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Abstract

Background: Children with Down Syndrome (DS), caused by an extra copy of
chromosome 21 (trisomy 21, T21) are at increased risk of developing acute myeloid
leukaemia (ML-DS) and B lineage acute lymphoblastic leukaemia (ALL). This points
to specific effects of T21 on haematopoietic stem and progenitor cell (HSPC) biology.
In ML-DS, all cases originate in fetal cells and T21, together with a GATA1 mutation
is essential for disease progression. By contrast, in DS-ALL, where the most frequent
molecular abnormalities affect JAK2 signalling and CRLF?2, clinical signs of leukaemia
develop after the first year of life and there is so far no direct evidence for a fetal origin.
However, previous work from the Roberts lab showed that T21 causes perturbation of
haematopoiesis in second trimester fetal liver (FL) and, as well as increased erythro-
megakaryopoiesis, B-lymphopoiesis was also severely impaired. Furthermore, FL. HSC
show a reduced ability to generate B cells in vitro despite increased HSC numbers.
Preliminary data suggests that B-lymphopoiesis may also be reduced in T21 fetal
bone marrow (BM). However, the extent of the perturbations in fetal lymphopoiesis

in BM, their molecular basis and the link to DS-ALL remain unclear.

Aim: The aim of this project was to investigate the cellular and molecular mechanisms
responsible for perturbed fetal B-lymphoid development in T21 and how this may
contribute to ALL by addressing the following questions: 1. What is the cellular
hierarchy and molecular basis for B-lymphoid development in normal fetal BM? 2.
What is the impact of T21 on fetal BM B progenitor development? 3. What is the
impact of T21 on the transcriptome of ALL blasts?

Results: 1. Normal fetal B-lymphopoiesis: Flow cytometry of FL and fetal BM
showed that fetal BM is the main site of B-lymphopoiesis during the second trimester
and that there are fetal specific lymphoid populations: Early Lymphoid Progenitors
(ELP) and PreProB progenitors. Functional (in vitro cultures and in vivo xenografts)
demonstrated that PreProB progenitors are the first committed B progenitor. Molecular
analysis (RNA-sequencing, single cell RT-qPCR, ATAC-sequencing) placed PreProB
progenitors downstream of ELP and upstream of ProB progenitors. PreProB progenitors
are also especially proliferative and share immunophenotypic, molecular and IgH

rearrangement patterns with infant ALL (1ALL).
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2. Fetal B-lymphopoiesis in T21 fetal BM: Although the frequency of immunophenotypic
HSC was higher in T21 fetal BM and LMPP frequency was normal, ELP and
PreProB progenitors were virtually absent, indicating an even more profound defect
in B-lymphopoiesis than previously observed in FL. Functional analysis revealed
decreased B-lymphoid potential from T21 HSC suggesting a cell intrinsic defect in B-
lymphopoiesis at the HSC level. RNA-Sequencing analysis of normal and T21 fetal BM
HSPC showed enrichment for gene signatures associated with inflammatory pathways
including IFN« signalling, suggesting a potential role for extrinsic, microenvironment-
driven factors. Novel co-cultures using normal fetal HSPC and normal or T21 fetal
BM mesenchymal stromal cells (MSC) demonstrated that T21 MSC have reduced
capacity to support fetal B-lymphopoiesis. Also, analysis of the MSC transcriptome

pointed towards a role for inflammation in the perturbation in fetal B-lymphopoiesis.

3. Transcriptomic analysis of cytogenetically matched paediatric non-DS-ALL and
DS-ALL blasts: Analysis of RNA-sequencing data from non-DS-ALL blasts, DS-ALL
blasts and non-DS-ALL blasts with acquired T21 suggested that the ALL-associated
cytogenetic abnormality was the main driver promoting clustering of samples by PCA.
The impact of acquired T21 was distinct from that of constitutional T21, which
also pointed towards a role for the trisomic microenvironment in DS-ALL because
gene sets for inflammatory signalling pathways were enriched exclusively in DS-ALL
blasts and HSC from DS-ALL patient BM. In addition, the increased frequency of
immunophenotypic HSC observed in T21 fetal BM was found to persist in post-natal
DS-ALL BM.

Conclusions: Fetal specific B-lymphoid development pathways in human BM have
been identified for the first time paving the way for further studies to identify and
characterise in wutero initiation of infant and paediatric ALL. In T21, fetal BM B-
lymphopoiesis is severely perturbed and specifically there appears to be a block in
the normal fetal programme via ELP and PreProB progenitors. Studies of HSPC and
MSC, the major cellular component of the microenvironment, indicate that both cell
intrinsic and cell extrinsic mechanisms play a role, possibly through altered crosstalk
between HSPC and their environment; and an increased inflammatory response that
inhibits fetal B-lymphopoiesis. The inflammatory signature observed in T21 fetal life
is also observed in DS-ALL and so together, these data indicate that perturbation
of B-lymphopoiesis by T21 persists beyond the FL in the fetal BM and possibly in

post-natal life.
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Chapter 1

Introduction

1.1 Fetal haematopoiesis in the mouse and human

1.1.1 HSC emergence

In mammals, there are three waves of haematopoiesis that begin early in embryogenesis.
Most of our understanding of these early waves of haematopoiesis comes from murine
studies. In mice, the first site where blood cells develop is the yolk sac [Palis et al..
1999 [Costa et al., 2012] [Dzierzak and Bigas, 2018]. Here there are two waves of
development: primitive erythropoiesis followed by a wave of erythromyeloid expansion
[Palis et al., 1999] [McGrath et al., 2015a] [McGrath et al., 2015b]. In addition to
differentiation of primitive erythroid and myeloid cells, there is increasing evidence
to suggest that primitive B-1 cells arise in the yolk sac [Yoshimoto et al., 2011]
[Yoshimoto, 2015]. “Definitive” adult type haematopoietic stem cells (HSCs) arise
after embryonic day 10.5 (E10.5) from the dorsal aorta of the aorta-gonad-mesonephros
(AGM) region |[Miiller et al., 1994] [Medvinsky and Dzierzak, 1996 |de Bruijn et al.
2000| |de Bruijn et al., 2002]. These “definitive” HSCs isolated from the E10-11 AGM
share immunophenotypic and functional (long-term re-populating) properties with
adult bone marrow (BM) HSCs [Miiller et al., 1994] [Medvinsky and Dzierzak, 1996]
[Sanchez et al., 1996| [de Bruijn et al., 2002]. After emergence, HSCs migrate to and
populate the fetal liver (FL) which remains the main site of haematopoiesis in the
mouse until around birth when the BM takes over |[Coskun et al., 2014]. Murine HSC

emergence is extensively reviewed most recently here: [Dzierzak and Bigas, 2018].

Similarly, in humans, primitive erythro-myelopoiesis occurs in the yolk sac [Huyhn
et al., 1995] |[Tavian et al., 1999]. Definitive HSCs arise from the AGM after 4 post-
conception weeks (pew)|Tavian et al., 1996] [Tavian et al., 1999]|Tavian et al., 2001],



[Oberlin et al., 2002] [Ivanovs et al., 2011] [Easterbrook et al., 2019] and colonise the
FL from 5 pcw onwards |[Tavian et al., 1999]. By 10-12 pcw, haematopoietic cells are
detectable in long bones but the exact timing of the onset of HSC activity in human
fetal BM remains undetermined [Charbord et al., 1996 [Sinka et al., 2012] [Ivanovs
et al., 2017). The BM becomes the main site of haematopoiesis by the time of birth
and this remains the case for the rest of post-natal life (figure[I.1)). Human embryonic

HSC emergence is reviewed extensively and most recently here: [Ivanovs et al., 2017].

Yolk sac

(o}
D > Liver \

YOLKSAC == AGM == LIVER =) BONE MARROW

3 pcw 4-6 pcw 7+ pcw 10+ pcw

—>

Primitive Definitive haematopoiesis

Figure 1.1: The main sites of haematopoiesis during ontogeny: primitive erythro-
myelopoiesis occurs in the yolk sac and definitive HSC emerge from the AGM to colonise the
FL. FL. HSPC eventually migrate to the BM which will be the main site of haematopoiesis
around birth. AGM: aorta-gonad-mesonephros. Illustration adapted from [Ivanovs et al.,
2017) with permission from publisher (Development, the Company of Biologists Ltd.)

1.1.2 The haematopoietic hierarchy

Traditionally haematopoiesis has been modelled as a tree-like hierarchical structure
with HSCs at the apex that divide and differentiate into restricted progenitors that
eventually give rise to all the mature cell types of the haematopoietic and immune
system [Hofer and Rodewald, 2018] |[Eaves, 2015]. HSCs are defined as having
multi-lineage potential, the ability to self renew and the ability to re-populate in
immunodeficient mice. This model is based on decades of experiments involving the
prospective immunophenotypic classification, functional and molecular characterisation
of the BM in both mice and humans (figure [L.2(a)). In this active field of research

the model of the haematopoietic tree is constantly being refined. Most recently the



existence of a Common Myeloid Progenitor (CMP) and Granulocyte/Macrophage

progenitors (GMP) have been called into question [Drissen et al., 2016] [Drissen et al.|
2019]. Many of these refinements to the haematopoietic hierarchy are as a direct result

of advances in single cell technologies. In the era of single cell transcriptomics, several

differing models of haematopoiesis have been proposed owing to the heterogeneity
discovered in each bulk population [Notta et al., 2015] [Cvejic, 2015 [Haas et al.!
2018] |Carrelha et al., 2018| |[Karamitros et al., 2018] [Laurenti and Gottgens, 2018]

[Jacobsen and Nerlov, 2019]. Nevertheless, the haematopoietic hierarchy tree can

be used to illustrate the gradual loss of pluripotency into a mature cell type that is
the basis of blood cell differentiation, providing a “snapshot” of the continuum of
differentiation revealed by single cell studies. This is perhaps best illustrated in a
figure from [Laurenti and Gottgens, 2018] (figure [L.2(b)).
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Figure 1.2: Adult haematopoietic hierarchy defined by functional and molecular analysis in
murine and human studies. (a) a simplified illustration of the haematopoietic hierarchy with
CMP and GMP faded to represent recent studies calling to question their existence in humans
[Drissen et al., 2016 [Drissen et al., 2019]. (b) Adult haematopoietic hierarchy illustrating
the heterogeneity within HSPC pools; adapted by permission from Springer Nature: Springer,
Nature, From haematopoietic stem cells to complex differentiation landscapes. Laurenti and
Gottgens. Copyright (2018) |Laurenti and Gottgens, 2018]. HSC, haematopoietic stem cell;
MPP, multipotent progenitor; LMPP, lymphoid-primed multipotent progenitor; MLP, multi-
lymphoid progenitor; CMP, common myeloid progenitor; GMP, granulocyte-macrophage
progenitor; MEP, megakaryocyte-erythroid pfbgenitor; CLP, common lymphoid progenitor.




1.1.3 Murine adult and fetal B-lymphopoiesis

In mice, adult B-lymphopoiesis starts with HSCs that differentiate into multipotent
progenitors (MPP); then lymphoid-primed multipotent progenitors (LMPP); followed
by common lymphoid progenitors (CLP) before finally committing to the respective
lymphoid lineages: B, T and NK cell. This model of B-lymphopoiesis has been deduced
after decades of studies involving prospective isolation of progenitor populations
followed by molecular and functional analyses (reviewed here: [Sigvardsson, 2018]).
In parallel, others have focussed on resolving the stages of B-lymphopoiesis after B-
lymphoid commitment. Much of this work was lead by Richard Hardy who postulated
a schema of B-lymphopoiesis that divided B progenitors into five fractions according to
their cell surface markers, heavy chain rearrangement status and growth dependence
on IL7 |[Hardy et al., 1991]. These “Hardy” fractions are still used to decipher B

progenitors in the murine adult system |Jensen et al., 2018| |Sigvardsson, 2018§].

Murine adult and fetal B-lymphopoiesis is distinct [Hardy and Hayakawa, 1991].
Since Hardy and Hayakawa showed that B cells in fetal tissues are mainly CD5+ and
in adult BM B cells are mainly CD5-, these CD5+ B cells have been identified as
natural antibody secreting B-1 cells that play a distinct role in innate immunity. In
murine fetal life, these B-1 cells arise in the yolk sac independent of HSCs in a primitive
wave |[Montecino-Rodriguez et al., 2016] [Ghosn et al., 2019|. Then, in fetal and adult
life, in parallel with B-2 cells, there are two further waves of B-1 development that
are HSC dependent [Montecino-Rodriguez et al., 2016] [Ghosn et al., 2019]. But, it is
this first wave that is thought to contribute to the increased frequencies of B-1 cells
reported by Hardy and Hayakawa |[Hardy and Hayakawa, 1991]. In addition to the
differences in B-1 cell production through ontogeny, HSC-dependent differentiation
into B-2 cells develops in two waves: a fetal and adult wave [Montecino-Rodriguez
et al., 2016]. While most studies of fetal and adult B-lymphopoiesis in mice concentrate
on the distinctions between B-1 and B-2 developmental origins, there are others who
have suggested that HSC- dependent B-2 cell differentiation is associated specifically
with Il7ra expression [Berthault et al., 2017]



1.1.4 Human adult and fetal B-lymphopoiesis

Differences between human adult and fetal B-lymphopoiesis have also been described
within the wider context of haematopoiesis as a whole [Notta et al., 2016|. Since the
existence of B-1 B cells in human fetal life is debated [Griffin et al., 2011b| [Descatoire
et al., 2011][Griffin et al., 2011a] [Perez-Andres et al., 2011] [Bueno et al., 2016]
[Baumgarth, 2017|, and given that we could not find them in FL or fetal BM [Roy
et al., 2017|, from herein T will use the term “B cells” to define CD34-CD19+ B cells

without discriminating between B-1 and B-2 cells.

Species differences in immunophenotypic marker expression between mice and humans
and the fact that human B cells are notoriously difficult to culture in vitro has hindered
the functional dissection of human B-lymphopoiesis in the same detail as murine
B-lymphopoiesis [Ichii et al., 2014]. Nevertheless, the B-lymphoid hierarchy in human
post-natal tissues is relatively well characterised with many parallels in the murine
system [Hystad et al., 2007] [Bendall et al., 2014] [Ichii et al., 2014] [Good et al., 2018]
[Pellin et al., 2019]. It is accepted that HSCs differentiate into progenitors that first lose
their megakaryocyte/erythroid potential and then myeloid potential to become a CLP
that can differentiate into only the lymphoid lineages: B, T and NK. There are two
immunophentypic definitions of CLP: a Lin-CD34+CD38-CD10+ progenitor described
in adult BM |Galy et al., 1995] and a CD34+CD38-CD7+ progenitor described in
cord blood (CB) [Hao et al., 2001]. Whether lymphoid commitment occurs prior to
the expression of CD10 remains a subject of debate but differences in tissues studied
(adult BM and CB) almost certainly play a role in the functional output of these
immunophenotypically defined populations [Kohn et al., 2012]. Furthermore, both
of these immunophenotypic CLP were later shown to be heterogeneous populations
with bias towards T /NK potential in the case of CD7+ CLP and B potential in the
case of CD10+ CLP [Haddad et al., 2004] [Hoebeke et al., 2007] |Ichii et al., 2010b].
More recently, there has been significant debate surrounding the progenitors that
precede CLP which has been attributed to the heterogeneity within the previously
described progenitor populations such as the multi-lymphoid progenitor (MLP) and
LMPP [Doulatov et al., 2010] [Goardon et al., 2011] [Karamitros et al., 2018]. So
whether a true functional CLP exists and what it differentiated from remains to be

determined.



The developmental hierarchy of human fetal B-lymphopoiesis is not as well studied.
Cells of the B-lineage have been reported in FL and fetal BM by 7-8 pcw and 12
pcw respectively however the functional relationships and molecular properties of
these cells were not characterised |[Asma et al., 1984] [Uckun and Ledbetter, 198§]
[Grumayer et al., 1991] [Nunez et al., 1996] [Charbord et al., 1996] |Bueno et al., 2016].
Previously the Roberts lab reported the presence of a CD127+ progenitor called an
Early Lymphoid Progenitor (ELP) in FL [Roy et al., 2012] which had originally been
identified in adult BM [Ryan et al., 1997]; and since then, the presence of ELP in FL
has been independently confirmed by others [Alhaj Hussen et al., 2017| |Boiers et al..
2018]. While all three groups used a slightly different immunophenotypic definition
of ELP, all definitions commonly used CD127+ in their definition and functional
analysis of the ELP demonstrated lympho-myeloid output. A functional CLP has
not been reported in the human fetus, and the point at which progenitors commit to
the B-lineage remains undetermined. Expression of the cell surface marker CD19 is
the hallmark of B-lineage commitment and, in contrast to adult BM where the first
committed B progenitor is a CD344+CD194+CD10+ ProB progentior, the presence of
two committed B progenitors that differ in their CD10 expression has been observed
in FL in the Roberts lab [Roy et al., 2012]. Others have reported the simultaneous
occurrence of these two progenitors in CB [Sanz et al., 2003| [Sanz et al., 2010].
However, the relationship between ELP and PreProB progenitors and their position

in the fetal B-lymphoid hierarchy remains to be determined.

1.2 Down Syndrome

Down Syndrome (DS) is the most common aneuploidy in humans and accounts for 1
in 909 live births in the UK [NCARDRS, 2017|. First described in 1866 by Langdon
Down [Down, 1866|, the cause of DS, an extra copy of chromosome 21 (trisomy 21,
T21) in all cells, was not deciphered until 1959 |Lejeune et al., 1959]. Since then,
others have shown that the most common cause of T21 is the result of failed maternal
non-disjunction during meiosis (reviewed here: [Antonarakis, 1998]). Live births
for trisomies 18 and 13 that cause Edward’s and Patau’s syndrome respectively are
recorded but are much rarer [NCARDRS, 2017]. With 233 protein coding genes and
424 non-protein coding genes, chromosome 21 is the smallest of all human chromosomes
[Ensembl, 2019] and this may therefore explain why T21 causes less disruption to the

developing embryo/fetus than other trisomies.



1.2.1 Clinical characteristics of DS

The impact of T21 differs in each individual and therefore the phenotype of DS is
varied. All children born with DS display craniofacial and cognitive impairments; and
they are at increased risk of being born with cardiac or gastrointestinal defects as
well as developing early onset dementia later in life (reviewed here: [Liu et al., 2014]).
Children with DS are also at increased risk of developing distinct haematological
abnormalities [Zipursky, 2003] [Roberts et al., 2013] and malignancies despite being
less cancer prone in general [Hasle et al., 2016] [Hasle, 2001] [Hasle et al., 2000].

1.2.2 Haematological abnormalities in DS

Children with DS are at increased risk of developing both acute myeloid (Myeloid
Leukaemia of Down Syndrome, ML-DS) and lymphoid (DS-Acute Lymphoblastic
Leukaemia, DS-ALL) leukaemias [Hasle et al., 2016], with the risk being highest for
children under 5 years old |Goldacre et al., 2004] [Hasle et al., 2016]. ML-DS develops
from a pre-leukamia called Transient Abnormal Myelopoiesis (TAM) which occurs in
10% of children with DS and is unique to children with DS [Zipursky, 2003] [Roberts
et al., 2013]. Of these 10%, up to 20% progress to full blown ML-DS [Gamis et al..
2003] [Massey et al., 2006]. On the other hand, DS-ALL is similar to non-DS-ALL
although T-ALL is extremely rare in children with DS and infant ALL (1IALL) has not
been reported [Whitlock et al., 2005 [Roberts and Izraeli, 2014] [Buitenkamp et al..
2014] |Lee et al., 2016] .

In addition to the increased risk of acute leukaemia, children with DS are at increased
risk of infection [Cocchi et al., 2007]. Severe sepsis and sepsis-related deaths are also
increased [Garrison et al., 2005]. DS is also associated with an increased incidence
of several autoimmune conditions such as coeliac disease, hypothyroidism or type 1
diabetes |Goldacre et al., 2004] [Gillespie et al., 2006] [Bergholdt et al., 2006] |[Kusters
et al., 2009] [Marild et al., 2013| [Jorgensen et al., 2019]. This pattern of co-morbidities
points towards a role for T21 in the dysregulation of the developing and maturing

immune system.

Children born with DS are nearly always born with non-malignant haematological
abnormalities such as polycythaemia and thrombocytopenia [Roberts et al., 2013].
Similarly, at birth lymphocyte counts are at the lower end of the normal range and

neutrophil and monocyte counts tend towards the higher end of the normal range



[Roberts et al., 2013]. Multiple in-depth investigations have shown that specifically,
CD4+ T cell counts are significantly lower while CD8+ T cell counts are significantly
higher in children with DS compared to age matched non-DS children |Cuadrado and
Barrena, 1996] |[Kusters et al., 2009] [Satge and Seidel, 2018]. These studies and others
have also shown that immature/naive and memory B cells are significantly reduced
and there is an imbalance in IgM and IgD subtypes in the peripheral blood of children
with DS |Cuadrado and Barrena, 1996] [de Hingh et al., 2005] [Kusters et al., 2009
[Verstegen et al., 2010] [Carsetti et al., 2015] [Farroni et al., 2018|. In addition to
lymphocyte counts being lower, T and B lymphocytes are likely to be functionally
different. There is a decreased germinal centre response to vaccination which results
in fewer memory B cells [Valentini et al., 2015] [Farroni et al., 2018]. With respect
to T cell function, others have shown that DS is associated with increased IFN-v
producing T cells [Franciotta et al., 2006]. Finally, there is increased expression of
other inflammatory and immune related genes in the blood of DS children [Zampieri
et al., 2014] [Silva et al., 2016]. However, the contribution of each immune cell type
to these reported signatures remains unknown as whole blood or peripheral blood
mononuclear cells (PBMCs) were analysed. While these functional differences are
likely to be major drivers in the increased susceptibility to infection and autoimmune
diseases in DS children, the cause(s) of these differences remain undetermined. One
hypothesis is that decreased CD4+ T cell counts directly reduces the memory B
cell count [Verstegen et al., 2010]. However, given that T cell independent antibody
responses are also reduced, the authors of this particular study also acknowledge that

there must also be an intrinsic defect in B-lymphopoiesis [Verstegen et al., 2010].

