or lineage output were

determined between GFP* and GFP" colonies (data not shown).
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Figure 4.21: mPB LT-HSCs treated with Palbociclib over the ex vivo gene therapy protocol generate colonies
of equal size and lineage.

a. Experimental workflow. mPB LT-HSCs were exposed to the 62 hr gene therapy protocol (UNTR/ 200nM
PD treated) including two hits of lentiviral transduction before single cell sorting into media promoting
generation of My-Meg-Ery-NK colonies. Colonies were harvested 21 days post single cell sort (n=2
independent mPB donor samples).

b. Clonogenic efficiency (number of single cells that produced colonies of >30 cells) as a proportion of
total cells plated (n=2 biological repeats; total n=164 colonies UNTR n=156 colonies +PD). True colo-
nies defined as >30 cells.

c. Colony size (x10® cells) in true colonies.

d. Lineage output from true colonies generated 21 days post single cell sort into single cell differentiation
assay media. Multi-lineage is determined by tri-lineage colonies of My/Ery/Lym (NK only) lineage out-
put.
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The clonogenic efficiency (the number of single cells generating colonies of size >30 cells as a propor-
tion of total single cells plated) is comparable for UNTR and PD treated LT-HSCs in both experiments
(Fig.4.21b). Colonies generated are also of approximately equivalent size (Fig.4.21c), demonstrating
that the pharmacological early G; arrest caused by PD is reversible and cells can later resume normal
proliferation. Colonies generated from LT-HSCs treated with PD showed equivalent lineage output
compared to UNTR cells with no lineage biases observed (Fig.4.21d). Data presented is caveated by
only two biological repeats being performed due to timing restrictions although experiments gener-

ated a high number of colonies from single cells (n=164 total UNTR colonies, n=156 total PD colonies).

To the best of our knowledge, this is the only system in which complete and reversible early G; arrest
can be achieved over 72 hr of ex vivo culture in LT-HSCs. The CDK2 inhibitor, Roscovitine, was used in
an attempt to arrest LT-HSC cell cycle progression by a previous PhD student, Serena Belluschi, how-
ever LT-HSCs only demonstrated slowed time to first division (data not shown). Taken together, these
data demonstrate that treatment with the CDK6 inhibitor PD causes a reversible G: arrest with cells

capable of subsequently unaltered proliferation capacity and differentiation output.

4.3.2 The majority of transcriptional changes observed during ex vivo
HSC activation are independent of cell cycle progression

To test whether the transcriptional rewiring observed during ex vivo HSC activation is dependent on
cell cycle progression, PD treated CB LT-HSCs were subject to scRNA-Seq at 24 hr and 72 hr of culture
in differentiation facilitating conditions. scRNA-Seq experiments involving PD were performed at the
same time as scRNA-Seq using UNTR CB LT-HSCs. A total of 167 PD treated LT-HSCs were sequenced
across both time-points. Pre-processing and quality control was performed using the same methodol-
ogy as used for UNTR cells and 64% of PD treated LT-HSCs passed QC (Methods 3.8.1). LT-HSCs cul-
tured in presence of PD for both 24 hr (representative of of quiescence exit completion) and 72 hr
(representative of entering mitosis completion) cluster with 24 hr UNTR cells (Fig.4.22a). PD treated
LT-HSCs are transcriptionally allocated to the G; phase of the cell cycle (Fig.4.22b) supporting func-

tional data (Fig.4.20f + g) that these cells are effectively arrested in early G;.
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Figure 4.22: The majority of transcriptional change is independent of cell cycle progression during 72 hr CB LT-
HSC culture.

a.

FDG visualisation of 496 single LT-HSCs at indicated time-points of culture in differentiation facilitating
conditions (UNTR) or in the presence of 200nM Palbociclib (PD). FDG calculated based on 14759 HVGs.
Proportion of cells allocated to respective cell cycle stages as determined by transcriptional cell cycle
allocation.

Shared (shaded) and unique (unshaded) differentially expressed genes (FDR<0.05) acquired by culture
compared to 0 hr CB LT-HSCs. Upregulated genes indicated by positive change and downregulated
genes indicated by negative change.

Cluego pathway analysis of uniquely changed genes (FDG < 0.05) from 0 hr to 72 hr UNTR cells with
respect to PD treated cells.

Pearsons correlation coefficient comparing median expression value for differentially expressed genes
from indicated time-points/condition comparisons.

Density plot of cells calculated over DPT pseudotime ranking with cell cycle genes (left) after cell cycle
regression (right).
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We next sought to determine the transcriptional similarity of HSC ex vivo activation between LT-HSCs
pharmacologically arrested in G; (by PD treatment) compared to UNTR LT-HSCs. At 24 hr of culture,
75% of all differentially expressed genes from uncultured HSCs are common between PD treated and
UNTR cells whereas at 72 hr this degree of similarity drops to 43.14% (Fig.4.22c). Pathway analysis of
genes changed over 72 hr only in UNTR cells when compared to PD treated LT-HSCs demonstrated the
most significant enrichment to mitotic related processes such as “Reactome: Cell Cycle, Mitotic” and
“Reactome: G2/M Transition” (Fig.4.22d). To determine whether PD treated LT-HSCs show a similar
amplitude of gene expression change to UNTR LT-HSCs, the median gene expression value of differ-
entially expressed genes was plotted for all pairwise time-point comparisons including conditions in-
volving PD treatment and a Pearsons correlation coefficient calculated. As expected, the lowest de-
gree of similarity in the median expression value of differentially expressed genes was observed be-
tween uncultured LT-HSCs when compared to 72 hr UNTR LT-HSCs (Fig.4.22e). Of interest, the highest
degree of similarity is observed for PD treated cells compared to UNTR cells cultured for matched
durations. Pseudotime analysis was then performed to build a temporal trajectory of cell activation
over culture. 24 hr and 72 hr PD treated LT-HSCs show a similar density distribution of cells along the
pseudotime rank when compared to 24 hr UNTR cells (Fig.4.22f), mirroring the dimensionality reduc-
tion analysis. To determine whether the respective ordering of conditions along the pseudotime tra-
jectory was driven by cell cycle genes, cell cycle scoring and regression was performed using the Satija
lab package (Methods 3.8.1) and the pseudotime calculation was repeated. The density distribution
of cells along the pseudotime axis did not significantly change, indicating that the main driver of tran-

scriptional changes acquired over culture are not cell cycle genes.

Taken together, our data show that cultured LT-HSCs pharmacologically arrested in early G; change
expression of many shared genes over culture and to a similar amplitude of change when compared
to LT-HSCs undergoing cell cycle progression. The highest divergence in differential expression arises
at the 72 hr time-point when cells arrested in cell cycle progression do not show upregulation of mi-
totic related genes. Further, removal of cell cycle genes does not significantly impact the pseudotime
ordering of cultured LT-HSCs. It can be determined from this work that the majority of transcriptional
changes acquired during human LT-HSC activation in 72 hr culture are therefore independent of cell

cycle progression.
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4.3.3 Treatment with PD during mPB and CB LT-HSC culture pre-
dominantly affects cell cycle related genes

Given our understanding of how PD treatment affects the CB LT-HSC transcriptome during culture, we
next sought to investigate the effect of PD treatment on mPB, with the aim of determining whether
pharmacological G; arrest leads to changes in similar biological pathways. To this end, scRNA-Seq was
performed at 62 hr after culture with PD in the gene therapy protocol. scRNA-Seq experiments involv-
ing PD were performed at the same time as scRNA-Seq using UNTR mPB LT-HSCs. 164 PD treated mPB
LT-HSCs were sequenced and pre-processed. 57% of cells passed QC thresholds (same QC thresholds
as for UNTR cells; Methods 3.8.2).
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Figure 4.23: mPB and CB LT-HSCs cultured with Palbociclib show shared modulation of predominantly mitotic
related processes
a. UMAP visualisation created from 3643 HVG using 920 single cells. UNTR/PD treated mPB LT-HSCs were
cultured in 62 hr gene therapy protocol including lentiviral transduction. PD treated CB LT-HSCs were
cultured in differentiation facilitating conditions for either 24 hr or 72hr. UNTR CB LT-HSCs were cul-
tured in differentiation facilitating conditions for 0, 6, 24 and 72 hr. UNTR mPB LT-HSCs equivalent to
Fig.4.1. UNTR/PD treated CB LT-HSCs equivalent to Fig.4.22.
b. Number of genes differentially expressed (FDR < 0.05) as a result of PD treatment at matched culture
durations within CB LT-HSCs cultured for 72 hr and mPB LT-HSCs cultured for 62 hr.
c. Pre-ranked GSEA analysis of enriched c2 curated pathways in UNTR/PD treated CB LT-HSCs cultured for
72 hr and UNTR/PD treated mPB LT-HSCs cultured for 62hr. All enriched (FDR < 0.01) pathways shown.
d. Proportion of all enriched (FDR < 0.01) KEGG and Reactome pathways directly involved in cell cycle
related processes (including DNA synthesis, DNA repair and mitotic related processes) from Cluego
analysis (97 total enriched pathways in CB; 56 total enriched pathways in mPB).
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mPB LT-HSCs treated with PD in gene therapy conditions were integrated to CB LT-HSCs treated with
PD in differentiation facilitating conditions. Integration of the two datasets (mPB and CB) was per-
formed using ComBat in scanpy and following integration the PCA space was calculated based on
selected HVGs. 15 nearest neighbours were found and a UMAP was created for visualisation purposes
(Methods 3.8.3). As expected, mPB and CB LT-HSCs broadly cluster based on culture time-point and
62 hr PD treated mPB LT-HSCs cluster with 24 hr PD treated CB LT-HSCs (Fig.4.23a). This broadly indi-
cates that PD has a similar effect on the transcriptome irrespective of culture conditions and cell
source. Differential gene expression analysis was then performed whereby LT-HSCs treated with PD
were compared to UNTR LT-HSCs at matched time-points (for CB only 72 hr culture duration tested).
PD treatment causes differential expression of 319 genes in mPB LT-HSCs and 739 genes in CB LT-HSCs
and in both HSC sources results in predominantly downregulated gene expression with respect to
UNTR cells (Fig.4.23b). Pre-ranked GSEA analysis (c2 curated pathway enrichment) was then per-
formed to analyse differences in biological pathway activation as a result of pharmacological G; arrest
in culture. As expected, results demonstrate significant upregulation of biological pathways predomi-
nantly involved in cell cycle progression and also enrichment to MYC targets pathways (FDR < 0.01)
when compared to PD treated cells (Fig.4.23c). Cluego biological pathway analysis was then per-
formed using differentially expressed genes between PD and UNTR cells to corroborate findings. Anal-
ysis revealed that > 75% of all enriched (FDR < 0.01) KEGG and Reactome pathways were directly re-
lated to cell cycle processes (including DNA synthesis, repair and mitosis programs) in both CB and
mPB (Fig.4.23d). Non cell cycle related pathways which were differentially expressed between 62 hr
PD treated mPB and 62 hr UNTR mPB cells (12/56) included pathways related to RHO GTPase related
signalling, RNA splicing/metabolism and HSF1 activation (data not shown). Non cell cycle related path-
ways differentially expressed between 72 hr CB LT-HSCs treated with PD and 72 hr UNTR CB cells
(19/97) also include RNA splicing/metabolism, RHO GTPase activation and unlike observed in mPB,

differential expression of kinesins and oxidative phosphorylation pathways (data not shown).

These data suggest that changes acquired from reversible CDK6 inhibition by PD are predominantly

shared between mPB and CB LT-HSCs in culture despite contrasting media conditions, and as expected

are largely related to cell cycle progression related processes.
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4.3.4 Cell size and mitochondrial activity increase in a cell cycle
independent manner over culture

Data presented so far throughout this chapter demonstrate that the majority of the transcriptional
changes associated with LT-HSC activation in culture are independent of cell cycle progression and are
instead dependent on the duration of the mitogenic signal. We next wanted to tackle whether hall-
marks of HSC activation are independent of progression past early G;. Cell size measurements were
performed using live cell microscopy and changes in mitochondrial membrane potential were deter-
mined using the cationic dye TetraRhodamine Methyl Ester (TMRM) which accumulates in active mi-
tochondria. Experiments were performed in CB LT-HSCs cultured in differentiation facilitating condi-
tions and ideally, in absence of timing limitations would have been repeated in mPB LT-HSCs cultured

in gene therapy media.
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Figure 4.24: LT-HSCs arrested in cell cycle progression show similar cell size and mitochondrial activation
at matched culture time-points when compared to UNTR cells.

a. Cell size as measured by cell diameter (um) over time and in response to PD treatment (n=2 inde-
pendent CB experiments; 25 cells per condition). Two way ANOVA for multiple comparisons and
significant p-values indicated.

b. TMRM staining in CB LT-HSCs at time-points indicated and normalised to unstained control (repre-
sentative of n=5 independent CB donor samples). Paired t-test performed and significant values
indicated.

PD treated CB LT-HSCs increase in cell size over culture similarly to UNTR LT-HSCs, as quantified by cell
diameter (um) measurements (Fig.4.24a). Mitochondrial activity also significantly increased over CB
LT-HSC culture and similarly to cell size and this is again independent of progression past early G;
(Fig.4.24b). These data indicate that LT-HSCs are increasing in size and becoming more metabolically

active over culture irrespective of cell cycle progression.
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4.3.5 Cell cycle progression does not drive loss of long-term repopula-

tion capacity in culture

To formally test if progression past early G; contributes to loss of long-term repopulation capacity in

tested culture conditions, CB LT-HSCs (Table 4.3) and mPB CD34*/CD38 cells (Table 4.4) were cultured

for indicated durations in either UNTR conditions or in the presence of PD and were subsequently

transplanted into immunocompromised mice at matched cell doses (Fig.4.25a). Of note, experiments

involving UNTR cells cultured for 24 hr and 72 hr time-points were performed at the same time as

those presented in Fig.4.8.

Number of tested | Number of engrafted
Hours of culture Cell Dose mice mice Condition
24hr 300 12 12 UNTR
24hr 300 13 13 PD
24hr 50 12 4 UNTR
24hr 50 11 5 PD
24hr 10 8 0 UNTR
24hr 10 7 1 PD
72hr 700 14 13 UNTR
72hr 700 15 12 PD
72hr 300 12 9 UNTR
72hr 300 15 14 PD
72hr 50 13 4 UNTR
72hr 50 12 6 PD

Table 4.3: Human CB LT-HSC cell dose and mouse information for primary in vivo transplantation studies
in differentiation facilitating media including PD treatment. CB LT-HSC cell dose (representative of 0 hr at
the time of sort) after culture in differentiation facilitating conditions, the number of mice tested and the

number of mice showing human engraftment 18 weeks post transplantation are indicated. Mice were con-
sidered engrafted if human cells (hCD45++ &GlyA+) >0.01% of Singlets and >30 cells present in any lineage

determination gate. 24 hr: 32 mice UNTR 31 mice PD, n=3 experiments; 72 hr: 39 mice UNTR, 42 mice PD
n=5 experiments. UNTR mice equivalent to Table 4.1.

Number of tested | Number of engrafted
Hours of culture Cell Dose mice mice Condition
62hr 55000 12 9 UNTR
62hr 55000 13 12 PD
62hr 25000 13 12 UNTR
62hr 25000 11 11 PD
62hr 8000 4 4 UNTR
62hr 8000 4 3 PD

Table 4.4: Human mPB CD34"/CD38" cell dose and mouse information for primary in vivo transplanta-
tion studies in gene therapy protocol conditions including PD treatment. Human mPB CD34+/CD38- cell
dose after culture in gene therapy conditions (representative of O hr at the time of sort), the number of
mice tested and the number of mice showing human engraftment 18 weeks post transplantation are indi-
cated. 62hr: 29 mice UNTR 28 mice PD n=3 experiments. UNTR mice equivalent to Table 4.2.
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Figure 4.25: Cell cycle progression does not drive long-term repopulation capacity loss in cultured mPB and CB
HSCs.

a. Experimental workflow of CB LT-HSCs and mPB CD34*/CD38 culture and transplantation. mPB
CD34*/CD38 cells were exposed to the 62 hr gene therapy protocol including two hits of lentiviral trans-
duction. CB LT-HSCs were cultured in differentiation facilitating conditions. CB LT-HSCs were trans-
planted by intrafemoral (IF) injection. mPB CD34*/CD38" cells were transplanted by intravenous (IV) in-
jection. Mice sacrificed at 18 weeks.

b. Human graft size (CD45** & GlyA* % of Singlets) from injected bone of mice engrafted with CB LT-HSCs
after UNTR/PD culture for 24 hr. Engrafted mice shown. Line at median. Dotted line indicates engraft-
ment threshold (=30 cells in CD45™ & GlyA* gate and graft size > 0.01% of singlets).

c. Human graft size from injected bone of mice engrafted with CB LT-HSCs after UNTR/PD culture for 72
hr. Engrafted mice shown.

d. Lineage contribution of mice engrafted with UNTR/PD treated CB LT-HSCs cultured for 72 hr. Each data-
point represents % contribution of respective lineage from individual mouse. Colony defined by >30
cells in (CD45* & GlyA* gate) + >30 cells in a determined lineage gate. Mann Whitney U-test performed
at significance indicated.

e. Human HSC frequency calculated from mice injected with UNTR/PD treated CB LT-HSCs cultured for 24

hr and 72hr. Chi-squared test performed to test for difference between groups and significance indi-
cated. % long-term repopulating cell in the transplanted population (%LTRC).
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f.  Human graft size from bone marrow of mice engrafted with UNTR/PD treated mPB CD34*/CD38 cells
cultured for 62 hr in gene therapy conditions. Engrafted mice shown.

g. Lineage contribution of mice engrafted with UNTR/PD treated mPB CD34*/CD38" cells cultured for 62
hr. Mann Whitney U-test performed and significant values indicated.

h. Human HSC frequency calculated from mice engrafted with mPB CD34*/CD38 cells after 62 hr culture.
Chi-squared test performed and significance indicated (% LTRC in 62 hr PD vs 62 hr UNTR p = 0.180).

i. Lineage output as proportion of total engrafted mice across conditions and HSC sources. (Fishers Exact
test performed and no significant values found; mPB My/Lym PD vs UNTR p = 0.0571, mPB Ery/My/Lym
PD vs UNTR p = 0.2203).

CB LT-HSCs cultured for 24 hr (n=32 mice UNTR, n= 31 mice PD) and 72 hr (n=39 mice UNTR, n=42
mice PD) in the PD condition show no difference in human graft size (Fig.4.25b+c) and lineage output
(data not shown for 24hr; Fig.4.25d for 72hr) at 18 weeks post transplantation when compared to the
UNTR condition. An LDA was performed to calculate the HSC frequency of the transplanted popula-
tion, taking into account the number of engrafted mice and the total number of mice used. This yielded
no difference in the estimated HSC frequency between cells pharmacologically arrested in G; and
UNTR cultured cells at 24 hr (p=0.462) and 72 hr (p=0.893) (Fig.4.25e). Data suggests that cell cycle
progression does not drive loss of long-term repopulation capacity in CB LT-HSCs cultured in differen-
tiation facilitating conditions. In fact, the HSC frequency of PD treated cells at 72 hr of culture is sig-
nificantly lower (approximately 3 fold; p=0.00529) than that of cells also arrested in cell cycle progres-

sion at 24 hr of culture (Fig.4.25e) further supporting this conclusion.