1.2.3 Fetal liver haematopoiesis in DS

Previous members of the Roberts lab have shown that the effects of T21 on haematopoiesis
begin in fetal life. T21 is associated with an increase in immunophenotypic MEP
[Tunstall-Pedoe et al., 2008] and HSC, and a decrease in immunophenotypic GMP
and committed B progenitors (defined as CD34+CD19+) [Roy et al., 2012]. T21 FL
MEP and HSC also demonstrated increased clonogenicity in colony forming assays
where more erythroid and megakaryocyte-erythroid colonies were formed [Tunstally
Pedoe et al., 2008] [Roy et al., 2012]. This was confirmed by others who also showed
that T21 MEP continued to expand and differentiate in an NSG xenograft model
[Chou et al., 2008|. In addition to the observed skew towards megakaryopoiesis,

the immunophenotypic and functional analysis of progenitor populations in T21 FL



suggested there could be a defect in the B-lymphoid compartment in DS [Roy et al..
2012].

1.2.4 Mouse models of DS

As DS is caused by trisomy of human chromosome 21 (Hsa2l), generation of a
mouse model that faithfully recapitulates the complex and varied human disease
phenotype presents a unique challenge. With the identification of all genes (protein
and non-protein coding) on Hsa21, multiple mouse models have been established and
characterised. Here, I will briefly describe the most established models, but all are
reviewed extensively in |[Herault et al., 2017] and also put into context in [Malinge
et al., 2009] and |[Antonarakis, 2017].

Orthologous regions of Hsa21l are spread over three mouse chromosomes: Mmul0,
16 and 17, with the largest complete region on Mmul6. Triplication of Mmul6 in
mice results in an embryonic lethal phenotype [Gropp, 1974] [Herault et al., 2017]
but triplication of segments of Mmul6 (figure has been extensively studied. The
Ts65n mouse |[Davisson et al., 1990] [Reeves et al., 1995] is characterised by cognitive
impairment, craniofacial dysmorphy and cardiac abnormalities [Reeves et al., 1995]
[Moore, 2006]. Two other models harbour smaller segments of Mmul6: Ts1Cje [Sago
et al., 1998] and Ts1Rhr [Olson et al., 2004] and are also associated with cognitive
differences. Both the Ts65n and Ts1Cje mouse have abnormal adult erythro- and
myelopoiesis and increased HSC frequency [Kirsammer et al., 2008|, however, fetal
haematopoiesis is normal [Malinge et al., 2009]. While these models have been essential
in determining key genes and regions on Hsa21, not all genes on Hsa2l are conserved
in the mouse and also there are triplications of murine genes in each of these models
that do not exist in humans |[Herault et al., 2017]. Also, the role of Hsa21 miRNAs in
these mice, as well as the role of genetic backgrounds on the phenotypes observed is
likely to be underestimated [Klusmann et al., 2010b] [Shaham et al., 2012], [Emmrich
et al., 2014] [Alexandrov et al., 201§].

In a different approach to modelling DS, O’Doherty et al. introduced a copy of
Hsa21 to murine ES cells to make a mouse line that transmitted Hsa21 through the
germline to produce the Tcl mouse [O’Doherty et al., 2005]. While this approach
was exciting, the haematopoietic abnormalities did not fully recapitulate those in the
human |Alford et al., 2010] possibly because, as shown in a subsequent study, there

were mutliple radiation-induced Hsa21 rearrangements |Gribble et al., 2013].
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To specifically address the effects of gene balance of selected gene segments, several
murine models have been developed by the Herault, Yu and Tybulewicz labs in parallel
(summarised in figure[L.3)), using Cre/LoxP technology to induce triplication. However,
these models require more extensive study to establish their phenotype with respect

to neurodevelopment, cardiac development and haematopoiesis in adult and fetal life

[Antonarakis, 2017]. Furthermore, as CRISPR technology makes it quicker and easier

to generate murine models, more DS mouse models are no doubt in the pipeline.
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Figure 1.3: Illustration depicting transgenic mice developed to model DS. Hsa21 is shown
at the top with coloured lines representing the regions that were triplicated (for Tcl)
or orthologous regions in murine chromosomes (orange, bright green and red) that were
triplicated in each model underneath. Several genes of interest are annotated. For the
Tcl mouse (top green line), double lines represent regions of duplications and dipped line
represents a region of deletion. Light brown, dark brown and light blue lines represent
regions of Mmul6 triplication in the most extensively studied mouse models (Ts65n, Ts1Cje,
Ts1Rhr) with key references labelled to the right. Underneath, dark blue, red and green
lines represent regions of triplication developed by labs labelled on the right. Adapted from
[Herault et al., 2017] [Antonarakis, 2017] and [Malinge et al., 2009
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1.2.5 In wvitro models of DS

According to [Antonarakis, 2017| there are twelve induced pluripotent stem cell
(iPSC) lines derived from DS fibroblasts or amniotic fluid in existence. While most of
the functional characterisation of these has focussed on induced differentiation into
neurons, some studies have used DS iPSC to model haematopoiesis. Two studies
published in tandem in PNAS in 2012 showed that DS iPSC differentiated into
haematopoietic progenitors had increased erythroid and multi-lineage colony-forming
potenital [MacLean et al., 2012] and reduced myelopoiesis [Chou et al., 2012] which is
similar in some respects to the abnormalities in human FL [Tunstall-Pedoe et al., 2008]
[Chou et al., 2008] [Roy et al., 2012|. However, both iPSC models failed to recapitulate
the increased MEP observed in T21 FL. Faster expansion of haematopoietic lineage
cells after iPSC differentiation was also observed by Murray et al. [Murray et al., 2015].
These iPSC models have proved useful in modelling TAM where key roles for Hsa21
genes RUNX1, ETS2 and EFRG were suggested [Banno et al., 2016]; in exploring the
role of gene dosage at the chromosome level by silencing the trisomic Hsa2l using
XIST |Chiang et al., 2018]; and also in interrogating the role of EDNRB (endothelin
receptor) in T21 B cell differentiation [MacLean et al., 2018|. So while iPSC models
are potentially valuable for investigating the role of Hsa21l genes, a comprehensive
understanding of the mechanisms by which T21 perturbs fetal haematopoiesis is likely

to require additional detailed studies in primary human tissue.

1.3 DS-ALL

1.3.1 Incidence and clinical characteristics of DS-ALL

Children with DS are at 33x greater risk of developing DS-ALL [Hasle et al., 2000]
[Hasle, 2001] [Hasle et al., 2016] and older studies show increased rates of relapse and
treatment-related mortality, particularly due to infections [Bohnstedt et al., 2013|[Meyr
et al., 2013 [Buitenkamp et al., 2014]. Although a recent report demonstrates that
survival rates for DS-ALL are now comparable to non-DS-ALL patients [Matloub et al..
2019|, infection remains the commonest cause of death in DS at all ages [Englund et al..
2013]. The incidence of DS-ALL peaks in children between the ages of 1 and 5 years
old and DS-ALL has never been recorded in infants (<12 months old) [Hasle et al..
2016] [Buitenkamp et al., 2014]. DS-ALL is of a PreB immunophenotype (CD19+
CD10+/- cytoplasmic-IgM+) and T lineage ALL in DS is extremely rare [Pui et al..
1993] [Zeller et al., 2005 |Arico et al., 2008].
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1.3.2 Genetics of DS-ALL

The distribution of cytogenetic abnormalities used to stratify ALL patients into
subgroups differs between non-DS-ALL and DS-ALL patients. Subgroups that are
common and associated with favourable outcome in non-DS-ALL (ETV6-RUNX1, high
hyperploidy) are much less common in DS-ALL [Buitenkamp et al., 2014]. Similarly,
high risk groups such as MLL rearranged ALLs are rare amongst DS-ALL patients
[Maloney et al., 2010] [Buitenkamp et al., 2014].

Strikingly, 50-60% of DS-ALL patients (compared to 10% of non-DS-ALL patients)
have a rearrangement of the CRLF2 gene (CRLF2r) that causes its overexpression
[Mullighan et al., 2009] [Russell et al., 2009] [Yoda et al., 2010] [Hertzberg et al., 2010]
[Buitenkamp et al., 2014] [Schwartzman et al., 2017]. CRLF2r ALLs (non-DS and
DS) are most commonly due to P2RY8-CRLF2 chromosomal rearrangements or less
commonly IGH-CRLF2 chromosomal translocations |Mullighan et al., 2009] [Russell
et al., 2009] and in rare cases CRLF2 overexpression is caused by a point mutation of
the CRLF'2 gene itself [Hertzberg et al., 2010] [Yoda et al., 2010]. CRLF2 encodes the
thymic stromal lymphopoietin (TSLP) receptor which dimerises with IL-7TRa (IL7R)
to transduce TSLP signalling via the JAK-STAT pathway. Interestingly, DS-ALL is
also closely associated with activating mutations in the JAK/STAT signalling pathway
[Bercovich et al., 2008] [Nikolaev et al., 2014], which frequently co-occur with CRLF2r
[Mullighan et al., 2009] [Hertzberg et al., 2010 [Yoda et al., 2010] [Schwartzman
et al., 2017]. The tonic hypersignalling of the JAK/STAT pathway induced by these
aberrations was hypothesised to drive DS-ALL [Lee et al., 2016 [Bercovich et al..
2008] [Nikolaev et al., 2014] and recently Schwartzman et al. addressed this in a
comprehensive genomic analysis of DS-ALL [Schwartzman et al., 2017]. The CRLF2r
(CRLF2 high expressing) subgroup displayed a bias towards IL7TR/JAK1/JAK2
mutations that were lost in relapse, thereby demonstrating JAK/STAT signalling as
an initial driver of leukaemia. In contrast, the CRLF2 low expressing subgroup had a
higher incidence of RAS pathway mutations supporting previous work demonstrating
the mutual exclusivity of JAK and RAS pathway mutations in DS-ALL, |[Nikolaev et al..
2014] and also another recent study on P2RY8-CRLF2 ALL [Vesely et al., 2017]. Also
in agreement with Vesely et al., Schwartzman et al. reported the increased incidence
of RAS pathway mutations and persistence of loss of function /KZF1 mutations in
relapse samples. Finally, it is worth noting that while Vesely et al. reported that
one third of CRLF2r were lost upon relapse in P2RY8-CRLF2, and others have
reported similar observations where approximately 25% of P2RY8-CRLF2 DS-ALL
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are subclonal [Potter et al., 2018|, this was not the case in the study by Schwartzman
et al. highlighting the need for larger studies of these leukaemias. Others have recently
taken a step in this direction by performing a meta-analysis of available datasets and

confirming the likely role of IKZF1, ARID5B, GATA3 and CDKN2A in DS-ALL as

heritable disease risk loci [Brown et al., 2019].
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1.3.3 In wutero initiation of ALL

Tracing of chromosomal translocations back to birth through analysis of CB and

neonatal blood spots, as well as twin studies, suggest that several childhood leukaemias

can arise in utero [Greaves, 2018]. Specifically, with respect to DS leukaemias, the

multi-step process to ML-DS starts in utero and is well established [Roberts et al.|
2013] [Bhatnagar et al., 2016] [Labuhn et al., 2019]. With respect to B cell precursor
(BCP)-ALL, several subtypes of BCP-ALL have been traced back to birth including
ETV6-RUNX1 [McHale et al., 2003] [Skorvaga et al., 2014] [Alpar et al., 2015], BCR-
ABL1 [Cazzaniga et al., 2011] [Skorvaga et al., 2014], high hyperploidy
2002] |[Bateman et al., 2015] and MLL-rearranged [Ford et al., 1993 |Gale et al., 1997]
[Fasching et al., 2000] [Yagi et al., 2000] [Greaves et al., 2003] [Skorvaga et al., 2014] .
These studies have lead to the hypothesis that many paediatric BCP-ALLs begin in

utero where a clone arises from a fetal HSC/progenitor that acquires a chromosomal
translocation. Then, at some point after birth, further oncogenic mutations in this
clone lead to overt leukaemia (figure . Given that P2RY8-CRLF2 rearrangements
have also been backtracked to birth through neonatal blood spot analysis
; that CRLF2r can be early events in DS-ALL leukaemogenesis
et al., 2018]; and the young age at which children with DS are most likely to develop
ALL (1-5 years), it is plausible that DS-ALL also initiates in utero.

L

NORMAL FETAL MLL-AF4 ADDITIONAL
HAEMATOPOIESIS ETV6-RUNX1 ONCOGENIC
BCR-ABL1 EVENTS

High hyperdiploidy

FETALLIFE BIRTH INFANCY/CHILDHOOD

Figure 1.4: Model for in utero initation of ALL based on studies tracing leukaemic clones
back to birth through neonatal blood spot analysis, CB analysis and twin studies.
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1.3.4 Chromosome 21 genes linked to increased susceptibility
to DS-ALL

HMGN1: Located on chromosome 21, HMGNI1 encodes a nucleosome binding
protein that has been implicated in a model of DS-ALL. Using the Ts1Rhr mouse,
Lane et al. modelled DS-ALL by introducing a JAK2 mutation, over-expressing
CRLF2, knocking out one allele of Pax5 and introducing a dominant negative isoform
of IKZF1(Ik6) [Lane et al., 2014]. Characterisation of the leukaemia that ensued in
these mice, and comparison with human leukaemia data, suggested that DS conferred a
global decrease in H3K27me3 which is a repressive mark added by polycomb repressive
complex 2 (PRC2). Then, through a series of in vitro and in vivo experiments when
HMGNT1 only was overexpressed, the authors concluded that triplication of HMGN1
may play a role the reduced H3K27me3 signature (inferred from gene expression
analysis), leukaemic cell survival and reduced B progenitors |Lane et al., 2014].
Additional studies from the same lab have recently shown that the epigenomic changes
that correlated with increased HMGN1 expression are directly correlated with global
increases in the activating histone mark H3K27ac and global increases in RNA in
cells trisomic for HMGNI1 [Mowery et al., 2018]. This led to the hypothesis that over-
expression of HMGN1 causes chromatin de-compaction and enhanced transcription
that improves leukaemia cell survival. However, the authors do acknowledge that the
DS phenotype is “complex and polygenic” and that other trisomic genes are likely
playing a role in the B-lymphoid defect and increased incidence of ALL |[Mowery
et al., 2018]. It is also worth noting that the direct relationship between HMGN1

over-expression and H3K27me3 repressive marks remains unexplored.

DYRK1A: In a ML-DS mouse model using the same DS mouse (TslRhr) and
inducing GATA1 and MPL mutations, DYRKI1A was identified as a likely mediator
for the abnormal megakaryopoiesis that leads to ML-DS |[Malinge et al., 2012].
Further investigations by the same lab showed that DYRK1A promoted quiescence
via destabilisation of Cyclin D3 at the PreB transition in murine B progenitors
thereby demonstrating the importance of cellular context in the function of DYRK1A
[Thompson et al., 2015]. How, or if, trisomy of DYRKIA contributes to DS-ALL is
unknown but recently DYRKI1A was shown to be involved in the regulation of the
DNA damage repair response |Guard et al., 2019]. These investigations point to a
potential role for DYRK1A in the B-lymphoid defect in T21 FL.
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1.4 Hypothesis and aims

The main aim of this project was to investigate the cellular and molecular mechanisms
responsible for perturbed fetal B-lymphoid development in T21 and how this may
contribute to ALL. I hypothesised that in DS, perturbation of fetal B-cell development
by T21 promotes leukaemic transformation by altering molecular programmes that

regulate normal B-lymphopoiesis. I divided the aim into three questions:

1. What is the cellular hierarchy and molecular basis for B-lymphoid
development in normal fetal BM? [ addressed this by:

(a) characterisation of normal fetal BM by immunophenotyping, functional
assays and molecular analysis.
(b) comparison of normal fetal BM with normal FL.

2. What is the impact of T21 on fetal BM B progenitor development? I
addressed this by:

(a) characterisation of T21 fetal BM by immunophenotyping, functional assays
and molecular analysis to compare with normal fetal BM.
(b) investigating the role of T21 microenvironment through functional and

molecular analysis.

3. What is the impact of T21 on the transcriptome of ALL blasts? I
addressed this by:

(a) immunophenotypic analysis of non-DS-ALL and DS-ALL patient BM.
(b) transcriptome analysis of non-DS-ALL and DS-ALL blasts and progenitors.
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Chapter 2
Methods

2.1 Samples

Fetal tissue was collected during elective termination of pregnancy after specific
written informed consent was obtained for the collection and use of the fetal tissue in
accordance with the Declaration of Helsinki. This fetal tissue is staged and distributed
by the Human Developmental Biology Resource (HDBR, www.hdbr.org; details of
staging in table 2.1f REC: 18/L0O/0822 and 18/NE/0290). The karyotypes for all
samples were confirmed by the HDBR. For samples which failed karyotype analysis,
fluorescence in situ hybridisation (FISH) was used to confirm the lack of chromosomal
abnormalities in normal samples and the presence of T21 in DS samples. Some
samples were not provided by the HDBR. In these cases, all sampling, consent and
experimental procedures were approved by the Hammersmith, Queen Charlotte’s &
Chelsea and Acton Hospitals Ethics committee prior to the commencement of the
project (REC 04/Q0406/145).

Cord blood (CB) was collected from healthy newborns after elective caesarian
sections and after specific written informed consent was obtained (collaboration with
Prof. Suzanne Watt, REC: 04/Q0406/145).

Cryopreserved patient leukaemia samples were obtained from the Bloodwise
Childhood Leukaemia CellBank (REC: 16/SW/0219)

Normal adult bone marrow (BM) was collected during elective orthopedic surgery
after written informed consent and approved by INForMeD HRA approval (collaboration
with Dr Beth Psaila; IRAS 199833; REC no. 16/L0O/1376). Otherwise, adult BM
mononuclear (MNC) were purchased from StemCell Technologies, Canada and Lonza,
USA. Paediatric BM was collected during harvest from sibling donors for bone marrow
transplant and approved for use in research under MREC no. 12/1.00426 (collaboration
with Dr Deena Iskander, Imperial College London).
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Table 2.1: HDBR Fetal staging guide [Hern, 1984]

Post conception weeks (pew) | Foot length (mm) Knee — heel length (mm) | Gestational age in weeks
Late 8 Above 5 and less than 6 8 10
9 6 or above and less than 8 11 11
10 8 or above and less than 10 | 13 12
11 10 or above and less than 13 | 17 13
12 13 or above and less than 17 | 24 14
13 17 or above and less than 20 | 31 15
14 20 or above and less than 23 | 36 16
15 23 or above and less than 25 | 40 17
16 25 or above and less than 27 | 43 18
17 27 or above and less than 31 | 51 19
18 31 or above and less than 33 | 56 20
19 33 or above and less than 36 | 60 21
20 36 or above and less than 40 | 66 22

2.2 Sample processing, cryopreservation and
thawing

Fetal tissues were transported to the laboratory at 4°C and processed immediately
as described previously [Roy et al., 2012]. Briefly, fetal liver was passed through
a 70pm filter and Phosphate Buffered Saline (PBS) supplemented with 2% heat
inactivated fetal bovine serum (HI FBS) and 1mM EDTA. Long bones were flushed
with Dulbecco’s Modified Eagle Medium (DMEM) and then passed through at 70um
filter to obtain a single cell suspension. Early gestation (8-10 weeks) fetal bone samples
were crushed and filtered. CB was passed through a 70um filter and diluted in PBS
at a ratio of 1 part CB to 2 parts PBS. Single cell suspensions were then red cell and
granulocyte depleted by density gradient separation using Ficoll-Paque PLUS (GE
Healthcare) and CD34 enrichment was carried out on freshly isolated MNC using
a Miltenyi CD34 MicroBead kit. Samples were then aliquoted and cryopreserved
in HI FBS with 10% DMSO. Samples were thawed at 37°C for 3 minutes and then
diluted in an excess of HI FBS, spun at 300xg for 5 minutes and resuspended in
IMDM+10% HI FBS or PBS+2%FBS+1mM EDTA (FACS buffer) supplemented
with DNase (100ng/mL). Post-enrichment CD34+ cell purity was >95% in all cases.
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2.3 Flow cytometric analysis and sorting

Cells were stained for flow cytometry with fluorophore-conjugated monoclonal antibodies
(mAb) and viability dye in 100uL. PBS supplemented with FACS buffer for 30 minutes
followed by two 1mL washes where samples were spun at 300xg for 5 minutes. Antibody
details are described in table [2.2] Samples were analysed using a BD LSR II, BD
Fortessa X30 and sorted using BD FACSAriall or BD Fusion instruments. Gates were
set with unstained and fluorescence minus one controls gating on viable cells. Data

were analysed using FlowJo V10.0 software. Purity was always >95% (example purity

plots shown in figures 2.1 and [2.2)).