Similarly to experiments obtained in CB, mPB CD34*/CD38" cells in the PD condition cultured in a 62
hr gene therapy protocol (including two hits of lentiviral transduction) showed no significant differ-
ence in graft size (Fig. 4.25f) at 18 weeks post transplantation when compared to the UNTR condition
(n= 29 mice UNTR, n=28 mice PD). Although, a significantly higher proportion of erythroid cells were
observed in grafts from mPB cells cultured with PD with respect to the UNTR condition (Fig.4.25g;
p=0.0244). An LDA was performed to assess the HSC frequency of the transplanted population and no
significant difference was observed between the PD and UNTR condition at 62 hr (Fig.4.25i). In mice
transplanted with CB LT-HSCs tri/bilineage grafts (containing myeloid, lymphoid and erythroid cells)
were similarly distributed across animals in both the PD and UNTR condition (Fig.4.25i). In mice trans-
planted with mPB CD34*/CD38 cells a trend for increased tri-lineage grafts was observed in the PD
condition at the expense of My/Lym grafts (My/Lym PD vs UNTR p=0.0571) when compared to the
UNTR condition (Fig.4.25i).

To confirm our results in CB are not attributed solely to conditions which facilitate differentiation, CB

LT-HSCs were either UNTR or PD treated and cultured in gene therapy media (in the absence of a
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lentiviral vector) for 62 hr and injected into immunocompromised mouse models (n=10 mice UNTR,

n=10 mice PD) at indicated doses (Table 4.5).

Number of tested| Number of engrafted
Hours of culture Cell Dose mice mice Condition
62hr 700 2 2 UNTR
62hr 700 3 3 PD
62hr 300 4 4 UNTR
62hr 300 3 3 PD
62hr 50 4 4 UNTR
62hr 50 4 1 PD

Table 4.5 : Human CB LT-HSC cell dose and mouse information for primary in vivo transplantation studies
in gene therapy protocol conditions including PD treatment. Human CB LT-HSC cell dose (representative of
0 hr at the time of sort) after culture in gene therapy conditions (in absence of lentiviral transduction), num-
ber of mice tested and number of mice showing human engraftment 18 weeks post transplantation is indi-
cated. 62 hr: 10 mice UNTR, 10 mice PD, n=1 experiment.

No differences in the graft size (Fig.4.26a) or lineage composition (Fig.4.26b) were observed in trans-

planted LT-HSCs cultured with PD compared to UNTR cultured LT-HSCs at matched doses. An LDA

could not be performed in this study because an insufficient number of mice were un-engrafted.
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Figure 4.26: CB LT-HSCs arrested in cell cycle progression during 72 hr culture show comparable graft size and
lineage output to cells progressing through the cell cycle.
a. Human graft size (CD45* & GlyA* %of Singlets) from bone marrow of UNTR or PD treated CB LT-HSCs
cultured for 62 hr in gene therapy conditions in the absence of lentiviral transduction. Mice were trans-

planted by intravenous injection. Only engrafted mice shown. Line at median.

b. Lineage contribution of mice engrafted with UNTR or PD treated CB LT-HSCs cultured for 62hrs. Colony
defined by >30 cells in (CD45** & GlyA* gate) + >30 cells in a determined lineage gate. Erythroid (GlyA+),

Myeloid (CD33), Lymphoid (CD19). Mann Whitney U-test performed and no significant values deter-

mined.

111



To investigate the impact of inhibiting cell cycle progression on self-renewal capacity specifically,
secondary transplants were performed in NSG-SGM3 animals. Human CD45** cells from primary
mouse bone marrow originally engrafted with 72hr cultured CB LT-HSCs were first sorted and then
transplanted into NSG-SGM3 recipients by IF injection. Of note, CB secondary transplantations were
only performed for the 72 hr time-point of CB LT-HSC culture (UNTR/PD; differentiation facilitating
conditions only). To minimise loss of HSCs during cell sorting for mPB secondary transplants, high
doses of primary mouse BM were counted and IV injected with no cell sorting. For both cell sources,

matched doses were transplanted between the PD treated condition and UNTR condition (Table

4.6).
Cell Source from
Primary Recipi- Number of tested Number of en-

ents Cell Dose mice grafted mice Condition

mPB 2250000 2 2 UNTR

mPB 5000000 2 2 UNTR

mPB 10000000 1 1 UNTR

mPB 100000 4 1 UNTR

mPB 200000 3 2 UNTR

mPB 1000000 4 2 UNTR

mPB 100000 4 3 PD

mPB 200000 3 0 PD

mPB 1000000 3 1 PD

mPB 2250000 1 1 PD
CB 42500 4 0 UNTR
CB 170000 3 1 UNTR
CB 680000 3 1 UNTR
CB 42500 4 1 PD
CB 170000 3 0 PD
CB 680000 3 3 PD

Table 4.6: Human mPB and CB cell dose and mouse information for secondary in vivo transplantation studies
in gene therapy protocol conditions including PD treatment. Cell dose for secondary transplantation, number
of mice engrafted and number of mice tested is indicated. For mPB secondary transplantation experiments, BM
from engrafted primary recipients was thawed, counted and injected (IV) in indicated doses based on cell count.
For CB secondary transplantation experiments, human CD45* cells were sorted from engrafted primary mice
and injected (IF) in three doses. Of note, secondary transplantation for CB experiments was only performed using
primary mice transplanted with cells cultured for the 72 hr time-point (UNTR/PD; differentiation facilitating con-
ditions only). For mPB experiments: 16 mice UNTR, 11 mice PD; n=2 experiments. For CB experiments: 10 UNTR
and 10 PD; n=1 experiment.

Human graft size was reduced in secondary mice of the PD treated condition (Fig.4.27a) compared

to the UNTR condition. However, the frequency of serially-transplantable HSCs in the injected
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population was comparable (Fig.4.27b; p=0.170). Similar to results in CB, human graft size (Fig.4.27c)

and HSC frequency were unchanged (Fig.4.27d; p=0.809) between PD and UNTR conditions.
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Figure 4.27: Cell cycle progression during the first cell cycle ex vivo does not impact the self-renewal
capacity of cultured mPB and CB LT-HSCs.
Human graft size (CD45*" & GlyA* % of Singlets) from secondary mice injected with three doses
of human CD45* cells sorted from CB primary recipients. Only engrafted mice shown. Line at
median. Dotted line indicates engraftment threshold (>30 cells in CD45*" & GlyA* gate and >
0.01% of Singlets).
LDA analysis of the calculated HSC frequency in the transplanted population. Chi-squared test
performed and no significant values determined (PD vs UNTR p=0.170).

Human graft size (CD45* & GlyA* %of Singlets) from secondary mice injected with three doses of
unsorted cells from mPB primary recipients. Only engrafted mice shown.

LDA analysis of the calculated HSC frequency in the transplanted population. Chi-squared test
performed and no significant values determined.

a.
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Taken together, this body of work demonstrates that long-term repopulation capacity significantly
drops over clinically relevant culture, and that cell cycle progression past early G is not the main driver
of such loss in human LT-HSCs (Fig.4.28a + b). In addition, we show that PD treatment over the first
cell cycle in culture overall does not drastically alter the lineage output of cells after transplantation.
Finally, through secondary transplantation experiments we conclusively demonstrate that cell cycle

progression does not impact the self-renewal capacity of cultured LT-HSCs.
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Figure 4.28: Overall dynamics of CB and mPB long-term repopulation capacity loss in clinically relevant
culture in either the presence or absence of cell cycle progression.
a. Frequency of long-term repopulation cell (% LTRC) of UNTR/PD treated CB cultured in differentia-
tion facilitating conditions for indicated durations. Calculated by extreme limiting dilution analysis
(ELDA). HSC frequency indicated in bold (0 hr UNTR 1in 8.1, 6 hr UNTR 1 in 10.6, 24 hr UNTR 1 in
90.3,24 hrPD1in70.1, 72 hr UNTR 1in 217, 72 hr PD 1 in 208). Chi-squared test performed to test
for difference between groups and significance indicated.
b. % LTRC of UNTR/PD treated mPB cultured for indicated durations. Calculated by ELDA. HSC fre-
quency indicated in bold. Chi-squared test performed between groups and significance indicated.

4.3.6 Investigating the effects of cell cycle progression on HSC differ-
entiation

The link between the length of the G; phase of the cell cycle and stem cell differentiation has long
fascinated scientists and has been extensively studied (reviewed in Dalton and Coverdell, 2015; Orford
and Scadden, 2008). A short G; phase is an inherent characteristic of pluripotent ESCs and lineage
commitment is associated with an increased length of G; (reviewed in Boward et al., 2016). Given the

link across other stem cell systems between cell cycle kinetics and cell fate | lastly wanted to put our
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results into context, building on these ideas and investigating the dependency of cell cycle progression
for HSC differentiation specifically. To answer this question to a reasonable degree available from our
current datasets, GSVA scores were generated from common-myeloid progenitor (CMP), granulocyte-
monocyte progenitor (GMP) and myeloid-erythroid progenitors (MEP) populations of human HSC dif-
ferentiation (Laurenti et al., 2013). The GSVA scores of cultured mPB and CB LT-HSC populations from
scRNA-Seq experiments presented in this thesis were then calculated with respect to the differentia-
tion signatures and visualized (Fig.4.29a). Culture conditions promoting HSC differentiation in vitro are
biased towards the generation of mostly mature myeloid cell lineages although also support erythroid
colonies. Very little supported lymphoid progenitors/mature lymphoid cells are produced and there-

fore Myeloid-Lymphoid Progenitor (MLP) signatures were not analysed.

Differentiation signatures increase during 72 hr of CB LT-HSC culture with a dynamic similar to the Late
Up pattern observed previously (Fig.4.29a, Fig. 4.11). At 24 hr of culture the GMP score is unchanged
between UNTR and PD treated CB LT-HSCs while CMP and MEP signatures show significantly increased
activation in UNTR cells compared to early G; arrested cells (Fig.4.29a). At 72 hr of culture, UNTR cells
show significantly higher expression of differentiation signatures compared to PD treated cells for
MEP, CMP and GMP signatures (Fig.4.29a). It should be noted that in the presence of PD, differentia-
tion signatures still increase relative to the 0 hr time-points. It is interesting that across CMP, MEP and
GMP signatures the degree of upregulation between PD treated and UNTR CB LT-HSCs is increased
only after the 24 hr time-point (corresponding to quiescence exit). These data demonstrate that over-
all, lineage specification signatures are upregulated to a lower degree for cells arrested in early G;
suggesting that lineage specification is somewhat diminished or delayed in absence cell cycle progres-

sion.

Inspection of genes significantly upregulated by progression through the cell cycle in LT-HSCs cultured
for 72 hr with respect to PD treated cells showed convincing GMP lineage specification genes including
Proteinase 3 PRTN3, the elastase ELANE and Cathepsin G CTSG (data not shown), all of which are ex-
pressed by classical monocytes with neutrophil-like characteristics and mature neutrophils (Yafiez et
al., 2017). Triphosphate isomerase (TPI/1) is an enzyme involved in glycolysis and an MEP signature
gene. Of interest, TPI1 is also only upregulated upon progression through the cell cycle by 72 hr CB LT-
HSCs. Interestingly, TPI1 is indispensable for erythropoiesis with triphosphate isomerase deficiency

characterised by chronic haemolytic anaemia (Conway et al., 2018).
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Figure 4.29: Lineage specification programs are upregulated during ex vivo culture and show significant
downregulation in the absence of cell cycle progression.

a.

GSVA score of CMP (left), MEP (middle) and GMP (right) signatures in UNTR/PD treated CB LT-HSCs
cultured in differentiation facilitating conditions for 72 hr. Paired t-test performed and significant val-
ues indicated (boxplots representative of GSVA score from single cells. 0 hr: n=85, 6 hr: n=134, 24 hr
UNTR: n=58, 24 hr PD: = 80, 72 hr UNTR: n=84, 72 hr PD: n=27).

GSVA score of CMP (left), MEP (middle) and GMP (right) signatures in UNTR/PD treated mPB LT-HSCs
cultured in gene therapy conditions (including lentiviral transduction) for 62 hr. Paired t-test per-
formed and significant values indicated (boxplots representative of GSVA score from single cells O hr:
n=218, 62 hr UNTR: n=143, 62 hr PD: n=57).

Proportion of single CB LT-HSCs cultured in differentiation facilitating conditions which map to indi-
cated cluster on multi-tissue landscape of differentiation from 118,783 single CD19°CD34"* cells
(Mende et al., 2022). Clusters 1,3,14, 23,24 excluded from analysis.

Proportion of single mPB LT-HSCs cultured in gene therapy conditions which map to indicated cluster
on multi-tissue landscape of differentiation from 118,783 single CD19°CD34* cells (Mende et al.,
2022). Clusters 1,3,14, 23,24 excluded from analysis.
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To corroborate our results, we also calculated the GSVA scores of differentiation signatures in mPB
LT-HSCs UNTR or cultured with PD in gene therapy protocol conditions. Similarly to results obtained
in CB LT-HSCs, CMP, MEP and GMP signatures all display significantly reduced GSVA scores in PD
treated LT-HSCs when compared to UNTR 62 hr GFP* LT-HSCs and signatures in PD treated cells were
significantly increased from the 0 hr time-point (Fig.4.29b). Therefore, it can be deduced that in both
CB and mPB a proportion of lineage determination genes are only upregulated upon cell cycle pro-

gression.

Next, we used the multi-tissue landscape of differentiation from Mende et al., 2022. Clusters involved
in lymphoid cell specification (1,3,18,24 and the non-descript cluster 14) were first removed from the
pipeline because this branch of haematopoiesis is not well supported by our culture conditions. Fol-
lowing this, the CB and mPB scRNA-Seq datasets were integrated to the multi-tissue landscape using
the seurat package (Stuart et al., 2019). Integration was performed separately for CB and mPB da-
tasets. The leiden cluster labels from the multi-tissue landscape were then predicted on CB/mPB LT-
HSCs through nearest neighbour analysis (Methods 3.8.4). CB LT-HSCs cultured with PD for 24 hr show
a similar distribution of cells with nearest neighbours in tested leiden clusters compared to UNTR cells
progressing through the cell cycle (Fig.4.29c¢). This data indicates that despite pharmacological G; ar-
rest, cells express lineage determination genes to a similar extent. However, 72 hr LT-HSCs treated
with PD maintain transcriptional similarity to HSC/MPP clusters 1 and 3 (Clusters 4+5) whilst the ma-
jority of cells progressing through the cell cycle at 72 hr of culture show the highest transcriptional

similarity to downstream Myeloid Progenitors (MyP3) (Fig.4.29c).

The majority of uncultured mPB single cells show transcriptional similarity to HSC/MPP2 (Cluster 4)
with a similar distribution of projected cells observed in 6 hr cultured CB LT-HSCs (Fig.29c+d). 62 hr
UNTR mPB LT-HSCs project to several clusters with the highest proportion of mPB LT-HSCs showing
transcriptional similarity to MyP3 (Cluster 4) whereas upon PD treatment 62hr mPB LT-HSCs predom-
inantly project to HSC/MPP3 cluster (Fig.29d). Collectively, these analyses suggest that cell cycle pro-

gression contributes to the establishment of lineage specification programmes.

Ideally, to better investigate this question | would like to study the effect of cell cycle inhibition by PD
treatment on differentiation over extended culture durations (=7 days). | had begun optimising the
required dose and frequency of PD addition to these cultures to maintain reversible G; arrest over a
7 day culture period although this work did not come to fruition within the timing limitations of this

PhD.
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Overall, both CB and mPB LT-HSCs in pharmacological G; arrest show reduced lineage specification
signatures, project to a higher proportion of HSC/MPP clusters on a landscape HSC differentiation
(Mende et al., 2022) and show reduced expression of key lineage specification genes. These data sug-

gest that cell cycle progression facilitates in vitro differentiation.

4.3.7 Chapter 3 Summary:

Data obtained in this chapter use reversible CDK6 inhibition to arrest cell cycle progression in LT-HSCs
over clinically relevant culture. We demonstrate that arresting progression past early G; does not im-
pair the ability of LT-HSCs to increase cell size and mitochondrial activation over culture. scRNA-Seq
of LT-HSCs arrested in cell cycle progression demonstrates that the majority of transcriptional change
is acquired independently of progression past early Gi. In addition, we show that cell cycle progression
does not impact the self-renewal capacity of LT-HSCs and therefore alternate mechanisms drive the
loss in long-term repopulation capacity associated with LT-HSC culture. Finally, we examine the role
of cell cycle progression on HSC differentiation in vitro and show that upregulation of key lineage

specification genes in culture is amplified by cell cycle progression.
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S. DISCUSSION

Remarkable progress has been made in recent years within ex vivo gene therapy to treat a variety of

disorders affecting the haematopoietic system. This progress is in part, attributed to our increasing
understanding of the haematopoietic hierarchy through the unparalleled resolution offered by single
cell sequencing technologies. Current gene therapy protocols target the CD34" fraction (a hetero-
genous mix of stem and progenitor cells) with limited understanding of how ex vivo modification im-
pacts the underlying biology of a purified HSC population. Furthermore, it is a continuous challenge in
the field that despite ex vivo amplification of phenotypic HSC numbers, there is a net decline in long-
term repopulation capacity. As such, ex vivo gene therapy protocols are limited to re-infusion of a
reduced number of LT-HSCs than collected at apheresis. Importantly, the extent to which self-renewal
capacity is lost in culture is poorly understood and a lottery exists of how many cells still capable of
true long-term reconstitution are re-infused back into the patient. Finally, the mechanisms driving

such attrition in HSC function ex vivo remain unclear.

This thesis is separated into three chapters although the overarching aims of this work are interlinked;
to provide an in-depth analysis of human HSC activation over the first cell cycle ex vivo and to investi-
gate changes which may drive loss of self-renewal capacity in culture. To deliver on these aims | used
two contrasting culture systems of mPB cultured in ex vivo gene therapy conditions (Biffi et al., 2013)
and CB cultured in differentiation facilitating conditions (Laurenti et al., 2015). Subsequently, scRNA-
Seq, in vitro and in vivo functional assays were performed to assess changes in HSC behaviour during

culture.

By using single cell RNA-Seq of 1512 cells from four healthy mobilized peripheral blood donors | first
demonstrate that the ex vivo modification protocol has a significant impact on the transcriptome of
LT-HSC, ST-HSC and CD34" cells. We reveal that the majority of this transcriptional change is due to
the culture composition rather than lentiviral transduction itself and unpick differential molecular reg-

ulation occurring within the LT-HSC compartment over culture.

Next, by using single cell RNA-Seq and in vivo functional assays in a time resolved manner, | disentangle
the kinetics and molecular rewiring associated with loss of stem cell function ex vivo. | demonstrate
that long-term repopulation capacity is maintained for the first 6 hr of culture, followed by a marked
reduction in HSC function corresponding to the timings of cell cycle progression past early G;. Time-

course scRNA-Seq analysis at matched time-points reveals 10010 differentially expressed genes over
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the time-course and such loss in HSC function is framed by dynamic transcriptional patterns of activa-

tion and repression.

Finally, | test the dependency of cell cycle progression on the two unique features which underpin
HSCs; self-renewal and differentiation capacity. Using a LT-HSC specific in vitro model system to re-
versibly arrest progression past early G;, my data conclusively demonstrates that loss of self-renewal

capacity ex vivo is independent of cell cycle progression.