21



Viabilty

Viability

T T T
0 S0K 100K

FSC-A

T T T
150K 200k 250K

T
0K

FSC-A

T
150K

T
200k

T
250k

T T T T T
0 sok 100k |1sok 200k 250K

SSC-A

!

< e
G Q.
o 9, O i
Lin: CD2/3/14/19/56/235 CD34 CD34
\ 4
\4 .
w3 HSC i ELP
<Ilnm<- 8 ) o
iy =
8 al e
3 [7)] O .3 o1
Lin: CD2/3/14/19/56/235 CD34 CD34 CD45RA
2 N~
o J Q2 ~
= [32)
2L | | & =
CD45RA CD34
o
(]
2
(@] 1023

CD45RA
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Table 2.2: Details of antibodies used for flow cytometry

antibody colour clone company cat no
CD2 PerCPcy5.5 RPA-2.10 Biolegend 300215
CD2 FITC RPA-2.10 Thermofisher 11-0029-42
CD3 ef506 UCHT1 Thermofisher 4306053
CD3 PerCPcy5.5 OKTS3 Biolegend 317336
CD3 FITC OKTS3 Thermofisher 11-0037-42
CD3 AF700 OKTS3 Thermofisher 56-0037-42
CD3 BVT711 okt3 Biolegend 317327
CD4 PE L2200 BD 550630
CD5 PE L17F12 Biolegend 364013
CD7 BV421 MT701 BD 562635
CDS8 APC RPA-TS Biolegend 301014
CD10 Pe_Cy7 ebioCB-CALLA Thermofisher 25-0106-42
CD10 PE HI10A BD 555375
CD10 FITC ebioCB-CALLA Thermofisher 11-0106-42
CD14 FITC 61D3 Thermofisher 11-0149-41
CD14 PerCPcy5.5 M5E2 Biolegend 301824
CD15 PerCPcy5.5 W6D3 Biolegend 323019
CD16 PerCPcy5.5 3G8 Biolegend 302027
CD19 APC HIB19 BD 555415
CD19 APC HIB19 Thermofisher 17-0199-42
CD20 PE_Dazzle 594 2HT7 Biolegend 302348
CD20 ef450 2H7 Thermofisher 48-0209-41
CD20 APC-Fire750  2HT7 Biolegend 302357
CD27 PerCPcy5.5 M-T271 Biolegend 356407
CD27 ef450 0323 Thermofisher 48-0279
CD33 FITC p67.6 Biolegend 366620
CD34 APC_ef780 4H11aka8G12 Thermofisher 47-0349-42
CDh34 PerCP_Cyb.5 581 Biolegend 343522
CD34 PEcy7 4H11aka8G12 Thermofisher 25-0349-42
CD34 BV421 561 Biolegend 343609
CD38 BV605 HIT2 Biolegend 303532
CD38 APC HIT2 Thermofisher 17-0389-42
CD38 af700 HIT2 Thermofisher 56-0389-42
CD38 PeDz HIT2 Biolegend 303537
CD43 BV421 1G10 BD 562916
CD45 Alexa700 2D1 Thermofisher 56-9459-42
CD45 Alexa700 2D1 Thermofisher 56-9459-42
CD56 PE CMSSB Thermofisher 12-0567-41
CD56 PerCPcy5.5 HCD56 Biolegend 318321
CD56 FITC TULY56 Thermofisher 11-0566-42
CD56 PE CMSSB Thermofisher 12-0567-41
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Table 2.2: Details of antibodies used for flow cytometry

antibody colour clone company cat no
CD56 APC-Cy7 HCD56 Biolegend 318331
CD56 BV605 HCD56 Biolegend 318334
CD73 BV421 AD2 Biolegend 344008
CD73 APC-CyT7 AD2 Biolegend 344021
CD73 BV421 AD2 Biolegend 344008
CD90 BV421 5E10 Biolegend 328122
CD90 PE 5E10 Biolegend 328122
CD105 BV421 43A3 Biolegend 323219
CD105 APC 43A4E1 Miltenyi 130-099-125
CD123 PECyT7 6H6 Thermofisher 25-1239-42
CD123 PE 9f5 BD 340545
CD123 BV650 7G3 BD 563405
CD127 FITC RDRbA Thermofisher 11-1278-42
CD127 PE eBioRDRA5 Thermofisher 12-1278-42
CD133 PE AC133 Miltenyi 130-098-826
CD133 APC AC134 Miltenyi 130-098-826
CD146 PECyT7 P1H12 BD 342010/562135
CD11b FITC ICRF44 Thermofisher 11-0118-41
CD23ba PerCPcy5.5 HIR2 Biolegend 306614
CD23ba FITC HIR2 Thermofisher 11-9987-82
CD45.1 (mouse) APCCy7 30-F11 Biolegend 103115
CD45RA PE MT4 (6B6) BD 555904
CD45RA BV421 HI100 Biolegend 304129
CD45RA APC HI100 Biolegend 304112
CD45RA FITC HI100 Biolegend 304106
HLA-DR FITC L243 Thermofisher 11-9952-41
IgD APC_Cy7 [A6-2 Biolegend 348218

IgD FITC [AG-2 Biolegend 348205

IgM FITC MHM-88 Biolegend 314506
Ki67 AF700 KI67 Biolegend B186549
Lineage APC Thermofisher 22-7776-72
Lineage FITC Thermofisher 22-7778-72
Viability ef506 Thermofisher 65-0866-18
Viability ef520 Thermofisher 65-0867-18
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2.4 Cell cycle analysis

After cells were stained using standard protocol (described above) cells were fixed
and permeabilised with BD Cytofix/Cytoperm solution as per the manufacturers
instructions. Then intracellular staining was performed with anti-Ki67-AF700 antibody
(table for details) for 30 minutes at 4°C. Staining was followed by 2 washes and
then immediately before analysis, cells were stained with 1.25ug/mL Hoechst 33341
(Sigma B2261).

2.5 MS-5 stromal co-culture system

Murine MS-5 stromal cells [Itoh et al., 1989] were a kind gift from Prof. Paresh
Vyas, University of Oxford, Oxford. MS-5 stromal cells were grown to confluency
and passaged as described previously [Goardon et al., 2011|. Briefly, when MS-5 cells
reached 80% confluency, monolayers were gently washed with PBS and then incubated
with 0.05% trypsin (Gibco) for 5 minutes at 37°C. Trypsinisation was stopped by
adding an excess of media (a-MEM supplemented with 10% HI FBS, 100U /mL
Penicillin, 100ug/mL Streptomycin, 2mM L-glutatmine, 50uM 2-Mercaptoethanol,
10mM HEPES) and cells were split 1 in 5 in a 75 cm? flask. When required for
co-cultures, 0.03 x10® MS-5 cells were plated per well in a 24 well plate 24 hours
prior to co-culture initiation. 100 sorted fetal BM CD34+ HSC and progenitors were
co-cultured on confluent MS-5 stroma in a-MEM (Gibco) supplemented with 10%
HI FBS, 100U/mL Penicillin, 100ug/mL Streptomycin, 2mM L-glutatmine,50pM 2-
Mercaptoethanol, 10mM HEPES, SCF (20ng/mL), FIt3L (10ng/mL), IL-2 (10ng/mL)
and IL-7 (5ng/mL) in 24 well plates. All cytokines were purchased from Preprotech,
Rocky Hill, USA. Co-cultures were replenished with half media changes every 3-4 days.
At weekly time-points B and NK-lymphoid differentiation was assessed during the
re-plating of co-cultures where one fifth of the cell suspension was reserved for flow
cytometry before the cells were re-plated on fresh stromal layers. In some experiments,
where cell numbers permitted, multiple wells of 100-1000 cells were plated and at each
time point a whole well was harvested for flow cytometry analysis. Where absolute
cell numbers are quoted, CountBright beads (Invitrogen) were used to calculate the

number of cells present in each well at each time point.
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2.6 OP9-DL1 stromal co-culture system

OP9 stromal cells ectopically expressing notch ligand delta-like 1 (OP9-DL1) and
GFP were a kind gift from Prof Adrian Thrasher (Institute of Child Health, University
College, London). OP9-DL1 stromal cells were grown to confluency and passaged as
described previously |[Awong et al., 2007]. Stromal layers were prepared by plating
0.02x10° OP9-DL1 cells per well onto 0.1% gelatin coated 24-well plates. After 24
hours, 100 sorted HSC or progenitors were seeded onto the stromal layers and co-
cultured with a-MEM (Gibco) supplemented with 20% HI FBS, 100U/mL Penicillin,
100pg/mL Streptomycin, 2mM L-glutatmine, FIt3L (5ng/mL) and IL-7 (5ng/mL).
All cytokines were purchased from Peprotech, Rocky Hill, USA. Co-cultures were
replenished with half media changes every 3-4 days. As with the MS-5 co-cultures,
T-lymphoid differentiation was assessed during the re-plating of co-cultures where
one fifth of the cell suspension was reserved for flow cytometry before the cells were
re-plated on fresh stromal layers. Murine stromal cells were gated out of analysis

according to their expression of GFP.

2.7 Clonogenic assays

Myeloid and erythroid differentiation potential of 100 sorted HSC and progenitors
were assessed using colony forming assays as previously described |[Roy et al., 2012].
Briefly, 100 HSC or progenitors were sorted in to 750uL MethoCult H4230 (StemCell
Technologies, Vancouver, Canada) supplemented with: 100U/mL Penicillin, 100ug/mL
Streptomycin, 20ng/mL IL-3, 1-ng/mL IL-6, 10ng/mL IL-11, 10ng/mL SCF, 10ng/mL
F1t3L, 50ng/mL GM-CSF, 50ng/mL TPO and 4IU/mL EPO. All cytokines were
purchased from Peprotech, Rocky Hill, USA with the exception of EPO (EPREX®)
which was purchased from Janssen Biologics, Leiden, The Netherlands. After vigorous
vortexing and allowing the methocult to settle thus removing the bubbles, cell
suspensions were seeded into 24 well plates and incubated at 37°C and 5% CO2.
After 12-14 days, colonies were counted and photographed. Selected colonies were

picked for cytospins and staining.

2.8 Cytospins and staining

Cells were harvested from colonies or stromal co-cultures and washed by dilution in
1mL PBS followed by 300xg spin for 5 minutes. Cell pellets were re-suspended in
100ul. PBS and fixed to slides using a Shandon Cytospin 4 at 400rpm for 10 minutes.
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Slides were stained with Modified Wright’s Stain and imaged on an EVOS AMG

camera.

2.9 Fetal mesenchymal stromal cell co-culture system

Derivation: Fetal BM mesenchymal stromal cells (MSC) were derived by plating
1-2x10 freshly isolated mononuclear cells (MNC) per well in a six-well plate with
aMEM (Gibco) supplemented with 10% HI FBS, 100U /mL Penicillin, 100pxg/mL
Streptomycin, 2mM L-glutatmine, 50uM 2-Mercaptoethanol, 10mM HEPES (this
media is referred to « MEM-10 hereafter). After 48-72 hours of incubation at 37°C
and 5% CO2 non-adherent cells were removed, and the media refreshed. MSC were
expanded and passaged as described for MS-5 cells above but were split 1 in 3 to
allow for efficient growth. MSC identity was confirmed by their morphology and
internationally agreed [Dominici et al., 2006] immunophenotypic analysis (figure [2.3)).
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Figure 2.3:

Normal (NM) and T21 MSC characterisation by morphology (a) and
immunophenotyping (b) and (c)
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Co-culture: 24 hours before co-culture initiation, 0.04x10% MSC were plated per
well in a 24 well plate in 500uL of aMEM-10. After 24 hours of incubation to allow the
MSC to settle and adhere, 100 sorted HSC or progenitors were seeded per well on to
the monolayers in 500uL media supplemented with SCF (40ng/mL), FIt3L (20ng/mL),
IL-2 (20ng/mL) and IL-7 (10ng/mL). This is illustrated in figure 2.4 Co-cultures
were replenished with half media changes (supplemented with SCF, 20ng/mL; F1t3L,
10ng/mL; T1L-2, 10ng/mL; and IL-7, 5ng/mL) once a week and re-plated on to fresh
stromal layers once a week. During re-plating 1/5th of each well was reserved for
analysis by flow cytometry. CountBright beads (Invitrogen) were used to calculate the
number of cells present in each well at each time point. Where cell numbers permitted,
multiple wells of 100-1000 cells were plated and upon re-plating a whole well was
harvested for flow cytometry analysis. In some experiments (during optimisation), to

prevent over-growth of the MSC, they were irradiated with 20Gy before being plated.

NM or T21

FBM MSC .
™ h
. HSC

» @ IL-7 FIt3L

NV
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Figure 2.4: Schematic illustration of novel co-culture system



2.10 Mice and xenograft assays

NOD.Cg-Prkdc*12rg™Wi! /SzJ (NSG) mice were a kind gift from Prof. Terence
Rabbitts group. All mice were housed in individually ventilated cages and looked
after by the Biomedical Services team at the University of Oxford. All experiments
were performed under a project license (PIL 3003442) approved by the UK Home
Office under the Animal (Scientific Procedures) Act 1986 and in accordance with the

principles of 3Rs (replacement, reduction and refinement) in animal research.

Xenograft transplants: 10,000-30,000 Lin2-CD34+4-CD19-CD10-, PreProB- or ProB-
progenitors were sorted into a-MEM (Gibco) supplemented with 10% FBS. After
sorting, cells were washed and re-suspended in PBS supplemented with 1% FBS and
injected via the tail vein into sub-lethally irradiated (total dose of 2.5Gy split into
two exposures of 1.25Gy each) NSG mice. At 2-3 week intervals mice were either
monitored for engraftment by blood sampling or sacrificed and tissues (BM and spleen)
analysed by flow cytometry. Thank you to Nicholas Fordham and Siobhan Rice for

performing the mouse injections.

2.11 IgH locus rearrangement analysis

100-10,000 cells were sorted into PBS, spun at 500xg for 10 minutes and all supernatant
was removed before being frozen at -20°C. Whole genome amplification was performed

using the REPLI-g Single Cell Kit (Qiagen) following manufacturers instructions.

PCR of whole genome amplified DNA was performed by Gary Wright, Great Ormond
Street Hospital. The BIOMED-2 protocols to detect clonality were used [Dongen
et al., 2003] and PCR fragments were excised and purified using a Thermo Fisher
Scientific BigDye®Terminator v3.1 Cycle Sequencing Kit for Sanger sequencing.

2.12 Bulk RNA-sequencing

For fetal BM bulk RNA-Sequencing (2015 dataset): the SMART-Seq2 protocol was
followed |Picelli et al., 2014]. 100 HSC or progenitors were flow sorted directly into lysis
buffer and snap frozen over 16 sort experiments. A total of 4 normal (NM) biological
samples were sorted, and a total of 5 trisomy 21 (T21) biological samples were sorted
(summarised in table . Not all populations could be sorted from each sample

and one NM biological sample was excluded from analysis as a normal karyotype
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could not be confirmed. Samples were split into batches for cDNA synthesis and
paired-end library preparation. Libraries were sequenced in 12 lanes on an Illumina
HiSeq 2000 instrument (Wellcome Trust Centre for Human genetics). Sorting and

library preparation was performed by Natalina Elliott and Gemma Buck.

Table 2.3: Summary of libraries sequenced for fetal BM RNA-Seq experiment. Numbers
in brackets indicate the number of samples used for downstream analysis as one NM sample
failed FISH analysis and so was excluded from downstream analysis.

HSC [ MPP | LMPP [ ELP | PreProB | ProB | B
NM fetal BM |4 (3) [4(3) |4(3) |4(3) |4 (3) 3 1 (3)
T21 fetal BM | 3 3 3 0 2 5 5

For ALL blast bulk RNA-Sequencing (2017 dataset): we used the library preparation
protocols used for TARGET-Seq [Rodriguez-Meira et al., 2019]. 100 normal fetal
BM HSC or progenitors (used for controls) or patient blast cells (and HSPC where
possible) were sorted (over 7 sort experiments) directly into lysis buffer and snap
frozen. In total, blasts from 20 patients were sequenced alongside three biological
replicates of normal fetal BM HSC and progenitors. RNA samples were split in to
4 batches for cDNA synthesis. Where possible two technical replicates for cDNA
synthesis was performed and the best quality sample (according to quantification
using Agilent Technologies Tapestation High Sensitivity tapes) was used for paired-end
library preparation. Libraries were pooled and sequenced on 8 lanes on an Illumina
NovaSeq S4 instrument (NovoGene, China). ¢cDNA synthesis and library preparation
was performed by Gemma Buck. Samples and populations that were sorted and

sequenced are summarised in table [5.1]

Table 2.4: Summary of libraries sequenced in non-DS/DS-ALL RNA-Seq experiment

Blasts | HSC | MPP | LMPP | ELP | CLP | PreProB | ProB | B cell
non-DS ETV6-RUNX1 | 4 1 4 2 3 4
DS ETV6-RUNX1 2 1 2 1 2
non-DS CRLF2-+ 3 1 3 3 2 3
DS CRLF2+ 4 3 4 3 4 2
non-DS OTHER 3 3 3 1 1 3
DS OTHER 1 1 1 1 1 1
non-DS acquired T21 | 3 2 2 2 3 2
non-DS fetal BM 3 2 3 3 3 2 3 3
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2.13 RNA-sequencing analysis

Prior to my secondment in OBDS (Oxford Biomedical Data Science, formerly known
as CGAT), I used bash scripts to run QC, trimming, mapping and counting for
RNA-seq data (fetal BM RNA-Seq and collaborator datasets). Fastq files were
checked for quality control and trimmed using TrimGalore! v0.4.1 |[https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/|; trimmed fastq files were
mapped to the Ensembl GRCh38 assembly using STAR v2.4.2a [Dobin et al., 2013]
and; mapped reads were counted using featureCounts in the SubRead v1.4.5 package
[Liao et al., 2014]. To establish whether removing PCR duplicates from our dataset
would skew our analysis I also removed duplicates using Picard Tools v1.8 (Broad
Institute). For re-mapping of collaborators and published datasets, .bam files were
converted to fastq using Samtools v1.3 [Li et al., 2009], [Li, 2011] and Bedtools v2.25.0
[https://bedtools.readthedocs.io/en/latest/index.html]. Then, these fastq
files were mapped using STAR as described above.

During my secondment in OBDS I learnt to write my own pipelines to wrap up
the bash scripts detailed above. These two pipelines, one for QC and trimming and a
second for mapping are summarised in figures and

All further downstream analysis was performed in R v3.5.1 with approaches summarised
in figure and the packages used summarised in table 2.5] For gene set enrichment
analysis (GSEA) permutation type was set to ‘gene set’ because there were fewer than
7 biological replicates for each phenotype and the default permutation number (1000)

was used.

33


https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
 [https://bedtools.readthedocs.io/en/latest/index.html]

Pipeline:

=

initial_fastqc

Key:

Task to run

Up-to-date task
forced to rerun

Figure 2.5: Pipeline written to QC check and trim fastq files for RNA-Sequencing data
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Figure 2.6: Pipeline written to map and count bulk RNA-Sequencing data
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Table 2.5: Summary of packages used for RNA-Seq analysis

‘ Step ‘ CRAN/Bioconductor package or programme ‘ Reference ‘

‘ Calculation of TPM ‘ R base package ‘ ‘
- — =

‘ Integration with other datasets ‘ Limma ‘ [Ritchie et al, 20%0- ‘

| (batch effect removal) | RUVSeq | [Risso et al., 2014] |

\ | SVA | DOL: 10.18129/B9.bioc.sva. |

Principal component analysis:

Multi-dimensionality reduction R base and ggplot:2/plotly

‘ ‘ Diffusion pseudotime: destiny ‘ [Haghverdi et al., 2016 ‘
‘ ‘ t-sne ‘ ‘
‘ Differential expression analysis ‘ DESEQ2 and visualisation in Pheatmap ‘ [Love et al., 2014] ‘
‘ Gene set enrichment analysis ‘ Broad institute graphical user interface ‘ [Subramanian et al., 2005 ‘
‘ Identification of transcription factors ‘ Metacore ‘ Clarivate analytics ‘
‘ GO analysis ‘ GO-Seq ‘ [Young et al., 2010] ‘
‘ Exclusion of cell cycle genes ‘ Seurat ‘ [Butler et al., 2018] ‘

Before running downstream analyses like differential expression or pathways
analysis, I first performed principal component analysis (PCA) on the TPM tables to
assess if there were any batch effects within the datasets. For the 2015 dataset, any
“batch” effect was largely reflective of biological replicate (figure . Also, FastQC
analysis suggested that PCR duplicate levels were high in the libraries sequenced.
Artificially removing these duplicates is controversial as it could potentially also remove
reads that reflect the high expression of certain genes ([Parekh et al., 2016]). To
assess whether this would have an impact on our conclusions, I used Picard Tools v1.8
(Broad Institute) to remove PCR duplicates and performed some initial PCAs on the
resulting TPM table. These PCAs (figure and also differential analysis suggested
that any effects of removing duplicates was minimal and unnecessary. Therefore, I

chose to proceed in using the dataset where duplicates were not removed in my analysis.