Collectively there are interesting findings throughout all results chapters and this discussion will be

broken into key results sections for further analysis.

5.1 A subset of uncultured CB LT-HSCs are primed for oxidative
phosphorylation

Curiously, prior to ex vivo activation and within 0 hr CB LT-HSCs, we identify two subsets separated by
pseudotime score (denoted Ohr-EARLY and Ohr-LATE respectively). Ohr-EARLY LT-HSCs enrich to a pop-
ulation of dormant human LT-HSCs (Zhang et al. Nature cell biology, in revision) and a subset of mul-
tipotent LT-HSCs with slower quiescence exit kinetics identified by our lab (Belluschi et al., 2018). In
contrast, Ohr-LATE cells enrich to a signature generated from a population of lineage restricted LT-
HSCs (Belluschi et al., 2018) and express significantly increased levels (> 15 log,FC from Ohr-EARLY) of
CDK6 and key oxidative phosphorylation genes. Elevated levels of CDK6 protein in ST-HSCs permit
faster cell cycle re-entry following quiescence (Laurenti et al., 2015), however it has only very recently
been shown that CDK6 transcript expression can subset functionally distinct populations within the
phenotypic LT-HSC compartment (Kaufmann et al., 2021). More specifically, CD112" cell surface ex-
pression demarcates a population of LT-HSCs with low CDK6 expression which exhibit transiently re-
strained or latent repopulation kinetics, permitting superior and more durable long-term repopulation

capacity (Kaufmann et al., 2021).

Ohr-EARLY and Ohr-LATE LT-HSCs are roughly equally as prevalent within uncultured cells and there-
fore cannot be equivalent to those identified in Belluschi et al. whereby lineage restricted LT-HSCs
represent a rare subset (Belluschi et al., 2018). Furthermore, previous characterisations of distinct
subsets within the LT-HSC compartment have not identified any degree of oxidative phosphorylation
priming (Belluschi et al., 2018; Kaufmann et al., 2021; Knapp et al., 2018) which is a preferred mecha-
nism of metabolism upon HSC activation (Manesia et al., 2015). Cell cycle status and metabolism are

tightly linked such that in vivo quiescence is associated with glycolytic metabolism (Simsek et al., 2010;
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Takubo et al., 2013) and maintained by the low ROS levels in the hypoxic BM niche (Itkin et al., 2016).
Loss of hypoxia is correlated with loss of quiescence (Lo Celso et al., 2009), increased aerobic metab-
olism and ROS generation (Hinge et al., 2020; Simsek et al., 2010; Takubo et al., 2013), therefore it is
compatible to observe a degree of cell cycle priming within cells transcriptionally primed for aerobic
metabolism. Taken together, | identify a population of cells which are more efficiently equipped to
respond to the increased bioenergetic demands of culture through an abundance of oxidative phos-
phorylation genes and a higher degree of cell cycle priming. Our results support the increasing body
of work demonstrating intrinsic differences within the LT-HSC fraction (Belluschi et al.,, 2018;

Kaufmann et al., 2021; Knapp et al., 2018) which contribute to heterogeneity of the human HSC pool.

5.2 Global changes of HSPC activation in culture and across stem cell
sources

The ex vivo gene therapy protocol has a predominantly shared impact on the transcriptome of mPB
HSPC subsets with over 95% of changed biological pathways shared between CD34*, ST-HSC and LT-
HSCs. Highly upregulated pathways are involved in cell cycle progression, cholesterol biosynthesis,
oxidative phosphorylation, translation and MYC target activation. This suggests that both HSCs and
progenitors are becoming more metabolically active over culture, as supported by increased choles-
terol biosynthesis (Xie et al., 2019), translation and protein synthesis (Kruta et al., 2021) in LT-HSCs
over limited culture durations ( < 48hrs). It should be noted that my results from differentiation facil-
itating culture of CB LT-HSCs also show upregulated transcription, translation, MYC target pathway
activation and oxidative phosphorylation, therefore this observation suggests that these pathways are

activated in culture irrespective of media composition.

It can be suggested that the commonality of these pathways is due to the shared oxidative environ-
ment of culture. However, increased oxidative phosphorylation and mitochondrial translation path-
ways are also observed during the transition in vivo to an intermediary activation state of “Galert”
where muscle stem cells are primed to respond to stress (Rodgers et al., 2014). This therefore suggests
that upregulated aerobic metabolism is a “hard-wired” feature of cell activation and is in fact not di-
rectly associated with the population studied, the oxidative culture environment or the cell source.
Whilst the purpose of our study is not to look specifically for common pathways across cell sources or
media compositions, it becomes evident that there is an overlap and we speculate that many biologi-
cal processes changed over activation are not unique to HSCs. Given the impressive range of transcrip-

tional dynamics we observe in the culture of CB LT-HSCs perhaps it is the amplitude of pathway change
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which may distinguish cell activation across different HSC subsets and cell sources, and this concept is

explored in the next section.

5.3 LT-HSC specific changes during activation in culture

Despite modulating predominantly shared biological pathways, mPB LT-HSCs cultured in gene therapy
conditions show slight but significant reductions in the median GSVA score of upregulated pathways
involved in MYC target regulation, mitochondrial translation and E2F1 target regulation at 62 hr when
compared to ST-HSCs and CD34" cells. Results obtained also demonstrate that LT-HSCs show a signif-
icantly reduced amplitude of gene expression change over culture. LT-HSCs exist in a deeper state of
quiescence such that they have a longer kinetics of quiescence exit than ST-HSCs upon ex vivo culture
(Laurenti et al., 2015). It can therefore be suggested that the increased depth of the LT-HSC quiescent
state drives a lower amplitude of gene expression change as a result of culture, translating into re-
duced biological pathway activation. Therefore, LT-HSCs may initially be more “resistant” to ex vivo
activation and exhibit a delayed response to gene expression changes as a direct result of slower cell

cycle kinetics.

In contrast to ST-HSCs and CD34" cells, mPB LT-HSCs also regulate a distinct array of transcription
factors over culture including JUN, KLF4, and NRF1 networks. The AP-1 family of transcription factors
such as c-Jun (JUN) and JunB (JUNB) are highly expressed in quiescent HSCs and are quickly downreg-
ulated upon proliferation (Min et al., 2008). c-Jun controls G;-S phase cell cycle progression (Schreiber
et al., 1999) through proposed mechanisms regulating CDK and Cyclin D1 expression (reviewed in
Shaulian and Karin, 2001). The NRF1 network also shows unique upregulation in LT-HSC culture. NRF1
is a master regulator of mitochondrial biogenesis which directly regulates expression COX subunits
critical for oxidative phosphorylation (Dhar et al., 2008). It is interesting that these transcription factor
networks are only altered in LT-HSCs when exit from quiescence is common in ST-HSCs and increased

cell cycling and aerobic metabolism is common to all subsets.

This may suggest that these regulatory networks have stem cell specific functions in the context of
HSC activation. JunB controls proliferation in LT-HSCs (Passegué et al., 2004) and maintains correct
notch and TGF-f signalling to regulate myeloid differentiation with JunB loss leading to aberrant my-
eloid expansion (Santaguida et al., 2009). Although the roles of c-Jun (JUN) and KLF4 networks in reg-
ulating HSC self-renewal and differentiation are poorly understood, these regulatory networks have

instrumental roles in maintenance of self-renewal capacity in other stem cell systems. c-Jun signalling
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impedes differentiation in human embryonic stem cells (ESCs) by occupying enhancers (Li et al., 2019).
KLF4 is a central transcriptional regulator of the pluripotent state (Guo et al., 2009; Takahashi and
Yamanaka, 2006) with KLF4 downregulation and relocalization to the cytoplasm initiating exit from
pluripotency (Dhaliwal et al., 2018). Taken together, we suggest that KLF4 and JUN networks may be
downregulated over only LT-HSC culture exclusively as a direct result of the loss of self-renewal capac-
ity observed. In HSCs specifically, NRF1 regulates protein folding stress incurred from the increased
mitochondrial biogenesis required upon the transition from quiescence to activation (Mohrin et al.,
2015). The exclusive upregulation of the NRF1 network in LT-HSCs may suggest distinct mechanisms
regulating careful metabolic activation from the deep glycolytic state of LT-HSC quiescence (Simsek et

al., 2010; Takubo et al., 2013).

5.4 Early preservation of self-renewal capacity in culture

By precise kinetic analysis using in vivo transplantation approaches, my findings reveal that the loss of
long-term repopulation capacity ex vivo is not linear with time. Interestingly, in both mPB cultured in
ex vivo gene therapy conditions and CB cultured in differentiation facilitating conditions, | demon-

strate that the HSC frequency of the transplanted population is maintained for the first 6 hr of culture.

The first 6 hr of CB LT-HSC culture in differentiation facilitating conditions is associated with rapid
transcriptional rewiring of the quiescent LT-HSC state; 40% of the transcriptional changes accumulated
over 72 hrin culture are acquired within the first 6 hr. We observe fast upregulation of transcription,
translation and oxidative phosphorylation related pathways with simultaneous downregulation of cell
adhesion molecule pathways and integrin signalling. Cell adhesion molecules such as N-cadherins
(Hosokawa et al., 2010), E-selectins (Winkler et al., 2012) and integrin signalling (Khurana et al., 2016)
regulate HSC maintenance in the BM niche and the continuous downregulation of these pathways
from uncultured LT-HSCs suggests that these niche regulatory interactions are progressively destroyed
over culture. We also observe sharp downregulation of AP-1 transcription factors associated with
maintenance of a quiescent LT-HSC state such as JUN (Min et al., 2008) and FOS (Okada et al., 1999).
Downregulation of the JUN network is consistent with my data in mPB LT-HSCs cultured in the gene

therapy protocol and here we pinpoint that this change is likely occurring rapidly during culture.

Strikingly, we also observe transient upregulation of pathways dynamically regulated at the 6 hr time-
point with genes following this expression pattern involved in cell stress, sphingolipid biosynthesis and
apoptotic signalling. In comparison to progenitors, HSCs show high expression of stress response path-

ways such as the UPR (Galen et al., 2014) and the downstream ISR (Galen et al., 2018). This results in
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a carefully maintained proteostatic environment balanced through autophagic recycling (reviewed in
Garcia-Prat et al., 2017). High basal levels of stress response pathway expression sets superior “quality
control” thresholds for LT-HSCs, resulting in preferential apoptosis in response to oxidative, genotoxic
and proteostatic damage (Galen et al., 2014; Milyavsky et al., 2010; Xie et al., 2019; Yahata et al.,
2011). This “culling” of unfit HSCs ultimately maintains the integrity and longevity of the HSC pool.
Transient upregulation of cell stress related pathways such as TNF signalling and apoptotic pathways
may therefore serve as a component of this stress response regulatory axis, proving beneficial to main-
tain long-term repopulation capacity at 6 hr in culture. Indeed TNF-a treatment both in vitro and in
vivo promotes survival exclusively in HSCs whilst driving apoptosis in progenitors (Yamashita and Pas-
segué, 2019). TNF signalling also directly activates the anti-apoptotic cFLIP (CFLAR), which shows tran-
sient upregulation at the 6 hr time-point. cFLIP mediates the balance between cell survival and apop-
tosis in many cells (reviewed in Tsuchiya et al., 2015), therefore upregulated CFLAR may promote
functional LT-HSC survival at 6 hr of culture. Transient downregulation of bile acid synthesis is also
observed at 6 hr of culture. Bile acids are an important component of lipid metabolism and when
added to ex vivo culture have been shown to enhance protein folding and reduce ER stress to improve
HSC engraftment in the mouse system (Miharada et al., 2014) with the same mechanism also demon-
strated to suppress ER stress in expanding mouse fetal liver HSCs (Sigurdsson et al., 2016). Taken to-
gether, transient dynamics permitting increased TNF-signalling coupled with favourable proteostatic
stress response signalling may promote survival and protect the LT-HSC population from functional

loss at the 6 hr time-point.

However, transient dynamics of expression exist at the 6 hr time-point which may drive subsequent
HSC functional loss ex vivo. Transient upregulation of the ceramide biosynthesis enzyme, DEGS1 likely
contributes to later loss of HSC function in culture. Ceramide is the dominant component of sphin-
golipids which constitute cellular membranes such as the ER, mitochondria and lysosomes (reviewed
in Hannun and Obeid, 2018) and therefore has a central role in regulating the interconnected meta-
bolic network within LT-HSCs. Upregulation of DEGS1 in culture directly mediates loss of LT-HSC self-
renewal capacity through disruption of lipid homeostasis and underlying proteostatic programs (Xie
et al., 2019). Pharmacological inhibition of DEGS1 by 4HPR acts as a lipostatic stress stimulant, restor-
ing high expression of coordinated cell stress programs and autophagic recycling to preserve LT-HSC
capacity ex vivo (Xie et al., 2019). Furthermore, we observe transient downregulation of retinoic acid
signalling (retinol metabolism), which is highly expressed within long-lived and highly potent dormant

HSCs in vivo (Cabezas-Wallscheid et al., 2017; Schonberger et al., 2021). Therefore, differentially
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expressed genes with transient dynamics of expression at 6 hr of culture may be detrimental to HSC

fitness ex vivo.

The 6 hr time-point is also associated with bimodal expression of genes which are predominantly in-
volved in transient dynamics over 72 hr culture. Gene expression variability is inversely correlated with
our ability to predict the subsequent transcriptional state of a cell (reviewed in Chalancon et al., 2012),
such that stably expressed genes can dictate a transcriptional program to maintain pluripotency
(Mason et al., 2014) and conversely, expression noise in transcriptional regulators identifies genes
which predict imminent cell fate decisions in embryonic development (Hasegawa et al., 2015) and in
erythroid progenitor populations (Griin, 2020). Taken together, this broadly suggests that transiently
expressed genes at the 6 hr time-point showing bimodality of expression may later become differen-

tially expressed between populations to drive cell fate decisions in culture.

5.5 An adaptation period in culture frames a cell fate decision

Taken together, we propose that the 6 hr time-point encompasses an adaptation period where LT-
HSCs are responding to the overwhelming change in external mitogenic stimuli forced by ex vivo cul-
ture. From our data we cannot speculate whether this adaptation period is detrimental or beneficial
for later stem cell functional capacity ex vivo. Heightened TNF signalling and ER stress programs may
preserve survival of LT-HSCs. Supporting this concept, addition of small molecules which increase ac-
tivity of the cell stress regulator HSF1 over ex vivo culture restores HSC proteostasis and preserves
long-term repopulation capacity equivalent to that of uncultured HSCs (Kruta et al., 2021). Indeed, we
observe that LT-HSCs cultured for 6 hr show a trend for higher viability in response to the proteostatic

stress agent tunicamycin when compared to 24 hr of culture.

However, it is well established that increased survival in culture is not necessarily beneficial for stem
cell function and often an amplification of phenotypic HSC numbers is associated with a real term
attrition in LT-HSC function (Xie et al., 2019). This adaptation period to culture may therefore not be

beneficial for LT-HSC functional capacity ex vivo.
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Figure 5.1: Model of molecular and functional regulation of CB LT-HSC activation during 72 hr in culture.
The first 72 hr of culture is associated with dynamic transcriptional patterns of gene expression from the
uncultured quiescent state. The first 6 hr of culture encompass an adaptation period where LT-HSCs are
responding to the overwhelming change induced by the extrinsic environment. The time-point marking the
end of this adaptation period is unknown (indicated by colour gradient). The frequency of the long-term
repopulating cell (% LTRC; grey colour block scaled by HSC frequency in transplanted population) is main-
tained for the first 6 hr of culture before sharply dropping (= 9 fold reduction) by 24 hr corresponding to the
completion of quiescence exit (Go-early Gi1). The % LTRC further reduces from 24 to 72 hr in culture (= 2 fold
reduction) as LT-HSCs are progressing through the cell cycle until mitosis (late G; — M). The exact time of
quiescence exit varies within the LT-HSC population (indicated by colour gradient).

Within the 6 to 24 hr transition in culture, we observe a dramatic reduction in the LT-HSC frequency
of transplanted CB and this is functionally associated with increased cell size and increased mitochon-
drial activity. In mPB, this transition is associated with increased cell death and a trend for a reduced
ability to respond to proteostatic stress. Taken together, we propose that this adaptation period is
followed by a cell fate decision; LT-HSCs must decide whether to undergo apoptosis, lose functional

self-renewal capacity or rarely, remain as a LT-HSC. (Fig.5.2).
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Figure 5.2: Schematic illustration of LT-HSC fate ex vivo. Cultured LT-HSCs at the 6 to 24 hr transition
may undergo apoptosis (29.1%; top branch), loose self-renewal capacity (60.1%; middle branch) or
maintain self-renewal capacity (10.8%; lower branch). Arrow thickness illustrates the calculated pro-
portion of cells which exhibit the indicated fate decision in culture based on long-term in vivo trans-
plantation and in vitro apoptosis assays. (Proportion of LT-HSCs undergoing apoptosis is calculated
from mPB LT-HSCs in gene therapy media whereas the maintenance/loss of self-renewal capacity ex
vivo is calculated from CB LT-HSCs cultured in differentiation facilitating conditions). Created with
Biorender.

We further speculate that the observed increase in cell death may represent a bottleneck in popula-
tion heterogeneity whereby the instructive signals from ex vivo culture effectively select for cells most
suited to the ex vivo environment. In line with this concept, the 0 hr time-point displays the highest
transcriptional heterogeneity as calculated by an entropy based statistic, and this is rapidly lost by the
6 hr time-point. Collectively, loss of the in vivo HSC diversity over culture may bias our study of HSCs

ex vivo and limit the full repertoire of cells for therapy following culture.

5.6 Potential molecular drivers of self-renewal capacity loss ex vivo

Our time-course scRNA-Seq dataset matched with functional analysis of repopulation capacity is a key
strength of our approach and allows us to pinpoint the molecular changes occurring within the
timeframe of the most extreme loss of self-renewal capacity in culture. Furthermore, we reveal dy-
namic patterns of expression which would be oversimplified by comparison of only quiescent and ac-
tivated populations; both the amplitude and duration of fluctuations in gene expression may influence

cell fate decisions in culture.
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At the molecular level loss of long-term repopulation capacity is associated with downregulation of
transiently upregulated pathways such as TNF-a signalling, apoptosis signalling (including CFLAR) and
sphingolipid biosynthesis (including DEGS1) coupled with continuous downregulation of HSC niche
maintenance factors and continuous upregulation of transcription, translation and oxidative phos-
phorylation pathways. It is interesting that continuously changed pathways over culture such as up-
regulated oxidative phosphorylation and downregulated in vivo niche regulatory signalling do not ex-
hibit a drastic change in amplitude upon self-renewal loss in culture. This may indicate that this path-
way activation/repression is prescribed and does not drive loss of functional HSC capacity only after 6
hr of culture. However, this contrasts recent literature demonstrating that mitochondrial activation
itself (Hinge et al., 2020; Vannini et al., 2016) and associated shifts in metabolism (Ho et al., 2017,

Loeffler et al., 2019) can directly influence cell fate decisions.