I performed similar analysis on the 2017 DS-ALL dataset. Outliers in this considerably
larger dataset necessitated using principal components 5 and 6 to look for the presence
of batch effects. These PCAs showed that there was no batch effect based on sort
data, sort stream, library preparation batch, or biological sample. Reassuringly the
major cause for the two separate clusters was a result of immunophenotype where
progenitors committed to the B-lineage and B-ALL blasts clustered separately from
upstream progenitors (HSC, MPP, LMPP, ELP) (figure [2.9).
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Figure 2.8: Initial analysis of 2015 Fetal BM RNA-Seq dataset to check for batch effects.
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Figure 2.9: Initial analysis of 2017 DS-ALL RNA-Seq dataset to check for batch effects.
NM: normal; DS: Down Syndrome. 38



2.14 Single cell RT-qPCR

Single cell RT-qPCR was performed using the Biomark HD microfluidics system
(Fluidigm) which facilitates simultaneous quantification of expression of 96 genes
from a single cell. Using this technique two approaches were taken. Briefly, HSC and
progenitors were single cell index sorted into a 96 well plate containing pre-amplification
mix (all 96 probes, tables and ; CellsDirect One-Step qRT-PCR reaction mix
and Platinum Taq, Invitrogen; SUPERase-In RNase Inhibitor, Ambion; Low EDTA
TE). Immediately following sorting, pre-amplification was performed according to table
ﬂ. Following pre-amplification, qPCR was performed using the Fluidigm/Biomark
system with a 96.96 Dynamic Array as per manufacturers instructions. Dr Natalina

Elliott operated the microfluidics system and performed the qPCR.

Two different sorting approaches were used in combination with this technique.
Firstly, the whole Lin2-CD34+ compartment was index sorted to achieve an unbiased
agnostic approach to interrogating the B-lymphoid hierarchy in fetal BM. In this
experiment genes detailed in table were chosen for their known involvement in
specific haematopoietic pathways (lymphoid, myeloid or erythroid). To avoid under-
representation of rare stem cell subsets (HSC/MPP, LMPP, ELP) these were selectively
sorted at the end such that a total of 1100 cells were sorted. Secondly, in a separate set
of experiments, all subsets hypothesised to be involved in the B-lymphoid hierarchy
were selectively index sorted for single cell qRT-PCR with a second panel of genes

chosen for their specific involvement in lymphopoiesis and childhood ALL (detailed in
table [2.8)).

Table 2.6: Pre-amplification PCR for single cell qRT-PCR. Set lid temperature to 105°C

Step Temperature | Time | Cycle number
Reverse transcription 50°C 15min 1
Inactlyatlf)n of RTase/ 05°C omin 1
activation of Taq
. : 95°C 15sec
Target amplification 60°C T 20
Hold 4°C hold infinity
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Table 2.7: Genes and TagMan assay ID’s used for agnostic approach. * Denotes failed
probe.

Gene Name  TagqMan Assay 1D

ACTB Hs01060665_g1

APOC1 Hs00155790_m1
AZU1 Hs00156049_m1
B2M Hs00984230_m1
BAALC Hs00227249 m1
BCL11A Hs01093197_m1
BCL2 Hs00608023_m1
BMP2 Hs00154192_m1
CCNA2 Hs00996788_m1
CCNB1 Hs01030099_m1
CCNB2 Hs01084593_¢g1

CCND3 Hs01017690_g1

CCNE2 Hs00180319_m1
CD19 Hs01047413_g1

CD24 Hs02379687 s1

CD27 Hs00609654 g1

CD34 Hs02576480_m1
CD38 Hs01120071_m1
CD44 Hs01075864-m1
CD52 Hs00174349_m1
CD72 Hs00960066_m1
CD79A Hs00998119_m1
CD9 Hs01124022_m1
CD96 Hs00976975_m1
CDKG6 Hs01026371_m1
CDKN2A Hs00923894 m1
CFD Hs00197387_m1
CNRIP1 Hs01547787_m1
CRLF2 Hs00845692_m1
CSF1R Hs00911250_m1
CSF2RB Hs00166144 m1
CSF3R Hs00167918_m1
CTSG* Hs00175195_m1
CXCR4 Hs00607978_s1

DNTT Hs00172743_m1
DYRKIA Hs00176369-m1
EBF1 Hs01092695_m1
ELANE Hs00236952_m1
ELL3 Hs00228559_m1
EPOR Hs00959427_m1
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Table 2.7: Genes and TagMan assay ID’s used for agnostic approach. * Denotes failed
probe.

Gene Name  TagqMan Assay 1D

ERG Hs01554629 m1
ETS2 Hs00232009_m1
FLI1 Hs00956711_m1
FLT3 Hs00174690_m1
FUT4/CD15 Hs01106466 s1

GAPDH Hs02758991 g1

GATAlex4/5 Hs01085823_m1
GFI1 Hs00382207_m1
GFI1B Hs01062469_m1
HBD Hs00426283_m1
HIST1H1B Hs00271207 s1

HLF Hs00171406_m1
HOXA10 Hs00172012_m1
HOXA3 Hs00601076_m1
HOXA5 Hs00430330_m1
HOXAT7T Hs00600844 m1
IGF2BP3 Hs00559907_g1

IGFBP7 Hs00266026_m1
IGHM Hs00941538_g1

IKZF1 Hs00958474_m1
IL3RA Hs00608141 m1
IL7TR Hs00233682_m1
ITGA2B Hs01116228 m1
JAK?2 Hs01078136_m1
JCHAIN Hs00376160_m1
KIT Hs00174029_m1
KLF1 Hs00610592_m1
LEF1 Hs01547250_m1
LIN28B Hs01013729_m1
LYZ Hs00426232_m1
MEIS1 Hs01017441 m1
MKI67 Hs04260396_g1

MME Hs00153510-m1
MPO Hs00924296_m1
MS4A1 Hs00544819_m1
MX1 Hs00895608_m1
MX2 Hs01550814 m1
MYB Hs00920556_m1
MYC Hs00153408_m1
PAX5 Hs00277134-m1
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Table 2.7: Genes and TagMan assay ID’s used for agnostic approach. * Denotes failed
probe.

Gene Name  TagqMan Assay 1D

PF4 Hs00427220_gl
PROCR Hs00157263_m1
PROM1 Hs01009259_m1
PRTN3 Hs01553330_m1
PTPRC Hs04189704_m1
RAG1 Hs01920694 s1
RAG2 Hs01851142 s1
RUNX1 Hs01021970_m1
RUNX2 Hs01047973_m1
SPINK?2 Hs01598293 m1
STATHA Hs00234181_m1
TCF3 Hs01012685_m1
TCL1A Hs00951350_m1
TFR2 Hs01056398_m1
THY1 Hs00264235_s1
VPREBI1 Hs00356766_g1

Table 2.8: Genes and TagMan probe IDs used in lymphoid single cell qRT-PCR. * Denotes
failed probe

Gene Name TaqMan Assay ID

ACTB Hs01060665-g1

AFF1 Hs01014712_m1
B2M Hs00984230_m1
BAALC Hs00227249_m1
BAZ2B Hs01002426_m1
BCAT1 Hs00398962_m1
BCL11A Hs01093197_m1
BCL2 Hs00608023_m1
BMP2 Hs00154192_m1

CAMK2D  Hs00943538_m1
CCNA2 Hs00996788_m1

CCNB1 Hs01030099_-m1
CCNB2 Hs01084593_¢g1
CCND3 Hs01017690_g1
CCNE2 Hs00180319_-m1
CD19 Hs01047413_gl
CD24 Hs02379687_s1
CD27 Hs00609654_¢g1
CD34 Hs02576480_m1
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Table 2.8: Genes and TagMan probe IDs used in lymphoid single cell qRT-PCR. * Denotes

failed probe

Gene Name

TagMan Assay ID

CD38
CD44
CD52
CD72
CDT9A
CD9
CD96
CDK6
CDKN2A
CRLF2
CSPG4*
DNTT
DOT1L
DYRKIA
EBF1
ELL3
EPOR
ERG
ETS2
FLI1
FLT3
FUT4
GAPDH
GFI1
GFI1B
HIST1H1B
HOXA10
HOXA3
HOXA5
HOXAT7
HOXA9*
IGFBP7
IKZF1
IL7TR
IRX1
JAK2
KCTD15
KIT
KLRK1
KMT2A

Hs01120071_m1
Hs01075864_m1
Hs00174349_m1
Hs00960066_m1
Hs00998119_m1
Hs01124022_m1
Hs00976975_m1
Hs01026371_m1
Hs00923894_m1
Hs00845692_m1
Hs00361541_g1

Hs00172743_m1
Hs01579928_m1
Hs00176369_m1
Hs01092695_m1
Hs00228559_m1
Hs00959427_m1
Hs01554629_m1
Hs00232009_m1
Hs00956711_m1
Hs00174690_m1
Hs01106466_s1

Hs02758991_g1

Hs00382207_m1
Hs01062469_m1
Hs00271207_s1

Hs00172012_m1
Hs00601076_m1
Hs00430330_m1
Hs00600844_m1
Hs00266821_m1
Hs00266026_m1
Hs00958474_m1
Hs00233682_m1
Hs00411782_m1
Hs01078136.m1
Hs00225337_m1
Hs00174029_m1
Hs00183683_m1
Hs00610538_m1
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Table 2.8: Genes and TagMan probe IDs used in lymphoid single cell qRT-PCR. * Denotes
failed probe

Gene Name TagMan Assay ID

KRAS Hs00364284_g1
LEF1 Hs01547250_m1
LIN28B Hs01013729_m1
MEF2C Hs00231149_m1

MEIS1 Hs01017441_m1
MKI67 Hs04260396_g1

MME Hs00153510_m1
MPO Hs00924296_m1
MS4A1 Hs00544819_m1
MX1 Hs00895608_m1
MX2 Hs01550814_m1
MYB Hs00920556_m1
MYC Hs00153408_m1
NPM1 Hs02339479_g1

NPM3 Hs00199625_m1
NRAS Hs00180035_m1
PAX5 Hs00277134_m1

PDGFA Hs00234994_m1
PPP1R14A Hs00264434_m1l
PRDX1 Hs00602020_mH
PRDX4 Hs01056076_m1
PROM1 Hs01009259_m1
PTPRC Hs04189704_m1

RAF1 Hs00234119_m1
RAG1 Hs01920694 _s1
RAG2 Hs01851142 s1
RFC3 Hs01082404_m1
RFC4 Hs00427469_m1

RUNX1 Hs01021970_m1
RUNX2 Hs01047973_m1
RUVBL2 Hs00272632_m1
S100A8 Hs00374264 g1

SOCS2 Hs00919620_m1
SPINK?2 Hs01598293_m1
STATHA Hs00234181_m1
TCF3 Hs01012685_m1
TCL1A Hs00951350_m1
VPREB1 Hs00356766_g1
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2.15 Single cell RT-qPCR analysis

Ct values were normalised to the mean average Ct value of three housekeeping genes:
ACTB, B2M and GAPDH and then transformed (272¢T). Downstream analysis was
performed in R v3.5.1. To check that biological samples were all comparable, initial
PCAs were plotted and coloured by sample. In the fetal BM single cell RT-qPCR,
all samples overlapped (figure ). In the adult BM single cell RT-qPCR, initial
inspection of the PCA would suggest there is some clustering according to biological
sample (figure b). With RT-qPCR such such effects are unexpected because
the measurement of gene expression is targeted and upon further investigation it
became clear that this separation was a result of the B cells that were sorted from
one sample only (figure ¢). Dot plots and violin plots were plotted using ggplot2
(v3.1.0). Principal component analysis was visualised in 2D with ggplot2 and 3D with
plotly(v4.8.0). Diffusion maps and pseudotime analysis were performed using Destiny
(v2.12.0) [Haghverdi et al., 2016] and Monocle (v2.10.1) [Trapnell et al., 2014].
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Figure 2.10: RT-qPCR representative PCA plots demonstrating that biological replicates
in each single cell RT-qPCR experiment were comparable. (a) PCA of three samples used
for fetal BM single cell RT-qPCR; (b) PCA of two samples used for adult BM single
cell RT-qPCR; (¢) PCA of adult BM single cell RT-qPCR coloured by immunophenotype
demonstrating that clustering of samples is a result of B cells sorted from one sample
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2.16 ATAC-Sequencing

The protocol for ATAC-Sequencing was adapted for small cell number from |[Corces
et al., 2016]. 2000 PreProB or ProB progenitors (n=3) were sorted directly into
25uLs of transposase mix (Tnb enzyme, 2X TD buffer and 0.01% digitonin) at 4°C.
Immediately following sorting, samples were incubated at 37°C for 30 minutes at 300
rpm agitation. Transposed DNA was immediately purified using a Qiagen MinElute
kit and eluted in 10uL. pre-warmed EB. Transposed fragments were amplified by
PCR as previously described [Buenrostro et al., 2015|. Libraries were then quantified
by qPCR (NEBNext Library Quant Kit for Illumina) before being sequenced on an
[Numina NextSeq instrument using 75 cycles for paired end sequencing. Many thanks
to Gemma Buck and Catherine Garnett for their help and expertise in guiding me

with these protocols.

2.17 ATAC-sequencing analysis

A summary of the ATAC-Sequencing analysis performed is detailed in figure [2.11]
Fastq files were trimmed and mapped to the UCSC hgl9 assembly using an in-house
pipeline written by Jelena Telenius and described in Hay et al. [Hay et al 2016].
Blacklisted regions and mitochondrial reads were excluded before normalisation by
scaling to 1x10° reads and visualisation in the UCSC genome browser [ref: Kent et al
2002]. MACS2 [Feng et al., 2012] was used to call peaks (FDR <0.05). Differential
accessibility was investigated using DiffBind [Ross-Innes et al., 2012] which is a
wrap-around R package for ChIP-Seq data. I performed differential analysis using
DESEQ2, DESEQ and EDGER for comparison. Peaks were arbitrarily assigned
genes according to distance to transcription start site using HOMER [Heinz et al..
2010]. Enrichment and over-representation analysis was performed using multiple
online platforms: DAVID, CPDB and GO, powered by PANTHER |Mi et al., 2013].
Heatmaps for various gene sets were made using Deeptools v3.0.1 [Ramirez et al..
2016] using both the scale-regions and reference-point options. The scale-regions
option is probably the most relevant for ATAC-sequencing data because peaks are not
corresponding to binding sites of a specific protein or complex (e.g. ChIP data) and are
actually representative of open chromatin where any activating or repressive complex
could be binding. Overlaps of differentially accessible genes with RNA-sequencing

differential analysis were calculated in R.
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Figure 2.11: Scheme for ATAC-Seq analysis
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2.18 Proteomics

Protein fractions from the membrane of MSCs and also secreted proteins were
isolated for identification by mass spectrometry. At 90% confluence, cells were
scraped and membrane proteins isolated using a memPER membrane extraction kit
(ThermoScientific). Secreted protein was harvested from serum free media that had
been conditioned for 48 hours by fully confluent MSC. All protein samples were stored
at -80 °C and concentrations determined using an Invitrogen qubit kit for proteinl and
by Coomassie stain after polyacrylamide gel electrophoresis (PAGE). These protein
samples were then submitted to the Advanced Proteomics Facility, Target Discovery
Institute, Oxford, for mass spectrometry analysis. These experiments were performed
by Natalina Elliott and Ella-Mae Labbett.

2.19 Proteomics analysis

A summary of the workflow used for analysis of the MSC proteomic data is detailed
in figure 2.12] Identification and quantification was performed using the Progenesis
software by the Advanced Proteomics Facility, TDI Mass Spectrometry Lab, Oxford.
Downstream analysis was performed in R where multiple methods of normalisation
were explored (figure . Differential expression analysis was performed in Limma
using both VSN normalised and median normalised matrices. Volcano plots were

plotted using ggplot2.
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2.20 Microarray analysis

Thank you to Steve Taylor for helping me with this analysis by providing example
code and advising me with the downstream analysis. Thank you to David O’Connor

for providing the data.

A summary of the analysis performed is illustrated in figure 2.14] .CEL files were
normalised by Robust Multi-array Average (RMA) using the Affymetrix power tool
“apt-probeset-summarize”. Downstream analysis was performed in R using Limma
[Ritchie et al., 2015] where control probes and genes with no variance across samples
were excluded. I tested differential expression with lowly expressed genes at three
cut off points: <3, <5 and <10. After plotting raw counts across each sample as a
box plot I decided a cut off <5 was most appropriate as this was roughly the value of
the lower quartile (25th percentile). Differential expression analysis was performed
using Limma; heatmaps were plotted using pHeatmap and; Gene Set Enrichment
Analysis (GSEA) was performed using the Broad Institute’s graphical user interface
[Subramanian et al., 2005]. The settings for GSEA, permutation type was set to ‘gene
set’ because there were fewer than 7 biological replicates for each phenotype and the

default permutation number (1000) was used.
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2.21 RT-qPCR

qPCR for measuring gene expression (RT-qPCR) in MSC was carried out in bulk.
Cultured MSC were trypsinised and snap frozen in pellets of 1-3x10° cells. mRNA was
extracted using the Qiashredder columns and Qiagen RNeasy kit; reverse transcription
was performed using Superscript III first strand synthesis (Invitrogen); and qPCR
was performed using TaqgMan probes on the QuantStudio3 real-time PCR system
(ThermoFisher Scientific). ACt values were calculated by subtracting the mean Ct
value of housekeeping gene, GAPDH, from the test gene. ACt values were transformed
(272¢T) and plotted in GraphPad prism 7.

Since miRNAs are small and are not poly-adenylated, we used the miRNeasy kit from
Qiagen to isolate total RNA. From the total RNA, we used the TagMan advanced
miRNA ¢DNA synthesis kit (ThermoFisher Scientific) to perform the poly-A tailing
and reverse transcription steps. qPCR from the cDNA stage was performed as

described above. The housekeeping gene used to normalise miRNA expression was

miRNA-423-5p.

Details of all TagMan probes used are described in table 2.9 With thanks to Jana
Oswald (visiting student) and Hannah Fuchs (FHS student) with their help with these

experiments.

2.22 Enzyme-linked immunosorbent assays (ELISAs)

0.04x10% MSC were plated per well in a 24 well plate in 500uL of aMEM-10.
After 3 days, conditioned media was collected and snap frozen in an ethanol bath.
DuoSet ELISA kits for IL-6 and IFNa2 were purchased from R&D Systems and
performed according to manufacturers instructions on thawed conditioned media.
Where concentrations measured exceeded the standard curve, ELISAs were repeated
with diluted conditioned media and final concentration was calculated based on this
dilution. Data is plotted in GraphPad prism. With thanks to Jana Oswald (visiting
student) and Hannah Fuchs (FHS student) for their help with these experiments.

2.23 Statistics

Where data are shown as bar charts, they are expressed as the mean + standard error

of mean (SEM) unless otherwise stated. Where statistical significance is shown, a
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paired or un-paired t-test was performed depending on whether the sample groups
tested were from within biological replicates or between biological replicates. Where

gene expression (RT-qPCR) across multiple cell sets was tested, ANOVA was used.

Table 2.9: Genes and TagMan assay IDs used for bulk RT-qPCR of MSC

Gene name TagMan Assay ID
hsa-let-7c-3p 479365 _mir
hsa-let-7c-5p 478577 _mir

hsa-miR-99a-5p 478519_mir
hsa-miR-~99a-3p 479224 mir
hsa-miR-125b-2-3p 478666_mir
hsa-miR-125b-5p 477885 _mir
hsa-miR-~155-3p 477926_mir
hsa-miR-155-5p 483064 _mir
hsa-miR-423-5p 478090 _mir

GAPDH Hs99999905_m1
IL6 Hs00174131_m1
IFNAR1 Hs01066116_m1
IFNAR2 Hs01022060_m1
IFNA1 Hs00256882_s1
IFNA2 Hs00265051 s1
IFNA4 Hs01681284 sH
IFNA5 Hs04186137_sH
IFNAG6 Hs00819627_s1
IFNAT7 Hs01652729_s1
IFNAS Hs00266883_s1
IFNA14 Hs00353663_s1
IFNA16 Hs03005057_sH
IFNA17 Hs00819693_sH
IL2 Hs00174114_m1
TGFB1 Hs00998133_m1
TGFB2 Hs00234244_m1
TGFB3 Hs01086000_m1
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Chapter 3

The cellular and molecular
characterisation of B-lymphoid
development in normal fetal bone
marrow

3.1 Background and aim

The developmental hierarchy for human fetal B-lymphopoiesis is poorly defined. Most
of our knowledge of the dynamics of B-lymphopoiesis in the developing human fetus
is inferred from murine studies and investigations on CB. Where human fetal tissues
have been studied, the presence of B-lineage cells have been reported in FL and fetal
BM but all of their functional and molecular properties have not been systematically
characterised [Asma et al., 1984], [Nadler et al., 1984], [Uckun and Ledbetter, 1988|,
[Uckun, 1990], |[Grumayer et al., 1991], [Nunez et al., 1996|, |Charbord et al., 1996],
[Bueno et al., 2016].

Previous work investigating second trimester FL in the lab had noted the presence of
a CD19-CD127+ progenitor population and a committed B progenitor that differed
to adult ProB progenitors |[Roy et al., 2012]. Functional analysis suggested that
the CD19-CD127+ population had multi-lymphoid output with minimal myeloid
potential. These progenitors were named Early Lymphoid Progenitors (ELPs) in
line with a previous study identifying an immunophenotypically similar population in
adult BM |[Ryan et al., 1997]. More recently, other investigators have identified similar
CD19-CD127+ progenitors in FL [Boiers et al., 2018|, [Alhaj Hussen et al., 2017].

Previous work had also identified two types of committed B progenitors in human
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FL: ’adult type’ ProB progenitors that were CD34+CD194+CD10+ and a second
B progenitor identified differed from adult ProB progenitors in that it was CD10-:
CD344+CD194+CD10- [Roy et al., 2012]. Immunophenotypically identical CD344+CD19+
CD10- committed B progenitors had previously been described in CB; and hypothesising
that these progenitors lay upstream of ProB progenitors, the CD34+CD19+CD10-
progenitors were named PreProB progenitors [Sanz et al., 2010]. This group went
some way towards proving this by performing in vitro cell division assays and some
RT-qPCR of selected B cell genes. However the differentiation potential of PreProB
progenitors was not comprehensively interrogated and gene expression analysis was
limited to 6 genes. Furthermore, all these experiments were performed on CB PreProB

progenitors and there was no comparison between CB and fetal tissues.

The aim of the experiments described in this chapter, was to systematically characterise
the cellular hierarchy of B-lymphoid development in normal fetal BM using functional

and molecular assays.

3.2 Immunophenotypic characterisation of fetal BM
and comparison with FL

Previous published and unpublished data from the lab focussing on human FL B-
lymphopoiesis lead us to postulate a hierarchy in fetal BM that differed from the
established pathway in adult BM (figure . The main difference between FL and
adult BM B-lymphopoiesis was the failure to identify a functional Common Lymphoid
Progenitor in FL. The previously reported IL7 receptor (CD127) expressing population
in adult BM [Ryan et al., 1997] appeared to be enriched in FL along with the presence
of a fetal specific B progenitor which was called PreProB progenitors based on the

assumption that they lay upstream of ProB progenitors in the B-lymphoid hierarchy.

- e-® 0 9 00
@0 -0 ® 0 0

Figure 3.1: Scheme showing the known or proposed hierarchy of B-lymphopoiesis in human
adult BM and FL respectively.
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Table 3.1: Immunophenotypic definitions

Population Immunophenotype

HSC (Haematopoietic Stem Cell) Lin-CD34hiCD38-CD45RA-CD90+

MPP (Multipotent Progenitor) Lin-CD34hiCD38-CD45RA-CD90-

LMPP (Lymphoid-primed Multipotent Progenitor) | Lin-CD34hiCD38-CD45RA+

ELP (Early Lymphoid Progenitor) Lin2-CD34+CD19-CD10-CD45RA+CD127+
PreProB-progenitor Lin2-CD34+CD19+CD10-

ProB-progenitor Lin2-CD344-CD19+CD10+

Lin: Lineage cocktail containing: CD2/3/14/16/19/56/235a

Lin2: Lineage cocktail containing: CD2/3/14/16/56/235a

Investigations into human fetal haematopoiesis have largely been confined to the
study of FL. and while the FL is known to remain the main site of haematopoiesis
until birth, in post-natal life the primary site of B-lymphopoiesis is the BM. I
therefore set out to compare the emergence of B cells and their progenitors in
gestation age matched FL and fetal BM. HSC, MPP and LMPP were defined by their
conventional immunophenotypic markers and ELP, PreProB and ProB progenitors
were defined as summarised in table [3.1] To reliably identify all progenitors by their
immunophenotypes, I split each sample and ran two separate flow cytometry panels:
one to identify HSC, MPP and LMPP and a second to identify ELP, PreProB, ProB
and B cells (gating strategies show in figure and figure . In later experiments I
optimised these panels to include gating of ELP (by addition of anti-CD127 antibody)
with the HSC, MPP and LMPP. This allowed for more efficient sorting in other
experiments. Where sample cell numbers were very small (particularly in earlier
gestational ages), I chose to run the latter of the two flow cytometry panels which
enabled simultaneous identification of all B progenitors and HSC/MPP together (no
anti-CD90 antibody in the panel) while also ruling out non-haematopoietic lineages
with the addition of human CD45 to the panel. For this reason, in the analyses below,
HSC and MPP are grouped together.
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In the FL, the frequencies of each population remained relatively stable throughout
the second half of the first trimester and for most of second trimester (figure [3.4). The
presence of haematopoietic populations in the fetal BM over this same time period
was more dynamic. In line with previous immunohistochemical studies [Charbord
et al., 1996], haematopoietic progenitors were not detected in the fetal BM until
the beginning of second trimester (11 pcw). While HSC/MPP always remained at
a higher fraction in the FL, LMPP and ELP were found at similar levels in both
tissues. More striking differences were observed in the B progenitor compartment
where PreProB progenitor frequencies spiked at 11 pcw in fetal BM and then dropped
to a relatively stable frequency, which remained consistently higher than that in FL;
ProB progenitor frequencies steadily rose from 11 pcw right through second trimester;
and B cell frequencies rose sharply during mid-second trimester (figure . The
emergence of HSC/MPP, LMPP, ELP and B progenitors at the same time in the fetal
BM suggests that PreProB progenitors have travelled from the FL alongside other
progenitors (HSC/MPP, LMPP, ProB) in an initial seeding of the BM, followed by a

rapid expansion.
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Figure 3.4: HSPC and B cell frequencies through gestation. Frequency of FL and fetal
BM HSC/MPP, LMPP, ELP, PreProB progenitors, ProB progenitors and B cells from 6-21
PCW. Data expressed as a % Lin-CD34+ for HSC/MPP and LMPP (n=59 for FL an
n=32-35 for fetal BM). Data expressed as a % Lin2-CD34+ for ELP, PreProB and ProB
progenitors (n=39 for FL. and n=32-38 for fetal BM). Data expressed as a % of CD34- for B
cells (CD34-CD19+, n=37 for FL and n=32 for fetal BM). All graphs show mean + SEM
where n>3. Statistical significance determined by two-way ANOVA. xp<0.05; *x p<0.01;
x % xp<0.001; * * *xxp<<0.0001.
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To more accurately define any differences in the CD34-CD19+ B cell compartment
of FL. and fetal BM, I performed further flow cytometry analysis using the immuno-
phenotypic definitions detailed in figure 3.5 on gestation-matched FL and fetal BM
samples as well as CB as a control. Overall, B cells at all stages of maturation were
observed in differing proportions (figures and . While in the FL, there were
approximately equal frequencies of PreB and Immature B cells, the fetal BM had a
higher frequency of PreB cells and significantly fewer immature B cells when compared
to FL (figures [3.6/and [3.7). These observations were in contrast to CB where PreB and
immature B cells were virtually absent. Instead, in CB the majority of B cells were

naive B cells (figures and which is to be expected given that CB is composed
of circulating blood cells.

o)) — ) — e
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27+

Figure 3.5: Scheme illustrating stages of B cell maturation and associated

immunophenotype used to identify them. Imm: immature; Trans: transitional; Mem:
memory.
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Figure 3.6: Representative flow plots from matched (a) FL (n=5) and (b) fetal BM (n=5)
(16-20 pcw) showing relative proportion of mature B cells in the CD34-CD19+ compartment

of each tissue.

64

l

Transitiong|

IgM




(@)

Viable cells: l

Transitional

Immature

CD19

(b) 80

[«}]
o

B
ik

% CD34-CD19+
=Y
o

20 W FL (n=5)
) @ Fetal BM (n=5)
0 S i_, O CB (n=3)
¢ ¢ & ¢
14 &&0 é&oo é,b\ @0&0
N &

Figure 3.7: (a) representative flow plots from CB (n=3) showing relative proportion of
mature B cells in the CD34-CD194 compartment. (b) Frequencies of mature B populations.

(16-20 pcw. Statistical significance determined by paired t-test. * p<0.05, *x p<<0.005, * *
p< 0.0005.)
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3.3 Cell cycle analysis

Given the high frequency of PreProB progenitors in the fetal BM at 11 pew (figure
. I hypothesised that a high proportion of these cells would be likely to be cycling.
To address this, I performed intracellular flow cytometry analysis to determine the
proportion of each cell population in each phase of the cell cycle. T designed two panels:
the first to identify HSC, MPP and LMPP and the second to identify ELP, PreProB,
ProB and B cells. While HSC, MPP and LMPP all showed a relatively low frequency
in the S-G2-M phase of the cell cycle, ELP and PreProB progenitors had the highest
frequencies in the S-G2-M phases of the cell cycle (figure [3.8)). The significantly higher
frequency of fetal BM PreProB progenitors in S-G2-M compared to HSC, MPP, LMPP
and ProB progenitors suggests that PreProB-progenitor proliferation underpins this

rapid expansion rather than differentiation of upstream progenitors.

66



(a) HSC MPP

B cells

ELP PreProB ProB
-‘2 ) ) P =
L" Hoechst -
(b)
30- *
*% *
EI * *%
o
o 204
£
2
8 101
(o]
2
0-
O R R < 0
Qfo &‘8 QQ < <2‘o o 00\\9
A\ @ Q
4

(* p<0.05; **p<0.01)

Figure 3.8: Cell cycle analysis by intra-cellular flow cytometry demonstrates that PreProB
progenitors are cycling more than ProB progenitors. (a) Representative flow plots for each
population (n=3 biological replicates). (b) Frequency of each population in S-G2-M phase
of the cell cycle and paired t-test used to measure statistical significance between PreProB

progenitors and all other progenitors.
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3.4 In wvitro differentiation potential of fetal BM
HSPC

To define the functional potential of each population according to their ability to
differentiate into lymphoid, myeloid and erythroid lineages I performed several in
vitro differentiation assays using stromal cell co-cultures and clonogenic assays in

methylcellulose.

3.4.1 MS-5 stromal co-cultures

The conventional way of determining B-lineage potential of human progenitors is to
co-culture them with MS-5 stromal cells, a murine cell line, which also allow the output
of NK cells and myeloid cells to be determined at the same time [Itoh et al., 1989].
To establish the B/NK and myeloid potential of fetal BM HSPC and B-progenitors,
100 cells of each population were sorted according to the strategy shown in figure [3.9
and plated on confluent layers of MS-5 cells. At regular time points, all cells were
harvested from each well and 1/5th analysed by flow cytometry; the remaining cells
were re-plated on fresh stromal layers. Using this approach, I found that by day 14,
both PreProB and ProB progenitors yielded only B cells, with no NK or myeloid
output thereby confirming their commitment to the B-lineage (figure . In contrast,
while ELP had mainly differentiated into B cells by day 14, they also had some NK cell
and myeloid potential which became more obvious by day 21. LMPP, MPP and HSC
from the same samples were used as positive controls for multi-lineage output. As
expected, LMPP differentiated into predominantly B cells, NK cells and some myeloid
cells; and HSC and MPP co-cultures showed multi-lineage (B/NK/Myeloid) output by
day 21 (figure . These data also demonstrate the hierarchical relationship between
stem and progenitor cells: HSC and MPP took the longest to differentiate into mature
haematopoietic cells in line with their position at the apex of the haematopoietic

hierarchy.
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myeloid cell potential in wvitro.
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Figure 3.10: (a) B, NK and myeloid output from sorted progenitor populations at day
14 and day 21. Graphs shown as mean - SEM; n=4 (b) representative flow plots showing
B/myeloid output from sorted progenitors at day 14.
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Interestingly, I observed high levels of variation in the B lineage output of LMPP.
Since previous work has suggested the presence of early lympho-myeloid progenitors
(MLP/LMPP) in adult human BM and CB |Doulatov et al., 2010] [Goardon et al..
2011| differing by their expression of CD10, I looked at CD10 expression on fetal BM
LMPP. This showed the presence of a small proportion of CD10+ LMPP in fetal BM
(figure and during the course of this project, it was confirmed that these CD10+
LMPP confer the observed B cell potential in the LMPP population in cord blood
[Karamitros et al., 2018].
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Figure 3.11: Left: The percentage of LMPP that are CD10+. Graphs shown with mean
+/- SEM, n=5. Right: Representative FACS plot from fetal BM gated on Lin-CD34+CD38-
D90-CD45RA+ (LMPP) showing the CD10+ gate.
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In order to begin to dissect the hierarchy of B-lymphopoiesis in human fetal
BM, I adapted the MS-5 co-culture assays to capture the initial changes in B lineage
differentiation in ELP, PreProB and ProB progenitors. I harvested cells from the whole
well (to obtain sufficient numbers for reliable analysis) and performed the analysis at
day 3 and day 7 time points. Output analysis was performed using an alternative flow
panel to enable the identification of ELP. Using this approach I was able to show for
the first time that ELP differentiate into PreProB, ProB progenitors and eventually B
cells in vitro thereby demonstrating that they are a source of PreProB progenitors.
PreProB progenitors differentiated into ProB and B cells whereas ProB progenitors
differentiated solely into B cells demonstrating that PreProB progenitors lie between

ELP and ProB progenitors in the fetal B-lymphoid hierarchy (figure |3.12)).

ELP PreProB ProB
1004 100+ 1004
J; 80+ J; 804 1'.!; 804
< st <
S 60 ! S 60 3 604
og 40- o 407 o 407
20+ 20+ 20
0- 0 T T 0-
S & 3 S & & S ¢
Day of analysis Day of analysis Day of analysis
Il ELP (Lin-CD34+CD19-CD10-CD127+)
[ PreProB (Lin-CD34+CD19+CD10-)
Il ProB (Lin-CD34+CD19+CD10+)
Il B (Lin-CD34-CD19+
Bl Myeloid/NK
[ Immature (Lin-CD34++ AND CD34+CD10+CD19-)
[ Other mature (CD34- CD19-CD56-CD11b/14-)

Figure 3.12: B-cell differentiation assay of flow-sorted ELP co-cultured on MS-5 stromal
cells with cytokines (FLT3L, SCF, IL7 and IL2) showing output on day 3 and day 7. n=2.
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Since I had previously noted the variable B lineage output of fetal BM LMPP and
postulated that it might be due to variation in the level of CD10 expression on these
cells, T also carried out parallel co-cultures of CD10+ and CD10- LMPP. Although
these cultures produced insufficient numbers of B progenitors for reliable identification,
the fetal BM CD10+ LMPP co-cultures did produce more B cells, as predicted, and
in line with data from CB [Karamitros et al., 2018] (figure . In addition, what
remained most striking about the short-term co-culture of LMPP was how quickly
they made B cells in vitro. Within 7 days of co-culture, CD34-CD19+ B cells were
easily identifiable indicating that this co-culture system efficiently induces rapid B
cell differentiation in LMPP, ELP and B progenitors. Whether such rapid B cell
differentiation from fetal BM LMPP happens in vivo is not known.
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Figure 3.13: Representative flow plots from two independent experiments illustrating the
B cell bias in CD104+ LMPP. Plots show the myeloid, immature and mature B output from
left to right at D7 after 100 cells were sorted and plated. The top row represents output from
CD10+/- LMPP, the middle row represents output from CD10+ LMPP and the bottom
row represents output from CD10- LMPP.
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3.4.2 MSC co-cultures

While conventional methods, such as MS-5 stromal co-cultures are excellent at
establishing the B-lymphoid potential of any given HSPC population, they rely
on murine stromal cells which in the case of MS-5 produce 40x the physiological levels
of IL-7 |Parrish et al., 2009]. There is a danger that what we observe with these
systems represents an artefact of a very artificial system and while they are the optimal
system for establishing the B potential of any given population they probably do not
reflect events in vivo. Therefore, I developed a fully human co-culture system to more
closely resemble the fetal microenvironment that would enable careful dissection of
the fetal B-lymphoid hierarchy.

Development and optimisation of this co-culture system for differentiating B cells was
extremely challenging. Historically, human B cells are notoriously difficult to culture
in vitro [Wolf et al., 1991] |[Pribyl et al., 1995]|Kurosaka et al., 1999| [Ichii et al., 2008]
[Ichii et al., 2010a]. Therefore, I spent significant time optimising the derivation of
the MSC (from FL and fetal BM) and their use in B cell differentiation assays.

To interrogate the hierarchy postulated as a result of the MS-5 co-cultures that
suggested that PreProB progenitors lie upstream of ProB progenitors, I sorted ELP,
PreProB and ProB progenitors and co-cultured them on confluent fetal BM MSC. All
three progenitor populations demonstrated B cell potential on fetal BM MSC with
PreProB and ProB progenitors demonstrating B cell commitment (figure . These
data are consistent with the hierarchy observed in the MS-5 experiments (figure .
I also observed an increased myeloid capacity of ELP in MSC co-cultures compared
to MS-5 co-cultures. This, combined with the knowledge that HSC, MPP and
LMPP all also produce more myeloid cells on MSC (described in suggests
that the MSC co-culture system is more efficient for measuring myeloid potential
and therefore, it also provides further confirmation of the B-lineage commitment of

PreProB progenitors.
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3.4.3 OP9-DL1 stromal co-cultures

In order to determine whether ELP, PreProB and ProB had any T cell potential,
I sorted 100 cells of each population, and HSC, MPP and LMPP as controls, for
co-cultures on OP9-DL1 stromal cells. OP9-DL1 stromal cells are a murine stromal
cell line that ectopically express notch ligand, delta-like 1, that promotes T-cell
differentiation; and also express GFP which allows efficient elimination of stromal cells
during flow cytometry analysis [Awong et al., 2007]. T cell potential was observed
in HSC, MPP, LMPP and ELP OP9-DL1 co-cultures (figure . No T cells were
detected in co-cultures where PreProB and ProB progenitors were seeded providing
further evidence for their commitment solely to the B lineage. Analysis at 7 day time
points confirmed the haematopoietic hierarchy: by day 14 ELP and LMPP T cell
frequency had peaked; whereas by day 28 and 35 T cells could only be identified in the

HSC and MPP co-cultures demonstrating their upstream position in the hierarchy:.
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Figure 3.15: (a) T cell potential of sorted fetal BM HSC and progenitor populations.
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3.4.4 Clonogenic assays

To assess myeloid and erythroid potential, I performed clonogenic assays in methylcelluose
medium. These are the standard assays for measuring myeloid /erythroid potential in
human HSPC but can be less sensitive than MS-5 co-cultures. I sorted 100 cells of
each HSC and progenitor population and analysed the frequency and type of colony
after 14-21 days at which point each colony is representative of a single cell that has
multiplied and differentiated. Colonies were classified according to their appearance
(size, morphology and haemoglobinisation) in accordance with convention (and using
guides by Stem Cell Technologies; representative images in figure 3.14 (b)). Cytospins
of picked colonies confirmed these classifications (figure 3.14(c)). As expected, HSC
and MPP had myeloid and erythroid potential and LMPP displayed only myeloid

potential. ELP, PreProB and ProB progenitors did not form any myeloid colonies in

vitro (figure [3.16{(a)).

78



B vk-E

B amiGm

] cEmm

% colonies per 100 cells plated

I

O NS N < Q
¥
Population

G/M/GM

Figure 3.16: (a) Myeloid/megakaryocyte-erythroid potential of sorted fetal BM HSC and
progenitor populations in clonogenic assays using MethoCult after 14-21 days (n=4). Data
expressed as mean + SEM. (b) representative images of colonies identified (c) Giemsa-wright
stained cytospins of picked colonies. White scale bar is 10pm.
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3.5 In vivo functional assessment of fetal BM
progenitors using a murine xenograft model

The in vitro data suggest that both PreProB and ProB progenitors are committed
solely to the B-lineage; and that PreProB progenitors lie upstream of ProB progenitors
in vitro proving they are the first committed B progenitor in fetal BM. To confirm this
in vivo, xenograft transplants were performed where 10,000 flow-sorted PreProB or
ProB progenitors were injected into sub-lethally irradiated NSG mice. As a positive
control 10,000 Lin2-CD34+CD19-CD10-(double negative; DN) progenitors which
would contain the HSC, MPP, LMPP and ELP as well as myeloid and erythroid
progenitors transplanted (figure [3.17] (a)). After 14 weeks, mice were culled and
their peripheral blood, BM and spleen assessed by flow cytometry. While 1/2 mice
transplanted with the DN progenitors showed evidence of human CD45+ cells in the
BM, none of the mice transplanted with PreProB or ProB progenitors displayed any
engraftment 14 weeks post-transplant. Furthermore, the BM of one mouse from each
group at weeks 3 and 6 showed no evidence of human cell engraftment in the mice

transplanted with PreProB and ProB progenitors. These data are summarised in

table 3.2l

Table 3.2: Summary of xenograft experiment where 10,000 progenitors were transplanted
into sub-lethally irradiated NSG mice. hCD45+ cells were only observed in the BM of mice
transplanted with the DN (Lin2-CD34+CD19-CD10-) cell population.