Perhaps threshold levels of key genes exist which may “tip the balance” and drive loss of self-renewal
capacity ex vivo. Of interest, we also observe sharp activation of Myc and subsequent Myc target path-
ways only after 6 hr of culture. Upregulation of Myc is associated with loss dormancy and HSC activa-
tion in vivo (Cabezas-Wallscheid et al., 2017) although to our knowledge, the 0 — 6 hr transition is the
first characterisation of “pre-Myc” HSC activation. Mouse HSCs deficient in Myc are quiescent and
serially transplantable although do not give rise to functional differentiated progeny (Laurenti et al.,
2008) suggesting that Myc functionally regulates decisions involving stem cell fate. Recently, MYC has
been shown to have a direct role mediating stem cell fate by inhibiting lysosomal recycling of environ-
ment sensing cell surface receptors (Garcia-Prat et al., 2021). In turn, this drives HSC activation and
subsequent proliferation with a loss of self-renewal capacity (Garcia-Prat et al., 2021). The rapid up-
regulation of MYC between 6 hr to 24 hr is observed with a simultaneous drop in stem cell repopula-
tion capacity and may therefore be indicative of a driving molecular mechanism of self-renewal loss

ex vivo.

5.7 Towards identification of novel cultured LT-HSC markers

In spite of long-term repopulation capacity loss, a subset of cultured LT-HSCs are thought to persist
following ex vivo modification in gene therapy protocols, as evidenced by long-term haematopoietic
reconstitution up to 13.4 years following therapy (Cicalese et al., 2016). Gene therapy protocols are
limited by the fact that this subset cannot be easily identified because cell surface markers used to
isolate phenotypic populations change over culture. Identification of a reliable cell surface marker of

LT-HSCs after the gene therapy ex vivo protocol may be a powerful prognostic indicator of therapy
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efficacy and this additional information would allow for cell dose or conditioning regimen modulation,
further aided by the increased characterization time afforded through the use of cryopreserved cells
in recent trials (Fumagalli et al., 2020). Recently, Integrin-3a. in combination with EPCR has been iden-
tified to mark LT-HSCs in culture, which represents significant progress (Tomellini et al., 2019) although

this has only been tested formally in vivo within the context of UM171 mediated expansion in CB.

To prospectively identify markers of LT-HSCs which persist following culture, genes which were differ-
entially expressed in LT-HSCs compared to ST-HSCs and CD34" cells were identified at 0 hr and 62 hr.
mPB LT-HSCs showed higher expression of MHC Class Il regulators at both time-points and higher ex-
pression of MHC Class | regulators at 62 hr, including significantly increased expression of the invariant
chain CD74 and the alpha chain of HLA-DR, HLA-DRA at both time-points. CD74 and MHC Class Il pro-
tein expression have recently been used to subset populations of intestinal stem cells (ISCs) with dis-
tinct cell cycle kinetics and heightened functional properties in antigen presentation which influences
the self-renewal capacity of the ISC pool (Biton et al., 2018). Moreover, a subset of mouse HSCs with
elevated MHC Il cell surface expression have recently been identified which show reduced cell cycle
kinetics and resistance to 5-FU treatment (Li & Williams et al. Blood, in revision). | contributed to this
study by re-analyzing a dataset from our lab (Belluschi et al., 2018) to identify higher MHC Class Il
expression within a subset of LT-HSCs with slower cell cycle kinetics and multi-lineage repopulation

capacity (CD34"°CLEC9AM).

In the present study we find that a broad antibody for HLA-DR/DP/DQ showed consistently higher
expression in cultured LT-HSCs with respect to ST-HSCs and CD34" cells. Recently, HLA-DR expression
has been positively correlated with proliferative capacity in long-term in vitro culture of CB LT-HSCs
(Knapp et al., 2018) further suggesting merit in investigating MHC Class Il molecules as cell surface
markers of cultured LT-HSCs. In contrast, cell surface expression of CD74 was not reliably higher in
cultured LT-HSCs with respect to ST-HSCs or CD34" cells (data not shown), perhaps attributed multiple
functional roles of this protein both intracellularly and as a cell surface receptor (reviewed in Schroder,
2016). Upon integrating the mPB and CB scRNA-Seq datasets, we also identified higher CD74 expres-
sion in a subset of 62 hr mPB LT-HSCs with the highest transcriptional similarity to earlier time-points
in the CB time-course dataset. This suggests that mPB LT-HSCs with high CD74 expression may be
associated at the molecular level with increased long-term repopulation capacity. Taken together,
CD74 may represent a candidate transcriptional marker for cultured LT-HSCs. Importantly, it is very
possible that the particular markers identified may not reliably mark cultured LT-HSCs, although more

broadly our data point to a largely unexplored area in ex vivo HSC regulation.
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5.8 Cell cycle progression does not drive loss of self-renewal capacity
in cultured LT-HSCs

Studies in mouse have conclusively shown that an increased frequency of division in vivo reduces re-
population capacity (Bernitz et al., 2016; Foudi et al., 2009; Wilson et al., 2008) with it even suggested
that each consecutive division drives a successive loss in self-renewal capacity (Bernitz et al., 2016).
Indeed, in the present study we observe a significant drop in the long-term repopulation capacity of
mPB and CB HSCs within a timeframe equating to completion of quiescence exit and cell cycle pro-
gression, which is further supported by late up (upregulation after 6 hr) expression dynamics of cell
cycle progression pathways. However, it has been presumed from current in vivo literature (Bernitz et
al., 2017; Laurenti et al., 2008; Passegué et al., 2005) that cell cycle progression itself drives the loss
of self-renewal capacity associated with HSC culture. However, no study to date has formally tackled

this question in a purified HSC subset.

To address this, | used a LT-HSC specific in vitro system to reversibly arrest cell cycle progression past
early G; through treatment with the CDK6 inhibitor PD (Palbociclib). PD treatment inhibits the catalytic
activity of CDK4/CDK6-Cyclin D complexes with additional roles indirectly inhibiting CDK2/Cyclin E
(Pack et al., 2021) to synergistically arrest cells in G;. The majority of transcriptional changes acquired
over culture and functional hallmarks of ex vivo HSC activation, including an increased cell size and
increased mitochondrial activity (Ito et al., 2006; Simsek et al., 2010; Takubo et al., 2013) are deter-
mined as independent of cell cycle progression. Furthermore, through scRNA-Seq in mPB and CB cul-
ture systems, we show that the transcriptional differences between PD treated and UNTR LT-HSCs at
matched culture durations are predominantly related to G;M specific processes. This observation
therefore suggests that PD treatment has relatively limited off target effects. It should be noted that
upon PD treatment, CDK®6 is still able to perform kinase independent functions and can directly regu-
late the transcription of selective genes such as VEGF and p16™%* (Kollmann et al., 2013) in addition
to EGR1 (Scheicher et al., 2015). Kinase independent functions of CDK6 may therefore have a resulting
influence on stem cell function and should be considered. Although importantly, kinase independent
functions of CDK6 are independent to the mechanism mediating hyperphosphorylation of Rb and sub-
sequent cell division, therefore conclusions drawn within this study relate directly to cell cycle pro-

gression.
The findings generated from in vivo studies conclusively demonstrate that pharmacological G; arrest

during culture does not significantly change the HSC frequency of the transplanted population in com-

parison to untreated, cycling cells cultured for matched durations. We conclusively demonstrate this
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finding for CB cultured in differentiation facilitating conditions for 24 or 72 hr and for mPB cultured in
a 62 hr ex vivo gene therapy protocol. This demonstrates the validity of our results irrespective of
culture conditions or HSC source. Early ex vivo studies which have attempted to disentangle the impact
of cell cycle progression ex vivo on HSC functional capacity have shown a higher proliferative output
in Go phase CD34" cells upon long-term culture when compared to G; phase CD34" cells (Gothot et al.,
1998). Additionally, CB CD34" cells exclusively in the Go/G1 phases of the cell cycle have been reported
to generate grafts upon transplantation, in contrast to cycling counterparts (Glimm et al., 2000). These
studies do not unpick the differences between cells in Go-early G compared to late G; and study the
CD34* fraction which is mostly comprised of progenitors, reading out short-term engraftment (Glimm
et al., 2000) or in vitro proliferative capacity (Gothot et al., 1998) and this does not reflect LT-HSC
function. In addition, the lack of in vivo short-term engraftment in cycling CD34* cells may be explained
by a reduced homing capacity in cycling cells (Kallinikou et al., 2012; Larochelle et al., 2012). Im-
portantly, this literature broadly demonstrates that the Go/G; fraction of the transplanted population
contains the highest frequency of repopulating cells. Our results do not discount this finding, and in-
stead complement this work by showing that arresting cells in G; ex vivo is not sufficient to maintain
long-term repopulation capacity, and therefore, mechanisms other than cell cycle status itself dictate
the repopulation status of LT-HSCs ex vivo. Overall, our results suggest that we can effectively uncou-
ple cell cycle progression from the 11 fold and 27 fold reduction in long-term repopulation capacity

observed within the mPB and CB culture systems respectively.

5.9 Investigating the mechanistic relationship between cell cycle pro-
gression and differentiation ex vivo

The link between the cell cycle and stem cell capacity has been extensively studied with interest
(reviewed in Boward et al., 2016; reviewed in Orford and Scadden, 2008). The G; phase is viewed as
an important time window for exposure to differentiation signals. ESCs show a truncated G; allowing
cells to rapidly cycle between DNA synthesis and mitosis with a lengthening of G, observed upon dif-
ferentiation (reviewed in Dalton and Coverdell, 2015). This is also true in neural stem cells where the
length of G; increases by 4 fold over neurogenesis (Takahashi et al., 1995). In contrast, much less is
known within the blood system about the mechanistic interplay between the cell cycle and stem cell

fate.
In the present study, we show that LT-HSCs pharmacologically arrested in early G upregulate lineage

specification programs over culture, however, to a significantly reduced degree when compared to

cycling cells. Our data suggests that cell cycle progression and lineage specification are not inextricably
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dependent on each other. Supporting this concept, cytokine stimulation in cultured undivided HSCs
leads to upregulation of the myeloid specification factor PU.1 (Mossadegh-Keller et al., 2013). Fur-
thermore, both megakaryocytic and erythroid lineage specification genes are expressed in G; phase
mouse HSCs in vivo (Yang et al., 2017) and in vivo transplanted HSCs can convincingly differentiate into
restricted progenitors and lose repopulation capacity even before entering S phase (Grinenko et al.,

2018).