Mouse # Cells transplanted Population transplanted Cull week hCD45+ events in BM?

2.2b 10000 Lin2-34+10-19-(DN) 3 No
3.1f 10000 Lin2-34+10-194 (PreProB) 3 No
4.1f 10000 Lin2-34+10+19+ (ProB) 3 No
4.1e 10000 Lin2-34+10-19-(DN) 6 Yes
3.1e 10000 Lin2-34+10-19+ (PreProB) 6 No
2.1f 10000 Lin2-34+10+19+ (ProB) 6 No
1.1f 10000 Lin2-34+10-19-(DN) 14 Yes
1.2b 10000 Lin2-34+10-19-(DN) 14 No
l.1e 10000 Lin2-34+10-19+ (PreProB) 14 No
1.1d 10000 Lin2-34+10+19+ (ProB) 14 No
2.2¢ 10000 Lin2-34+10+19+ (ProB) 14 No
2.2d 50000 Lin2-34+10+19+ (ProB) 14 No

To explore the possibility that PreProB and ProB progenitors home to the murine
BM and differentiate immediately in the weeks following transplant (i.e. to engraft
transiently as described in [Alhaj Hussen et al., 2017]), I also designed short-term

xenograft assays. In these experiments, sub-lethally irradiated mice were transplanted

80



with 30,000 PreProB or ProB progenitors or DN cells. Their peripheral blood, BM
and spleen were analysed by flow cytometry at 2 and 3 weeks post-transplant. This
work was done with the help of Dr Nicholas Fordham and Ms Siobhan Rice (DPhil
students in the lab) who kindly injected the cells that I sorted and helped in the tissue

collection which I analysed.

While there were no hCD45+ events in the peripheral blood, engraftment (defined
as > 0.1% of all CD45+ being hCD45+) was observed in the BM (figure (b))
of mice transplanted with the DN and PreProB progenitor populations. In mice
transplanted with PreProB progenitors, only cells committed to the B lineage (ProB
and CD34-CD19+ B cells) were observed in the BM (figure [3.17] (b)). In contrast,
mice transplanted with ProB progenitors engrafted at very low levels and there were
too few hCD45+ events (<10 events) available for reliable identification. These data
provide further evidence that PreProB progenitors lie upstream of ProB progenitors
as they produce B cells in vivo within 2-3 weeks; while in this same time frame any
transiently engrafted ProB progenitors presumably differentiated into B cells that

were no longer detectable.

Mice transplanted with the DN population showed the best engraftment (figure
3.17| (b)). I observed multi-lineage output from the BM of these mice where myeloid,
B, NK and T cells were observed alongside some immature CD34+ cells. Interestingly,
within the hCD45+CD34+ compartment of these mice, ELP, PreProB and ProB
progenitors were observed suggesting that fetal enriched ELP and PreProB progenitors
generated from Lin-CD344+CD19-CD10- fetal BM cells in NSG faithfully mirror the
differentiation hierarchy suggested by the flow cytometric frequency data and the in

vitro functional data.
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Figure 3.17: Short-term xenograft assays of fetal BM HSPC and lymphoid progenitor
populations transplanted into NSG mice and analysed after 2-3 weeks. (a) sorted progenitor
populations; (b) BM engraftment; mice where <10 hCD45+ cells were detected are
marked in grey and not included in further analyses; (¢) Lin2-CD34+CD19-CD10-(double
negative; DN) cells differentiated into myeloid, and all lymphoid populations (B, T and NK),
PreProB progenitors only differentiated into B cells; (d) breakdown of the hCD45+CD34+
compartment in engrafted mice.
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3.6 B-lymphoid hierarchy at the molecular level

3.6.1 RNA-Sequencing

The functional analysis described above supported the B-lymphopoiesis developmental
hierarchy proposed at the beginning of this work and summarised in figure [3.18| In
order to determine the molecular basis for this process, 100 cells of each population

were flow sorted using the cell markers detailed in the schematic, for RNA-Sequencing
(RNA-Seq).

-0 @

34+ 34+ 34+ 34+ 34+
38- 127+ 127+ 127+/- 19+
45RA- 45RA 45RA+ 19- 19+ 19+ 10+/-
90+ 90- 10- 10- 10+

Figure 3.18: Schematic of the proposed human fetal B-lymphoid hierarchy.

RNA-Seq analysis was performed by myself as outlined in [Chapter 2-Methods|

First, I looked at genes known and established as being involved in B-lymphopoiesis.
This showed sequential down-regulation of early lymphoid genes (IKZF1, FLT3); a
peak in expression of early B-lymphoid specification genes (EBF1, IL7R, DNTT,
VPREB1, LEF1) and a sequential upregulation of later, specific B-lymphoid genes
(PAX5, RAG1, RAG2, CD79B, IGHM ) along the proposed trajectory from HSC to B
cells (figure . In addition, a principal component analysis (PCA) of the top 500
most variably expressed genes reflected the relationship between HSPC populations
according to the proposed hierarchy (figure .
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Expression of selected genes by RNA-Seq known for their role in B-

lymphopoiesis. There is a sequential down-regulation of genes associated with stem cells
(IKZF1, FLT3); peaks in expression of genes associated with early lymphoid commitment
(EBF'1, IL7R) and up-regulation of genes associated with B-lymphoid differentiation (DNTT,
VPREB1, LEF1, PAX5, RAG1, RAG2, CD79B, IGHM.
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Since both ELP and PreProB progenitors are fetal specific populations, I investigated
their relationship with each other and other described populations in the B-lymphoid
hierarchy (LMPP and ProB). Pairwise differential expression analysis of LMPP vs
ELP, ELP vs PreProB and PreProB vs ProB showed that there were 1154, 244
and 663 differentially expressed protein coding genes (DEG; FDR <0.1) respectively
(figure [3.21). In the comparison of LMPP and ELP, several genes associated with
B-lymphopoiesis were significantly up-regulated in ELP (LEF1, EBF1, PAX5, DNTT,
MS4A1, CD38, CD24, BLNK, CD22) and by contrast stem cell and early myeloid
genes were down-regulated (CD34, GATA2, GATA3, SPINK?2, LMO2, ELANE, CD33,
MPO, CEBPB, CSF3R) (figure[3.22(a)). These data suggest that ELP lie downstream
of LMPP and are more lymphoid “primed” /restricted than LMPP. Furthermore,
when the transcriptomes of ELP were compared to PreProB progenitors, ELP over-
expressed T cell (CD2, CD3E), stem cell (GFI1B, HOXA7) and myeloid (FUTY)
(figure [3.22(b)) genes providing further evidence for their position in the B-lymphoid

hierarchy upstream of PreProB progenitors and downstream of LMPP.

To confirm the position of PreProB progenitors in the fetal hierarchy, I also compared
their expression profiles with ProB progenitors. There were several stem cell genes
(PROM1, SPINK2, HOXA3, HOXA5, RUNX2); and some fetal associated (LIN28B,
CD7) and T/NK/Myeloid genes (CD244, CD248, CD3D, CD7, TFE3, MPO, CSF1R)
over expressed in PreProB progenitors. In contrast, genes associated with B-lymphoid
maturation (CD72, CDKN2A, MME, CD9, TCL1A, CD40) (figure [3.22(c)) were over

expressed in ProB progenitors compared with PreProB progenitors.
These data confirm the observed functional differences described earlier and provide

further evidence for the proposed hierarchy. Full DE tables are available in online

supplemental files.
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Figure 3.20: Bulk RNA-Seq of 100 cells from each flow sorted population (n=3): principal

component analysis (PCA) of each HSPC population using the top 500 most variable
expressed genes.
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Figure 3.21: Bulk RNA-Seq of 100 cells from each flow sorted population (n=3): differential
expression analysis of LMPP vs ELP, ELP vs PreProB and PreProB vs ProB progenitors
performed using DESeq2, FDR < 0.1. DEG: differentially expressed genes.

86



LMPP vs ELP

(@)

ELANEA
GATA3A
CSF3RA
GATA2A
CEBPB- E L P
CD334
MPOA
SPINK2-
CD344
LMO2-
LEF14
CD224
CD38+
BLNK+
£8F1] LMPP
MS4A1
CD244
PAX51
DNTTH

0 ]S o N o RS RS
Log2FC (FDR < 0.1)

ELP vs PreProB

(b) HOXAT7

GFI1B
CcD2
CD3E:
FUT4 E L P
HOPX:
N N R ©
Log2FC (FDR < 0.1)
PreProB vs ProB
(c)
CD2484 \
CD2444 \
RUNX2- P B
HOXAS5- \
HOXA3- ro \
CD2264 —
CD3DA I
PROM1 ]
LIN28B I
TFE3 I
CSF1R T
CD7- ]
MPO- I
CSF3R- I
SPINK2- —
CcD724
CDY9
MMEH
cp40. PreProB
TCL1AA
CDKN2A-
0 N o N % O K

Log2FC (FDR < 0.1)

Figure 3.22: Significant DE genes by RNA-Seq between (a) LMPP and ELP; (b) ELP and
PreProB; and (c) PreProB and ProB progenitors. Genes selected for their known role in
haematopoietic lineage commitment from DE analysis of RNA-Seq data (n=3 per population;

100 cells/population).
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3.6.2 Single cell RT-qPCR

To examine the B-lymphoid hierarchy at single cell resolution and also validate the
findings from the RNA-Seq, single cell RT-qPCR was performed using the Fluidigm
Biomark platform on immunophenotypically defined HSPC, B-progenitors and B
cells. A panel of 96 genes were chosen based on the RNA-Seq analysis, their known
involvement in B-lymphopoiesis and, given the potential of fetal BM progenitors to

act as leukaemia initiating cells, a number of genes specifically known their known

involvement in ALL were included (see [Chapter 2-Methods| for details of all probes

used). A total of 1400 cells were index sorted from 3 biological samples and labelled

according to their immunophenotype.

Analysis of expression of individual genes confirmed the RNA-Seq analysis: there is
sequential up-regulation of B-lymphoid genes from HSC through to ProB progenitors
(figure . A diffusion map of all 96 genes, placed HSC through to B cells in
the differentiation trajectory proposed by the functional analysis (figures , .
Colouring the diffusion map by pseudotime and also by expression of selected genes
further demonstrated the hierarchy whereby ELP lay downstream of LMPP and
upstream of PreProB progenitors; and PreProB progenitors lay downstream of ELP
and upstream of ProB progenitors (figure .
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Figure 3.23: Sequential up-regulation of B-lymphoid genes determined by single cell
RT-qPCR in individual flow-sorted HSC and progenitors from 3 fetal BM samples (1400
cells sorted).
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Figure 3.25: Diffusion maps of single cell RT-qPCR of 96 genes expressed by fetal BM HSPC
and coloured by (a) pseudotime and (b) selected gene expression to show the B-lymphoid
differentiation trajectory.
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To make sure that the approach of prospectively isolating each progenitor population
was not excluding any other novel B progenitor populations, I index sorted 938
progenitors (2 biological samples) from the Lin2-CD34+ fraction of fetal BM MNC
and chose a panel of genes known for their involvement in lymphopoiesis, myelopoiesis
and erythropoiesis for single cell RT-qPCR. Every cell that was index sorted and
used for RT-qPCR was retrospectively labelled using the approach in figure |3.26| To
prevent under-representation of rarer populations such as HSC and LMPP, I selectively

sorted these cells towards the end of the experiment.

The diffusion map of this data (figure [3.27|(a)) demonstrated three trajectories: B-
lymphoid, myeloid and erythroid. A 3D diffusion map (figure [3.27] (b)) highlighted
a small population that was CD123hi by flow cytometry. I hypothesise that these
progenitors are dendritic cell precursors given their high expression of JCHAIN,
RUNXZ2 and CD/44 but further investigations would be required to fully characterise

these cells.

Colouring the diffusion map according to pseudotime and also by genes known for their
expression in stem, B-Lymphoid, myeloid and erythroid lineages further illustrates this
(figure . These analyses confirm that the prospective isolation of B progenitors
closely reflects the continuum of B-lymphopoiesis from LMPP to ELP to PreProB to
ProB and did not identify any additional B progenitor populations.
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were assigned in figure Genes were chosen for their known involvement in lymphopoiesis,
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To confirm these observations independently, in addition to using the R package
Destiny, I also used the R package Monocle for analysis. While Destiny was written
for single cell RT-qPCR data and Monocle was written for single cell RNA-Seq
data, both packages can be used for both types of data. Analysis using Monocle
arguably demonstrated increased resolution compared to Destiny (figure . The
trajectory begins with HSC/MPP/LMPP and at the first branch point the myeloid
progenitors CMP and GMP separate, this is closely followed by a second branching
of megakaryocyte erythroid progenitors (MEP). Interestingly, the last branch point
largely separates the PreProB progenitors from the ProB progenitors and B cells which
could either reflect fetal specific programmes or multiple differentiation pathways.
When the trajectory is coloured by pseudotime, the pseudotemporal ordering is
comparable to the analysis with Destiny: pseudotime starts at the myeloid/erythroid
lineage and ends at B cells. While on initial glance, this pseudotemporal ordering
appears at odds with what we might expect i.e. HSC to be where pseudotime starts,
in fact the result reflects the logic of the analytical packages used. Both Destiny
and Monocle’s underlying algorithms used for multi-dimentional reduction ask the
question: “how related is each cell to each other?”. With this in mind, it makes sense
that myeloid progenitors are most different from B lineage cells and the cells that
‘unite’ them are their parent cells: HSC/MPP.

To establish what could be driving the pseudotime, I plotted the relative expression
of each individual gene against pseudotime and coloured each cell according to its
immunophenotype. The genes specified in figure [3.30| are likely to be the key drivers
of this trajectory.
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assigned in figure [3.26] Bottom plot shows trajectory coloured by pseudotime. Similar
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Relative expression of key genes involved in driving the pseudotemporal

ordering of single cells in Monocle trajectory analysis. Gene expression determined by single
cell RT-gPCR of index sorted fetal BM HSC and progenitors that were retrospectively
labelled according to their immunophenotype (figure . Lin2-CD34+ cells from two
biological samples were sorted to a total of 938 cells.
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Finally, t-SNE is a multi-dimentional reduction algorithm commonly used to
establish which cells or groups of are related to each other according to their gene
expression/transcriptome. In theory such a multi-dimensional reduction technique
would be useful in identifying groups of closely related cells. Therefore, I performed
t-SNE analysis using the single cell RT-qPCR data of 96 genes from 938 index sorted
cells to see if retrospective labelling according to immunophenotypes represented
distinct populations. Since the B cells sorted for the purpose of trajectory analysis
and comparison with B progenitors are CD34-, it was expected that they would
cluster closely and separately from all CD34+ cells and potentially mask smaller
differences between more closely related progenitor populations. Therefore I ran the
t-SNE with and without B cells as shown in figure [3.31] Both of these analyses
show the close relationships between each progenitor population in human fetal B-
lymphopoiesis and also within the myeloid and erythroid progenitor compartments.
ProB progenitors largely cluster separately but are closest to PreProB progenitors
and CD34+CD19+4+CD10low B progenitors. This analysis reflects the continuum of
B-lymphopoiesis observed in the pseudotime analysis as well as the distinction from

other principle lineages: myeloid and erythroid (figure [3.31]).
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Figure 3.31: t-SNE of 938 single cells (2 biological replicates) according to the expression of
96 genes determined by single cell RT-qPCR. The top panel shows t-SNE analysis with B cells
and the bottom panel shows t-SNE analysis without B cells. HSC and progenitors cluster
according to their lineage (B-lymphoid, myeloid or erythroid) and reflects the continuum of
B-lymphopoiesis observed in the pseudotime analysis (Destiny and Monocle analysis above).
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3.6.3 IgH locus rearrangements

To make the vast repertoire of antibodies required for life, B cells start rearranging their
IgH locus as they mature through a process called VDJ recombination [Roth, 2014].
This is a hallmark of B cell development and maturation. The RNAseq and single
cell RT-qPCR data both confirmed that genes required for VDJ recombination and B
cell receptor development (RAG1, RAG2, DNTT, VPREBI) begin to be expressed
from ELP onwards (figure [3.32(a) and (b)). Therefore, to establish when heavy chain
recombination begins in fetal B-lymphopoiesis and thereby demonstrate hierarchical
relationships between the B progenitors, I investigated the re-arrangement of the IgH
locus in sorted progenitor populations. To do this I whole genome amplified (WGA)
DNA from sorted progenitor populations (100-10000 cells) and used PCR/heteroduplex
analysis to look for IgH rearrangements. This work was done in collaboration with Gary
Wright at Great Ormond Street Hospital who performed the heteroduplex analysis
and sequencing on the WGA DNA I prepared from each flow sorted population.

All VDJ rearrangements detected from all populations and samples tested (n=>5)
are detailed in table [3.3] No rearrangements were detected in any LMPP samples.
Partial IgH rearrangements in the form of DJ rearrangements were detected in 1/3
ELP, 2/4 PreProB and 2/5 ProB progenitors. Full VDJ rearrangements were detected
in ProB progenitors and B cells only. These data are presented as a % of samples
tested in figure m(c) and demonstrate the proposed B-lymphoid hierarchy where
ELP and PreProB progenitors lie upstream of ProB progenitors.
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Table 3.3: VDJ rearrangements of IgH locus in whole genome amplified DNA of bulk sorted
progenitor populations from 5 biological replicates. Where rearrangements were detected

fragments were excised and sequenced.

‘ Sample ID /gestation ‘ Population ‘ Cells sorted ‘ results ‘ Rearrangements sequenced

|
‘ SAMPLE 1 ‘ LMPP ‘ 1118 ‘ NIL ‘ None detected on screen ‘
‘ 19 wk ‘ PreProB ‘ 2562 ‘ NIL ‘ None detected on screen ‘
| | ProB | 1960 | DJ | IGHD6-13*01/IGHJ4*02 |
IGHV1-45*%02/IGHD7-27%01/IGHJ6*02,
B cells 562 VDJ IGHV3-30*18/IGHD3-10*01/IGHJ6*02,
IGHV4-59*01/IGHJ4*02
| | | | | |
SAMPLE 2 LMPP 191 NIL None detected on screen
| | | | | |
| 22 wk | PreProB | 7258 | DJ | IGHD1-7*01/IGHJ5*02 |
| | ProB | 5524 | DJ | IGHD7-27*%01/1GHJ3*01 |
| | B cells | 74 | FAILED | |
| | | | | |
‘ SAMPLE 3 ‘ LMPP ‘ 2375 ‘ NIL ‘ None detected on screen ‘
] IGHD2-2*%02/IGHJ4*02,
17wk ELP 824 bJ IGHD6-6%01/IGHJ4*02
IGHD1-26*01/IGHJ5*02,
PreProB 5692 DJ IGHD1-26*01/IGHJ3*02,
IGHD4-4*01/IGHJ5*02
IGHV3-30-3*01/IGHD1-14*01/IGHD1-26*01/IGHJ2*01,
ProB 26225 vbJ IGHD7-27%01/IGHJ4*02
s [ow ||ty
| | | | | |
‘ SAMPLE 4 ‘ LMPP ‘ 2623 ‘ NIL ‘ None detected on screen ‘
‘ 20 wk ‘ ELP ‘ 1167 ‘ NIL ‘ None detected on screen ‘
‘ ‘ PreProB ‘ 1313 ‘ FAILED ‘ ‘
IGHV2-5*%01/IGHD3-3*01/IGHJ4*02,
ProB 9695 VDJ IGHV3-9%01/IGHD6-19*01/IGHJ5*02,
IGHV3-48*03/IGHD1-1¥01/IGHJ5*02
\ \ \ \ \ |
‘ SAMPLE 5 ‘ LMPP ‘ 4561 ‘ NIL ‘ None detected on screen ‘
‘ 20 wk ‘ ELP ‘ 2454 ‘ NIL ‘ None detected on screen ‘
‘ ‘ PreProB ‘ 2221 ‘ NIL ‘ None detected on screen ‘
\ | ProB | 4581 | VDJ | IGHV3-30-3*01/IGHD2-15%01/IGHJ4*02 \
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Figure 3.32: Genes associated with active VDJ recombination (RAGI1, RAG2, DNTT
and VPREB1 are up-regulated from ELP onwards in the B-lymphopoiesis hierarchy by
(a) bulk RNAseq and (b) single cell RT-qPCR analysis. (c) Percentage of DJ and VDJ
rearrangements detected in bulk sorted progenitor populations n=3-5.
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3.6.4 ATAC-Sequencing/Chromatin accessibility

To investigate whether the transcriptomic differences between PreProB and ProB
progenitors are linked to differences in chromatin accessibility I performed ATAC-
Sequencing (Assay for Transposase-Accessible Chromatin using sequencing; ATAC-Seq)
adapted for small cell numbers [Corces et al., 2016] which was further adapted by a
DPhil student in the lab: Dr Catherine Garnett, unpublished data). I sorted 2000
PreProB or ProB progenitors from 3 biological samples and 5000 Lin2+ fetal BM
MNC from one biological sample as a control. After mapping and labelling peaks
according to the closest gene, differential binding analysis using DiffBind [Ross-Innes
et al., 2012] revealed that there were 351 differentially accessible elements in the
vicinity of 341 genes (figure , full differential table available in online supplemental
files). Manual inspection of these differentially accessible peaks suggested that despite
being statistically significant, most differences in chromatin accessibility were very
subtle. Nevertheless, 7 of these differentially accessible peaks were at the transcription
start site of a gene (figure . Of these genes (CUEDC1, CDH18, STSGAL4,
KCNN2, FUT9, GPR85, BRINP1) the differential accessibility at FUTY, the gene
that encodes key myeloid marker CD15, complements the transcription data that
shows a residual myeloid gene expression programme in PreProB progenitors. Of
the 341 differentially accessible genes there were also some genes known for their
involvement in haematopoiesis: GFII, EBF1, GP9, LEF1 (figure[3.35)) and the subtle
differences in accessibility of these genes correspond with the relative position of

PreProB and ProB progenitors in the B-lymphoid hierarchy.