Our data do however show that key lineage specification genes including ELANE, PRTN3 and CTSG
which are required for myeloid differentiation (Yafiez et al., 2017) and triphosphate isomerase TPI1,
which is necessary for correct erythroid function (Conway et al., 2018) are significantly increased upon
cell cycle progression. Cell cycle progression has recently been shown to be required for the genera-
tion of HSCs during endothelial to haematopoietic transition (EHT) using an in vitro culture system to
recapitulate development (Canu et al., 2020). Endothelial cells reversibly arrested in cell cycle progres-
sion can later undergo proliferation, although haemogenic identity is lost and replaced with endothe-
lial or mesenchymal fate (Canu et al., 2020). Therefore, cell cycle progression may indeed be required
in the context of developmental haematopoiesis for cell fate. Furthermore, if ex vivo differentiation
itself is dependent on cell cycle progression whereas loss of self-renewal capacity ex vivo is not, these
results likely suggest that distinct molecular mechanisms regulate differentiation and self-renewal.
This further frames the question of whether these are, in fact, independent processes. Within this
context, differentiation could be initiated independently of the loss of self-renewal capacity, as pro-
posed in an earlier study in the mouse system (Kent et al., 2008). This is supported by work demon-
strating that an undifferentiated status can be maintained ex vivo with a net decline in self-renewal
capacity (Magnusson et al., 2013). Overall, our results within the present study hint that there may be
a degree of cell cycle independent lineage priming but suggest that differentiation is facilitated
through progression past early G;. Importantly, our data warrant further study over a longer

timeframe of culture to better disentangle this question.

5.10 Clinical Relevance of Study

The results presented in this thesis have direct relevance for improving current gene therapy proto-
cols. First, the ex vivo gene therapy field is experiencing a shortcoming in targeting a sufficient LT-HSC
population as evidenced across many clinical trials. Lentiviral transduction within the 62 hr protocol is
placed at 24 and 48 hr of culture. To easily improve on the current protocol performed in this thesis,

our results suggest that transduction should be moved to earlier time-points with the aim of
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successfully targeting a larger LT-HSC fraction ex vivo, and this approach is now being employed in ex

vivo gene therapy clinical trials for Hurler Syndrome (Gentner et al., 2021).

Next, despite holding great clinical promise, gene editing in HSCs remains a challenge partly due to an
absence of functioning HDR machinery in non-cycling HSCs (HSCs which are not in S-G, cell cycle
phases) (reviewed in Ferrari et al., 2021). We conclusively demonstrate that cell cycle progression
itself does not drive loss of long-term repopulation capacity ex vivo. Therefore, if the gene therapy
field adopts a culture system which can better preserve repopulation capacity beyond the 24 hr time-
point, we suggest that HDR mediated gene editing is performed in S-G, phase cells with active HDR

machinery to improve editing efficiency.

Finally, my data more broadly suggests that it is critical to better understand the mechanistic under-
pinnings of the adaptation period and the consequent cell fate determination point where a dramatic
reduction in long-term repopulation capacity is observed between 6 — 24 hr of culture. At this decision
point, human HSCs either lose self-renewal capacity, undergo apoptosis, or in rare cases maintain self-
renewal capacity. We have further speculated that in addition to a loss of absolute HSC numbers, this
bottleneck in HSC function may be effectively selecting for HSCs with characteristics most suited to
the extrinsic environment of ex vivo culture. Therefore, HSCs which are “unfit” for culture may un-
dergo apoptosis, reducing the heterogeneity of the HSC population. We believe that future research
from this work should be carried out with the aim of rescuing the observed bottleneck in HSC func-

tional capacity after culture and this will be explored in the next section (Discussion 5.10).

5.11 Future Directions

To deliver on the proposed objective of rescuing long-term repopulation capacity loss in culture, we
suggest modulation of candidate genes/pathways during the first cell cycle ex vivo. First, a list of can-
didates should be generated from the 10010 differentially expressed genes in CB LT-HSCs during 72
hr of culture in differentiation facilitating conditions. Optimal targets may either represent individual
genes or entire cell signalling pathways identified by GSVA over 72 hr. As our dataset presents a wealth
of potential targets, we suggest investigating candidates which are specifically changed during the 6

to 24 hr window where = 9 fold loss in self-renewal capacity is observed.
Transient upregulation of apoptosis and cell stress response signalling is observed at 6 hr during an

initial adaptation period and this is subsequently followed by a drop in cell survival and a reduced

ability to resolve proteostatic stress at 24 hr. A comprehensive body of literature demonstrates that
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HSCs have higher quality control thresholds (Galen et al., 2014, 2018) with a distinct proteostatic con-
trol network (Xie et al., 2019; Kruta et al., 2021; Liu et al., 2020b; Xu et al., 2020), permitting prefer-
ential apoptosis in response to cell stress (Galen et al., 2014, 2018; Milyavsky et al., 2010; Yahata et
al., 2011). Taken together with our present findings, we suggest that the candidate list should include
key regulators of cell stress response pathways (such as the UPR and downstream ISR) and cell sur-
vival/apoptosis pathways. It is tempting to speculate that modulation of cell stress response and cell
survival networks would shift the balance towards HSC maintenance during the 6 to 24 hr culture

window.

Once a comprehensive list of candidate genes/pathways is established, individual targets will be sys-
tematically screened by gain of function (GOF) and loss of function (LOF) studies ex vivo to investigate
potential changes to HSC survival, differentiation capacity and self-renewal capacity. Crucially, we sug-
gest that modulation of candidates should be performed before quiescence exit (before 24 hr). Com-
monly used genetic modification strategies mediated by lentiviral vectors cannot be used during this
early time window of ex vivo culture and CRISPR-mediated editing would also be ineffective. There-
fore, small molecule inhibitors and transient mRNA overexpression through electroporation should
instead be used for the manipulation of candidates. mRNA electroporation in human HSCs has been
shown to be effective following a total culture duration of 72 hr in gene therapy conditions, with sig-
nificantly increased protein expression detected 24 hr after delivery (Omer-Javed et al., 2022), there-

fore this strategy should allow for candidate interrogation at early time-points of culture.

As long-term repopulation capacity can only be analysed in transplantation experiments spanning >16
weeks of study, it is suggested that initial screening of HSC self-renewal capacity is evaluated by in
vitro serial replating assays and cell survival assays. In vitro serial repopulation can be used as a surro-
gate for long-term repopulation capacity and this technique was employed to discover maintained
repopulation capacity in human HSCs cultured with 4HPR (Xie et al., 2019). Candidates showing a re-
sponse in initial testing should then be subject to further mechanistic examination and long-term in
vivo transplantation approaches should be used to characterise the potential changes to HSC func-
tional output. It can be speculated that modulation of a limited number of targets during the first cell
cycle ex vivo may show a benefit to long-term repopulation capacity and be clinically implementable
in gene therapy trials. Further study should then determine whether candidates show a benefit to the
quality of the long-term graft in pre-clinical models of HSC ex vivo gene therapy. Assessment of graft
quality would include measuring graft size, graft multipotency (contribution of erythroid, myeloid and

lymphoid cells to graft) and persistence of the graft (engraftment in secondary animals). Finally, given
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that gene editing strategies hold great promise for the future of HSC ex vivo gene therapy (reviewed
in Ferrari et al., 2021) we suggest investigating whether the candidate strategies are compatible with
CRISPR/Cas9 HDR-mediated gene editing in human HSCs using the ex vivo barcoding strategy, Bar-Seq
(Ferrari et al., 2020). When paired with in vivo transplantation approaches, Bar-Seq allows for simul-
taneous assessment of gene editing efficiency and graft polyclonality (number of HSCs contributing to

engraftment).

Importantly, the approaches suggested to modulate candidates have several benefits. Firstly, both
small molecule inhibitors and mRNA overexpression technology permit rapid manipulation of targets
which is determined as crucial from the present study. Secondly, small molecule inhibitors can be used
to target entire cell signalling pathways and mRNA overexpression technology permits modulation of
several mRNAs at once, therefore providing broad targeting of a pathway. Finally, there is little clinical
risk of these strategies because no insertion of DNA will be performed and approaches will not impact
gene/pathway expression after the ex vivo culture protocol. Importantly, regardless of the results ob-
tained from these future studies, this avenue of work will provide a fundamental assessment of how

HSC fitness and cell fate decisions are regulated ex vivo.

6. FINAL CONCLUSIONS

Altogether, data presented in this thesis comprehensively characterises single HSC activation ex vivo

over an entire cell cycle in a time resolved manner. | identify significant loss in HSC long-term repop-
ulation capacity over an ex vivo gene therapy protocol aimed to preserve self-renewal capacity. Fur-
thermore, | discover that such loss in HSC function is in fact, not linear with time and preceded by an
adaptation period where LT-HSCs are responding to the overwhelming change in extrinsic environ-
ment mediated by instructive cell culture signals. LT-HSC functional loss ex vivo is correlated with the
timings of completed quiescence exit and framed by dynamic transcriptional patterns of gene ex-
pression. Finally, | formally tackle the dependency of self-renewal capacity loss in culture to cell cycle
progression. Contrary to presumed from current literature, my data demonstrate that cell cycle pro-
gression is not responsible for the loss of long-term repopulation capacity associated with human
HSC culture. Overall, data presented in this thesis have relevance in the improvement of current clin-
ical gene therapy protocols and establish a clear rationale for further study into the very early

changes associated with HSC activation in culture.
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