Both PreProB and ProB progenitors had open chromatin upstream of or overlapping
with the gene bodies of key B cell development genes including PAX5, CD79A,
RAGI1, MME/CD10, DNTT and TCL1A (figure consistent with an active B cell
programme and commitment to the B lymphoid lineage. Stem cell and myeloid genes
expressed in PreProB progenitors (LIN28B, CSF1R, MPO) (figure demonstrate
qualitatively higher chromatin accessibility in PreProB progenitors compared to ProB
progenitors. Finally B cell specificity is demonstrated by the lack of open chromatin
at these B genes in the Lin2+(CD2, CD3, CD14, CD16, CD56 and CD235a) MNC
ATAC-Seq trace (figure [3.36).
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Figure 3.34: DiffBind analysis between PreProB and ProB progenitor ATAC-seq revealed
7 significant differences in chromatin accessibility at the transcription start site of a gene.
These genes are shown here, with grey boxes indicating significantly differentially accessible
region. FDR <0.1; data indicative of 3 biological replicates for PreProB and ProB progenitors
and 1 biological sample for Lin2+MNC.
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Figure 3.35: Diffbind analysis between PreProB and ProB progenitor ATAC-Seq revealed
significant differences in the chromatin accessibility in the gene body of 4 genes known to
have a role in haematopoiesis: GFII, EBF1, GP9 and LEF1. These genes are shown here
with grey boxes to indicate differentially accessible region demonstrating the subtle but
significant differences. FDR <0.1; data indicative of 3 biological replicates for PreProB and
ProB progenitors and 1 biological sample for Lin2+MNC.
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To ensure and independently confirm that any differences between chromatin
accessibility in PreProB and ProB progenitors are subtle, I used deepTools to plot
heatmaps of chromatin accessibility across the whole genome (figure and HSC
genes (3.38 [Chen et al., 2014]). Consistent with my analysis using DiffBind, there
were no gross differences in chromatin accessibility between PreProB and ProB
progenitors confirming that the differences seen were indeed subtle with the most

obvious differences arising from different biological samples.

Taken together, these data show that chromatin accessibility in fetal BM progenitors
reflects the transcriptomic profile of these cells and is cell context-dependent (by
comparison with the Lin24+ MNC), demonstrating subtle differences even between

closely related B-progenitor populations.
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Figure 3.37: Heatmap of ATAC-Seq of PreProB and ProB progenitors produced using
deepTools. The heatmap shows chromatin accessibility for each gene in the genome (one
gene per row) scaled to transcription start sites (T'SS) and transcription end sites (TES).
There are no gross differences in chromatin accessibility across the whole genome between
PreProB and ProB progenitors with the greatest difference being between biological samples.
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Figure 3.38: Heatmap of ATAC-Seq of PreProB and ProB progenitors produced using
deepTools. The heatmap shows chromatin accessibility for HSC genes (one gene per row;
HSC list from [Chen et al., 2014] scaled to transcription start sites (T'SS) and transcription
end sites (TES). There are no gross differences in chromatin accessibility in HSC genes
between PreProB and ProB progenitors with the greatest difference being between biological

samples.
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3.7 Functional and molecular characterisation of

adult BM PreProB progenitors: comparisons
with fetal BM

To address whether fetal BM PreProB progenitors have features that are specific
to fetal B-cell development, I compared their frequencies, functional and molecular
characteristics with that of their very rare adult counterparts. After performing
immunophenotypic analysis on paediatric and adult BM, I performed MS-5 co-culture
assays to investigate B cell differentiation potential and single cell RT-qPCR to

compare gene expression patterns in adult and fetal PreProB progenitors.

3.7.1 Immunophenotypic characterisation of fetal BM:
comparison with post-natal BM

To compare frequencies of B progenitors, I performed flow cytometry analysis on
paediatric BM (n=4) and adult BM MNC (n=7) from healthy donors using the same
panels and protocols for fetal BM (n=31-35) flow cytometry analysis. Both ELP and
PreProB progenitors showed a sharp and significant decline in frequency between fetal
and adult BM. ELP were virtually absent in adult BM (0.33+ 0.13% of Lin-CD34+
cells compared to 0.844 0.32% of Lin-CD34+ cells in paediatric BM and 2.83+ 0.38%
of Lin-CD34+ cells in fetal BM). Furthermore, PreProB progenitors were present at
an extremely low frequency in adult BM (1.03+ 0.53%) and were also significantly
reduced in paediatric BM (3.28+ 0.57%; p= 0.003) compared to fetal BM. Another
striking observation was the increased frequency of ProB progenitors in paediatric
BM compared to both fetal and adult BM . This data has demonstrated for
the first time that PreProB progenitors are highly enriched in fetal life and, while
not entirely fetal-specific, might represent a previously unrecognised and functionally

important population in normal human B lineage development.
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Figure 3.39: Representative flow plots (gated on Lin-CD34+) and frequencies of ELP,
PreProB and ProB progenitors through ontogeny: fetal BM (n=31-35), paediatric BM (n=4)
and adult BM (n=7).
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3.7.2 B-lymphoid potential of adult ELP, PreProB and ProB
progenitors

To establish the B/NK/myeloid potential of adult BM ELP and PreProB progenitors I
sorted ELP, PreProB and ProB progenitors from 3 donors for MS-5 co-culture assays.
Due to the rarity of ELP and PreProB progenitors in adult BM this proved very
challenging (figure . Where possible 100 cells per well were sorted so that one
whole well could be harvested for each time point and the summary of cell numbers
sorted is in table (3.4l By day 7, adult BM PreProB (n=2) and ProB (n=3) progenitors
differentiated into B cells only with no NK/myeloid output in a pattern consistent with
fetal PreProB progenitors: PreProB progenitors differentiated into ProB and B cells
and ProB progenitors differentiated into B cells (figure [3.41f(a)). Using fold-change
to account for the difference in number of PreProB and ProB progenitors plated, I
observed only a modest expansion of adult PreProB progenitors on MS-5 compared to
a fetal BM control (figure [3.41(b)). In constrast, ProB progenitors from both tissues

did not exhibit any such expansion in vitro.

Adult BM1 Adult BM2 Adult BM3 Fetal BM

15.9 9.65 1.63 219 31.6

CD10

0.32 0.22 20.7

CD19

Figure 3.40: Representative flow plots of the Lin-CD344 compartment in adult BM from
three donors and one fetal BM for comparison. PreProB progenitors are indicated by the
green box.

Table 3.4: Number of progenitors sorted for adult BM MS-5 co-cultures

Lin-CD34+CD38- ELP PreProB ProB

Fetal BM (ICH13195) 3 x 100 3x 100 3x100 3 x 100
Adult BM1 (1509011089) 3 x 100 2x 100 &3 3 x 100
Adult BM2 (1509011090) 3 x 100 30 27 3 x 100
Adult BM3 (1509220016) 3 x 100 31 9 3 x 100
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Figure 3.41: Adult BM PreProB progenitors differentiate into ProB and B cells like their
fetal counterparts (a). However, their ability to proliferate on MS-5 is markedly reduced
compared to their fetal counterparts (b). Adult BM, ABM; Fetal BM, FBM. X indicates
“not measured” as a result of too few cells available for sorting.

In contrast to PreProB progenitors, adult BM ELP expanded at comparable levels
when compared to a fetal ELP control (figure [3.42(a)). However, the identity of
majority of these haematopoietic cells was undetermined at day 7, as they were not
B cells (or B progenitors), NK cells or myeloid cells (figure 3.42(b)). Given that by
day 14, the majority of the hCD45+ cells generated from adult BM ELP were CD19+
(1847 out of 2143 cells; figure [3.42|(b)), it is possible that the early timepoint (D7)
unidentifiable “other” cells detected in all three biological replicates of ELP/MS-5
co-cultures were a CD127+ population. MS-5 stromal cells are reported to produce
40x the physiological levels of IL-7 [Parrish et al., 2009] that is cross-reactive between
human and murine species. Furthermore, the dependence of B-lymphopoiesis on IL-7
increases through ontogeny |[Giliani et al., 2005], |[Parrish et al., 2009], [Milford et al..
2016| therefore, it is possible that the MS-5 co-cultures caused an expansion of a
CD127+ population (by their definition ELP express IL7 receptora,, CD127, on their
surface, but the cells detected in co-culture were CD34-) which does not happen in
MS-5 co-cultures using fetal ELP where IL-7 does not play such a pivotal role. Also,
in these co-cultures adult ELP appeared to differentiate directly into B cells by day
14 (figure [3.42(b)). A lack of observed PreProB and ProB progenitors could be a
result of inappropriate time points chosen for analysis (perhaps the dynamics of adult
B-lymphopoiesis is slower) or because adult ELP are fundamentally distinct from fetal

ELP and play a different role in adult lymphopoiesis.
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Figure 3.42: Adult ELP MS-5 co-cultures: (a) adult ELP (n=2-3) expanded in vitro at
comparable levels to fetal ELP co-cultured in parallel (n=1). (b) Bar charts and representative
flow plots showing adult ELP differentiated into an unknown CD34- population by day 7
(n=3) that disappeared day 14 (n=1). At day 14 most adult ELP had differentiated into B
cells like fetal BM ELP (n=1). Due to rarity of adult ELP, I could not sort 100 ELP from
each biological sample hence by day 14 n=1 for adult ELP. Key at bottom of figure denote
colours used in bar charts and populations identifiable in representative flow plots.
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3.7.3 Single cell RT-qPCR of adult BM B progenitors

Finally, I performed single cell RT-qPCR on flow-sorted adult BM HSPC to directly
compare the B-cell developmental hierarchy between adult and fetal BM and identify
any transcriptional differences. Using the sort strategy detailed in figure [3.43] I
flow-sorted 758 cells from 2 biological samples for single cell RT-qPCR using the
same panel of genes detailed in table chosen for their role in B-lymphopoiesis
and leukaemia. PCA demonstrated no major differences between adult and fetal
HSPC, B progenitors or B cells at least by expression of the genes chosen (figure .
A diffusion map suggested that adult PreProB progenitors might be more closely
related to ProB progenitors (figure [3.45|(a)) than their fetal counterparts; and this
map coloured by pseudotime shows the differentiation trajectory expected (which is

similar to fetal BM) (figure [3.45|(b)).
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Figure 3.43: Sort gating strategy used to sort HSC/MPP, LMPP, ELP, PreProB, ProB
progenitors and B cells from normal adult BM.
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Figure 3.44: PCA shows no gross differences between gene expression measured by single
cell RT-qPCR in adult BM (black) and fetal BM (red) HSPC. Each dot represents the data
from a single flow sorted BM HSPC (n= 758 for adult BM cells from two donors; n= 1400

for fetal BM cells from three donors)
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Figure 3.45: Diffusion maps of adult BM HSC and progenitor (n= 758 from two separate
donors) single cell RT-qPCR coloured by (a) immunophenotype and (b) pseudotime.
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Looking specifically at B lineage genes, adult and fetal PreProB progenitors express
very similar levels of most B-lineage genes (CD79A, MME, MS}A1, PAX5; figure
3.46)). However, compared to adult PreProB progenitors, fetal PreProB progenitors
express higher levels of genes involved in DNA recombination (DNTT, RAG1) and
some myeloid (MPO) and HSC/leukemia genes (T'CF3, LEF1, MEF2C, ILTRA)(figure
3.46]).

abal il
Lialalal
jgl@lﬂu jl

**** p<0.0001

Figure 3.46: Violin plots showing gene expression of selected genes by single cell RT-qPCR.
PreProB progenitors are coloured light green and ProB progenitors coloured dark green.
Fetal BM, FBM, n=1400 from 3 donors; Adult BM, ABM, n=758 from 2 donors. Significance
determined by non-parametric ANOVA
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The overall pattern of gene expression across the B lineage hierarchy is similar in
fetal BM and immunophenotypically identical adult BM progenitors, (figure .
However, there are some notable differences in the level of expression between adult
and fetal BM progenitors for early B genes such as LEF1, PAX5, RAGI1, RAG2,
DNTT and TCF3 that could be a reflection of the polarised/primed B cell drive in
the fetal BM microenvironment (figure [3.47).

There were also differences in the expression of genes associated with a more
mature B cell phenotype (CD72, CD79A, CD44, CD20) which were expressed at
higher levels in adult BM CD34- B cells perhaps because the CD34-CD19+ “B cells”
in fetal BM mainly consist of CD10+ PreB progenitors [Roy et al., 2017] while the
CD34-CD19+ "B cells” sorted from the adult BM are more mature CD10- cells just
about to leave the BM for germinal centres (figure [3.48).

Finally, there were some striking differences in genes associated with fetal development
(LIN28B), and stem cell identity (PROM1, RUNX2) and CD9 which were strongly
expressed in fetal BM HSPC compared to low or absent expression in adult BM HSPC

(figure [3.49)).
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Figure 3.47: Single cell expression of genes (RT-qPCR) associated with B-lymphoid
development in fetal BM (n=1400, 3 biological replicates, 17-20pcw, FBM) and adult BM
(n=758, 2 biological replicates, ABM) sorted HSC and progenitors.
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Figure 3.48: Single cell expression of genes (RT-qPCR) associated with mature B cells
in fetal (n=1400, 3 biological replicates, 17-20pcw, FBM) and adult (n=758, 2 biological
replicates, ABM) sorted HSC and progenitors. B cells sorted from fetal BM were mainly
PreB cells and B cells sorted from adult BM were mainly immature B cells. This is reflected
in the difference in expression of mature B cell genes between fetal and adult B cells.
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Figure 3.49: Single cell gene expression (RT-qPCR) of fetal BM (n=1400, 3 biological
replicates, 17-20pcw, FBM) and adult BM HSPC (n=758, 2 biological replicates, ABM)
showing selective expression of the fetal development gene (LIN28B) in fetal BM HSPC as
well as increased expression of CD9 in fetal BM compared to adult BM B progenitors and
B cells. In contrast expression of other stem cell genes (PROMI1, RUNXZ2 ) was higher in
adult BM HSPC.
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3.8 Summary and Discussion

Here I have characterised human fetal B-progenitor development in detail for the first
time. The data have recently been published in the journal Blood |O’Byrne et al..
2019] and provide an important resource that could aid understanding of the in utero

initiation of childhood leukaemia.

3.8.1 Fetal specific/enriched progenitors

Prior to these investigations, most of our understanding of fetal B-lymphopoiesis
was based on murine studies and inference from studies of human CB [Sanz et al..
2010], [Montecino-Rodriguez and Dorshkind, 2012]. I set out to functionally and
molecularly characterise B-lymphopoiesis in human fetal BM for the first time. Using
flow cytometry I have shown that there are two cell populations that are enriched
in fetal life: Early Lymphoid Progenitors (ELP) and PreProB progenitors. While
ELP and PreProB progenitors had been previously noted in FL [Roy et al., 2012 and
PreProB progenitors in CB |Sanz et al., 2010], their relationship to each other and
place in the B-lymphoid hierarchy had not previously been investigated.

Using age matched FL and fetal BM samples, I show that while HSPC frequencies
remain relatively constant in the FL, there is a massive expansion of B progenitors in
the fetal BM at 11-12pcw. Furthermore, when compared to adult BM, the differences
in frequency of ELP and PreProB progenitors are striking in the fetal BM. This is the
first time such comparisons have been made and demonstrates the major differences

in blood development that can occur through different stages of ontogeny.

3.8.2 Fetal B-lymphoid hierarchy

To establish where these progenitors lay in the fetal B-lymphoid hierarchy I performed
extensive in vitro and in vivo differentiation assays to ascertain the B, NK, T, myeloid
and erythroid potential of immunophenotypically defined HSC, MPP, LMPP, ELP,
PreProB and ProB progenitors. HSC and MPP both demonstrated multi-lineage
output as expected while LMPP could differentiate into lymphoid and myeloid lineages.
ELP demonstrated a predominantly lymphoid differentiation potential with residual
myeloid potential that was observed particularly in MSC co-cultures. PreProB and
ProB progenitors only differentiated into B cells regardless of stromal feeder layer and
did not grow in methylcellulose. Short term MS-5 and MSC co-cultures established that
ELP can differentiate into PreProB and ProB progenitors and; PreProB progenitors
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can differentiate into ProB progenitors. The reverse does not occur thereby confirming
the hierarchy: ELP — PreProB — ProB — B cell.

One unresolved question is the hierarchy preceding ELP in fetal BM. During the
optimisation of MSC and MS-5 co-culture assays, I also noted the presence of a
population of CD10+ LMPP although the majority of fetal BM LMPP were CD10-. 1
also have preliminary data suggesting that most of the lymphoid potential of fetal
BM LMPP lies in the CD10+ rather than the CD10-fraction. Over the course of this
project this was confirmed independently in extensive single cell assays revealing the
heterogeneity within the LMPP compartment in CB [Karamitros et al., 2018]. Overall,
these data suggest that there may be 2 pathways of B cell development in fetal BM,
one via CD10+ LMPP perhaps direct to ProB progenitors and the other via CD10-
LMPP perhaps to ELP and PreProB progenitors but further work would be required

to confirm this.

While xenograft assays showed that PreProB and ProB progenitors do not have long
term engraftment potential (defined as the presence of >0.1% human CD45+ cells
in BM 9-14 weeks after transplantation into NSG mice), short term xenograft assays
demonstrated that PreProB progenitors only differentiated into B cells. Therefore,
functional B cell hierarchy demonstrated by in vitro assays was recapitulated in vivo,
suggesting that fetal progenitors have cell intrinsic mechanisms that dictate the fetal

differentiation pathway independent of human fetal microenvironment.

The functional fetal B cell hierarchy was confirmed at a molecular level. Analysis of
the transcriptome of sorted progenitors placed ELP and PreProB progenitors in a
sequential order after LMPP and before ProB progenitors and this was confirmed by
single cell RT-qPCR. The transcriptomes of ELP and PreProB progenitors were most
similar to each other but there were important differences in the gene expression of genes
associated with myeloid and T-lymphoid identity that corroborated with the functional
data placing ELP upstream of PreProB progenitors. Although functionally identical,
PreProB and ProB progenitors were also molecularly distinct according to their
transcriptomes. Furthermore, analysis of chromatin accessibility between PreProB
and ProB progenitors showed very subtle differences reflecting their commitment to

B-lineage.
Functional and molecular comparisons with adult BM demonstrated that very rare
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adult PreProB progenitors are also committed to the B-lymphoid lineage but probably
do not have the same proliferative potential. Furthermore, these adult PreProB
progenitors more closely resemble adult ProB progenitors than fetal counterparts
according to single cell gene expression analysis. These data support the hypothesis
that the rare PreProB progenitors sorted are more like ProB progenitors that were

dim for CD10 expression rather than CD10- PreProB progenitors.

One of the other novel features of the work in this chapter was the development
of a new fetal BM MSC: HSPC co-culture system which I hoped would more faithfully
recapitulate the human n vivo BM microenvironment. Although these co-cultures
were able to support fetal BM B cell development from ELP and B progenitors there
were technical challenges with these co-cultures. In particular, regardless of tissue
source (FL and fetal BM) or whether the MSC were irradiated to prevent overgrowth,
MSC co-cultures were relatively poor at reliably supporting differentiation of HSC,
MPP and LMPP to B cells which is in accordance with what Kurosaka et al. previously
reported |Kurosaka et al., 1999]. The ability to make B cells appeared dependent on
both MSC sample and HSPC sample (despite all HSPC making B cells on MS-5 in
parallel): if a HSPC sample grew well on MS-5, it would also grow well on MSC but
if a HSPC sample did not grow so well on MS-5, it was less likely to grow on MSC. It
was also difficult to factor in the heterogeneity of MSC derived from different fetal
samples. Despite this caveat, the co-culture system proved very useful in confirming

the hierarchy of human fetal B-lymphopoiesis and in interrogating the role of the
trisomic microenvironment (described and discussed in [Chapter 4).

Having delineated B cell development in normal fetal BM in detail, this sets the
scene for investigating the impact of T21 on B cell development in fetal BM. Previous
work from the lab identified severe impairment of B progenitor development in FL in
DS, but the work I have done in normal fetal BM clearly shows that the main site of
B-lymphopoiesis in human fetal life is in the BM. In the following chapter, I go on to
investigate the functional and molecular characteristics of B cell development in T21
fetal BM and discuss how this may link to the pathogenesis of DS-ALL.

3.8.3 Implications for childhood ALL

Many childhood B-ALLs are hypothesised to originate in utero from a fetal specific
progenitor, which is transformed by in-frame chromosomal translocations and/or

cooperating mutations to give rise to B-ALL in childhood. This hypothesis is supported
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by twin studies |[Ford et al., 1993], [Cazzaniga et al., 2011], [Alpar et al., 2015], and
tracing of chromosomal translocations to birth through analysis of neonatal blood
spots and cord blood|Gale et al., 1997], [McHale et al., 2003|, [Mori et al., 2002]

(recently comprehensively reviewed in [Greaves, 2018]).

This led me to speculate that PreProB progenitors and/or ELP could be the cell of
origin for a particularly poor prognosis B-ALL that occurs in infants (1ALL). iALL
is a rare and hard to treat B-ALL with an immunophenotype that bears striking
resemblance to PreProB progenitors: it is CD194+CD10-; is characterised by similar
IgH rearrangement status; and is transcriptomically similar to fetal BM ELP and
PreProB progenitors |[Jansen et al., 2007] [Andersson et al., 2015]. Most cases of iALL
are caused by an in-frame chromosomal translocation of the KMT2A gene that encodes
the methyltransferase, MLL (1ALL reviewed here: [Sanjuan-Pla et al., 2015]). This was
of particular interest because even though chromosomal translocations are less common
in DS-ALL, MLL rearrangements are extremely rare in this disease group [Buitenkamp
et al., 2014] and there are no reported cases of iALL in a child with DS [Whitlock
et al., 2005], [Zeller et al., 2005], [Qiao et al., 2018]. These observations, combined
with our knowledge of the impact of fetal haematopoiesis on myeloid malignancy
in DS [Tunstall-Pedoe et al., 2008], [Roy et al., 2012, makes the investigation of

B-lymphopoiesis in T21 fetal life of particular interest (see [Chapter 4)).

3.8.4 Future work

The only difference in immunophenotype between PreProB and ProB progenitors is the
expression of MMFE /CD10. Ideally, it should be possible to positively identify PreProB
progenitors using a marker that is only expressed on PreProB progenitors. To begin
to interrogate this, I filtered the RNA-Seq differential expression analysis between
PreProB and ProB by genes that are expressed on the cell surface and found that 23
genes are significantly differentially expressed between PreProB and ProB progenitors
(table . All of the genes that were over-expressed in PreProB progenitors are
associated with stem, myeloid and T/NK lineage reflecting their position upstream of
ProB progenitors in the hierarchy. Similarly, genes that were over-expressed in ProB
progenitors have all been associated with B cell maturation. These genes now need to
be tested for their cell surface expression by flow cytometry. One promising example
is PROM1, which encodes the cell surface protein CD133, is over-expressed in ALL
and is a direct target of the MLL-AF4 fusion protein |Kerry et al., 2017], [Godfrey,

Crump et al, 2019, under review].

126



Table 3.5: Differentially expressed surface protein genes in PreProB/ProB progenitors. +
log2FoldChange indicates over-expression in PreProB progenitors, - log2FoldChange indicates
over-expression in ProB progenitors.

Gene Alt gene name log2FoldChange padj Expressed by

CD248 10.15861653 1.07E-05 Endothelial cells

CD244 10.0875812 1.84E-14 NK cells, T cells, dentritic cells, myeloid
ABCB1 CD243 9.672088488 0.028145788 NK cells

CR1 CD35 7.846696572 0.024186683 Haematopoietic cells

CD226 7.716869121 0.016576353 Lymphoid, stem, macrophage and platelets
CD3D 7.467829333 0.002367528 T cells

PROM1 CD133 7.462433136 2.69E-37 Stem cells

MSR1 CD204 7.327919112 0.012831048 Macrophages

CD300A 6.394380147 0.039632748 Lymphoid and monocytes

CSF1R CD115 6.343644291 3.44F-05 Myeloid cells, platelets

ITGA3 CD49¢ 6.081303141 0.076488074 T cells , B cells and macrophages

GP9 CD42a 5.809350509 0.000189428 Platelets

CD7 5.509374221 0.03563293 T cells , NK cells and stem cells

IL6R CD126 4.835371298 0.039524417 T cells, B cells and Stem cells (myeloid prog?)
CSF3R CD114 4.204876699 0.069619883 Macrophages

SEMA4D CD100 1.49306235 0.047503447 Lymphoid and macrophages

LILRB2 CD85D -1.386291106 0.017033387 Myeloid and dendritic cells

CD72 -2.08332243 0.005873953 B cells, stem cells, macrophages
TNFRSF21 CD269 -2.267815451 1.96E-06 B cells

CD9 -3.183286919 4.11E-10 Platelets, myeloid, T cells and B cells
MME CD10 -3.497277922 0.003922852 B and myeloid progenitors, NK cells
PTPRJ CD148 -5.606124216 3.43E-09 Haematopoietic cells

CD40 -9.445158084 0.004266378 B cells, dendritic cells , stem and macrophages

Another area of future study, as mentioned above, is to clarify the relationship
between LMPP and ELP, i.e. to ascertain whether all LMPP can give rise to ELP.
Furthermore, I also observed the presence of a Lin-CD34+CD19-CD10+ population
that was more obvious in the fetal BM of later gestation samples (>17pcw). The
literature would suggest that these cells are immunophenotypic common lymphoid
progenitors (CLP) but my preliminary data suggests that they are similar to ELP
as they still have some residual myeloid potential. Also, RT-qPCR gene expression
analysis suggests that this population also has a lymphoid bias. My investigations
to date have focussed on prospective isolation of cell populations by flow cytometry
and retrospective classification of these cells based on their differentiation potential
largely in in vitro systems and at the bulk level (100 cells/population). While this
has proven extremely valuable in identifying ELP and PreProB progenitors, my data
shows some variation in the differentiation potential of upstream progenitors. This

is a strong indicator for heterogeneity in these populations and to objectively define
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the lymphoid hierarchy upstream of ELP, systematic analysis of function and gene

expression would need to be carried out at the single cell level.

As mentioned above, it is possible that two different B cell differentiation pathways
exist, with a predominantly CD10 negative progenitor pathway existing in fetal life
whereby CD10- LMPP give rise to ELP, PreProB, ProB and B cells; and a CD10+
progenitor pathway existing in adult life whereby CD10+ LMPP give rise to CLP,
ProB and B cells. This needs to be functionally and molecularly demonstrated and
forms the basis of future work in the lab. The findings are likely to be relevant in
our understanding of the cell of origin of specific types of infant, paediatric and adult

leukaemias.
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Chapter 4

The impact of Trisomy 21 on fetal
B-lymphopoiesis

4.1 Background and aim

While the impact of T21 on FL megakaryopoiesis and myelopoiesis is relatively well
studied, little is known about the impact of T21 on lymphopoiesis. Similarly, the link
between abnormal T21 FL haematopoiesis and the multi-step model of ML-DS is well
established |Bhatnagar et al., 2016] but less is known about how the perturbations
to haematopoiesis mediated by T21 in fetal life underpins the increased incidence of
DS-ALL. In this chapter I have characterised haematopoiesis and lymphopoiesis in
T21 fetal BM and compared this to the normal fetal BM hierarchy as established
in [Chapter 3] How these differences potentially link to DS-ALL are explored and

discussed in [Chapter 5

Previous work from the lab reported several differences in the frequency of HSPC
in T21 FL compared to normal disomic (NM) FL [Tunstall-Pedoe et al., 2008|, [Roy
et al., 2012]. Concomitant with an apparent lack of B progenitors (described as
CD344-CD19+), the frequency of immunophenotypic HSC, Megakaryocyte-Erythroid
progenitors (MEP) and megakaryocytes was increased (summarised in figure .
Consistent with these frequencies, functional analysis showed that T21 FL. HSC and
MEP had higher clonogenicity in methylcellulose colony forming assays and B cell
output from T21 HSC was reduced in vitro [Roy et al., 2012] and in vivo in a xenograft
model (unpublished data).

Since the data from FL suggested a defect in B-lymphopoiesis, and the main site of
fetal B-lymphopoiesis is the fetal BM, I have characterised the T21 fetal BM by flow
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cytometry, functional in vitro assays and transcriptome analysis for the first time.
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Figure 4.1: Summary of how T21 FL. HSPC frequencies differ from NM HSPC frequencies:
there are increased immunophenotypic HSC, MEP and megakaryocytes and decreased GMP,
and committed B progenitors. HSC functional output was biased towards megakaryopoiesis
and showed reduced B-lymphoid output [Roy et al., 2012]. GMP: granulocyte/monocyte
progenitor; MEP: megakaryocyte/erythroid progenitor; CMP: common myeloid progenitor.
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4.2 Comparison of immunophenotypic HSPC
frequency in T21 fetal BM and normal fetal
BM

To establish whether the apparent defect in B-lymphopoiesis was specific to the FL
or was also present in the fetal BM, I performed flow cytometry analysis on second

trimester T21 fetal BM and compared HSPC frequencies with NM second trimester

fetal BM (data described in |Chapter 3)).

Consistent with what was observed in the FL, there is a significantly higher frequency
of immunophenotypic HSC in the T21 fetal BM (figures [4.3). HSC frequency is
4.7-fold higher in T21 vs normal fetal BM compared to the 3.5-fold higher frequency
previously reported in T21 FL [Roy et al., 2012]. The B-progenitor defect in fetal BM
is more profound than in FL. ELP and PreProB progenitors were extremely rare in
fetal BM (figures and whereas in T21 FL, although PreProB progenitors were
markedly reduced, ELP frequency was normal. In addition to this, B cell frequencies
were also significantly decreased (figures , . These deficiencies are in contrast

to comparable frequencies of ProB progenitors.

401 mnm 207 —
aT21 .
> >
Q A 3071
Q 20+ O
3 = S 20
10] - 107
M R A v °
¥ & & ¢ &8 QP
SO N Q@g* QL &°
%5 <0.0001  ** p<0.001 * p<0.01

Figure 4.2: Frequencies of HSPC and B cells in T21 fetal BM (n=9-12, grey) compared to
normal (NM) fetal BM(n=12-35, black). NM HSPC frequencies also shown in figure
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Figure 4.3: Representative flow plots showing difference in immunophenotypic HSC, MPP
and LMPP frequency in two T21 fetal BM samples compared to one NM fetal BM sample.
All three samples shown were CD34 enriched. Titles above each column of plots indicate
the gate shown and each row is one biological sample.
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Figure 4.4: Representative flow plots showing difference in immunophenotypic ELP,
PreProB, ProB- progenitor frequency in two T21 fetal BM samples compared to one NM
fetal BM sample. All three samples shown were CD34 enriched.Titles above each column of
plots indicate the gate shown and each row is one biological sample.
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4.3 n wvitro differentiation potential of T21 HSPC

To define the functional potential of each T21 population in the fetal B-lymphoid

hierarchy, I performed MS-5 stromal co-culture and clonogenic assays.

4.3.1 MS-5 co-cultures

To establish the B/NK potential of T21 HSPC, I performed MS-5 co-culture differentiation
assays. Given the lack of ELP and PreProB progenitors in T21 fetal life, I hypothesised
that T21 HSC/MPP/LMPP would have reduced B-lymphoid capacity. 100 immuno-
phenotypically defined HSPC were sorted from 1 NM biological sample and 2 T21
biological samples for co-culture on MS-5 stroma over 4 weeks in parallel. Due to their
rarity, 94 and 43 ELP and 98 and 80 PreProB progenitors were sorted and plated
respectively from the two T21 samples. In addition to the positive NM control plated
in parallel with the T21 samples, data from previous MS-5 co-cultures of NM HSPC

(Chapter 3|) were collated for comparison.

By day 7, T21 PreProB and ProB progenitors had differentiated into B cells which
is comparable to the dynamics observed with NM PreProB and ProB progenitors
(figure . T21 ELP largely differentiated into B cells too which is consistent with
the pattern observed in NM ELP/MS-5 co-cultures (figure [4.5)).

DAY 7
NM T21
100~ 100+
5 801 & 80 [0 NK (CD34-CD56+)
a 60- a 60- Bl Myeloid (CD34-CD11b/14+)
8 Ef BN B (CD34-CD19+)
o 5] CD19-CD56- R
o\° 40- e 40 Bl Other mature (CD34-CD19-CD56-CD11b/14-)
[ Immature (CD34+)
204 204
c T T T 0'
RV R RV R
N O o NV © o
< Qgﬂ R < Q,Q‘ Q¢
Q¢ Q¢

Figure 4.5: B, NK and myeloid output from MS-5 co-cultures with sorted ELP (43-94
cells for T21, 100 cells for NM), PreProB (80-98 cells for T21, 100 cells for NM) and ProB
progenitors (100 cells) at day 7. NM (also shown in figure |3.12)): n=4-6, T21: n=2.
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In contrast to the dynamics observed downstream of T21 ELP, the frequency and
dynamics of B cell differentiation in T21 HSC, MPP, LMPP MS-5 co-cultures differed
from what I observed in NM fetal BM HSPC co-cultures. Overall, the B cell potential
of T21 HSC, MPP and LMPP was reduced compared to NM at all time points (figure
. In NM co-cultures, LMPP B cell potential peaks at day 14 and while T21 LMPP
B cell numbers did “peak” at D14, this peak was reduced in magnitude and the
co-culture was dominated by myeloid cells (figures and [1.7)(a)). Similarly, T21
HSC and MPP produced no or very few B cells in vitro by day 21/28, when peak B
cell output is observed in NM MPP/HSC co-cultures (figures [4.6] and [4.7|(b)). Despite
the lack of B-lymphopoiesis, NK cell potential remained unaffected. In fact, mature
NK cells (CD34-CD56+) were detected as early as day 14 in T21 HSPC co-cultures

(figure [4.6)).
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Figure 4.6: B, NK and myeloid output from MS-5 co-cultures with sorted HSPC (100 cells
/population) apart from T21 ELP (43-94 sorted and plated) and T21 PreProB (80-98 sorted
and plated) at days 14, 21 and 28. X indicates too few cells available for analysis. NM (also

shown in figure |3.10): n=4-6, T21: n=2.
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Figure 4.7: Representative flow plots gated on (a) hCD45+ cells from LMPP co-culture on
MS-5 at day 14 and (b) hCD454+CD11b-CD14-CD33-CD34- from HSC and MPP co-cultures
on MS-5 at day 28. One NM and two T21 samples shown.At day 0 100 sorted HSPC were

plated for co-culture.
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4.3.2 Clonogenic assays

The MS-5 co-cultures suggested that T21 HSPC were able to differentiate into myeloid
cells. However, MS-5 co-cultures are optimised for establishing B/NK potential of
a given population and are therefore not a reliable measure of myeloid potential.
Therefore, to establish the erythroid and myeloid differentiation potential of T21 HSC,
MPP and LMPP, I performed methylcellulose differentiation assays. I sorted 100
HSC/MPP/LMPP from 2 T21 samples and 1 NM positive control and classified the
colonies that grew between days 14 and 21. While there was no marked difference in
the total number of colonies formed (figure 4.8), I did notice that the GEMM colonies
produced in T21 HSC and MPP cultures were larger than their normal counterparts
(figure [4.9(a)). Colony identification was confirmed with selected colonies picked and
stained after being fixed onto slides using a cytospin and this suggested that T21
HSPC derived colonies made more megakaryocytes (figure [4.9(b)).
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Figure 4.8: Frequency of myeloid and Mk-E colonies formed from 100 sorted progenitor
populations after 14-21 days culture in methylcellulose. NM (also shown in figure [3.16]):
n=4, T21: n=2.
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GEMM G/M/GM Mk-E

Figure 4.9: (a) Representative images of typical colonies formed after 14-21 days culture in
methylcellulose where GEMM colonies from T21 progenitors were noted as being larger. b)
Cytospins of picked colonies stained with Giemsa-Wright stain. T21 Mk-E colonies appeared
to have more megakaryocytes than NM fetal BM. White scale bar representative of 1000
pm in (a) and 10 gm in (b) respectively. NM (also shown in figure : n=4, T21: n=2.
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4.4 RNA-Sequencing of T21 fetal stem and
B-lymphoid progenitor populations

The profound lack of ELP and PreProB progenitors in T21 fetal BM and the reduced
ability of T21 HSPC to differentiate into B cells in vitro suggested a failure in T21
HSPC commitment to the B-lineage (figure . To interrogate the molecular
mechanisms responsible for this, RNA-Seq on 100 sorted cells of each population (n=2-
5) was performed in parallel with the RNA-Seq of NM progenitors (n=3) described
in [Chapter 3| While insufficient numbers of ELP were available to sort, 100 HSC,
MPP and LMPP from three biological samples, 100 PreProB progenitors from two
biological samples and 100 ProB and B cells from 5 biological samples were sorted for

library preparation. I analysed these data myself.

« e8¢ % © 0

Figure 4.10: Scheme of human fetal B-lymphopoiesis hierarchy and grey box indicating
proposed populations affected by T21 driven failure to commit to the B-lineage.

4.4.1 Gene expression through B-lymphopoiesis

Expression of genes known for their involvement in B-lymphopoiesis were largely
comparable to their NM counterparts in each sorted T21 population (figure .
Significant differences in expression were all confined to the later stages of B-lymphopoiesis
and significant differences between NM and T21 PreProB progenitors should be
interpreted with caution as the T21 PreProB gene expression is representative of two

biological replicates due to the rarity of this cell population in T21 fetal BM.
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Figure 4.11: Expression of genes selected for their known role in B-lymphopoiesis in NM
(n=3, black) and T21 (n=2-5, grey) sorted populations (100 cells) by RNA-Seq. * denotes
significance determined by DESeq2 with an FDR < 0.1.
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To investigate whether the failure to commit to B-lymphopoiesis is a result of
cell intrinsic bias towards other lineages, I also looked at the gene expression of
key genes associated with myelopoiesis (figure , erythropoiesis (figure
and megakaryopoiesis (figure . Genes were chosen according to lists curated in
our lab [Roy et al., 2012] [Psaila et al., 2016] [unpublished data; Dr. Supat Thongjuea.

There were no striking differences in the pattern of myeloid gene expression in T21
fetal BM HSPC except for the CST7 gene (that encodes Cystatin F), which was
uniquely expressed in T21 but not NM MPP and LMPP; and the ELANE and CFD
genes (that encodes Complement Factor D) which were expressed in NM LMPP but at
undetectable or very low levels in T21 LMPP (figure . The significance of small
increases in IL3RA expression in PreProB progenitors is difficult to assess especially
given the small number of samples (for T21 n=2; figure .

There were no striking differences in the expression of erythroid genes in T21 HSPC
apart from in the APOFE gene, expression of which was seen in T21 but not NM HSC
and LMPP (figure . This is potentially interesting given the higher levels of
APOE in T21 brain tissue [Lott and Head, 2019] [Raha-Chowdhury et al., 2019] but
the significance is unclear given the very low expression overall with TPM in the range
of 0-1.5 (figure . By contrast, the expression of several megakaryocyte genes was
higher in T21 fetal BM HSC and/or LMPP. In particular, expression of PF/ and
MPIG6G genes was seen in T21 but not NM LMPP and expression of ITGB3 was
seen in T21 but not NM fetal BM HSC (figure [4.14]). These findings support data
previously found in T21 FL. HSPC [Roy et al., 2012] and it is tempting to speculate
that they might reflect an excess of megakaryocyte-primed HSC.
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significance determined by DESeq2 with an FDR < 0.1.
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black) and T21 (n=2-5, grey) sorted populations (100 cells/population) by RNA-Sequencing.
* denotes significance determined by DESeq2 with an FDR < 0.1.
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Given that there was no dramatic difference in expression of known B-lymphoid
genes in T21 fetal BM HSPC, I next looked at the expression of genes located on
chromosome 21 and with a known role in haematopoiesis or leukaemia (table [4.1]).
These genes either showed comparable levels of expression or an increased level of
expression that would be expected as a result of increased gene dosage caused by an
extra copy of chromosome 21 (figure . The differences in the level of expression
of the vast majority of chromosome 21 genes were not statistically significant in
DE analysis (FDR < 0.1) in most of the HSPC populations. This probably reflects
both the small number of biological samples analysed and also the relatively modest
differences in expression level of individual genes that would be anticipated simply
from the additional copy of that gene in T21 cells. Thus, the only differences that were
statistically significant were increased expression of ETS2 in ProB progenitors and
BACH1 and USP16 in B cells (figure . What is more striking is viewing these
changes in levels of expression collectively. Thus, although not reaching statistical
significance for individual genes in individual populations, the concurrent 1.3-1.8-fold
increases in expression level of almost all of these chromosome 21 genes in T21 fetal
BM HSPC might play some role in mediating or maintaining the block in B progenitor

differentiation.
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Table 4.1: Genes on chromosome 21 with known roles in haematopoiesis and/or leukaemia.

‘ Gene

Function in haematopoiesis/leukaemia ‘

Autoimmune regulator: promotes expression (in thymus) of antigens normally
AIRE expressed elsewhere to facilitate negative selection of T-cells.
Interacts with CREBBP ﬂAnderson and Su, 2011]

BACH1 and BACH2 promote differentiation of CLP to B-cells by repressing

BACHI myeloid-related genes ﬂItoh—Nakadai et al., 2()14].
‘ DYRKIA ‘ Involved in ML-DS and B cell cycle exit ﬂMalinge et al., 2012]7 ﬂThompson et al., 2015], ‘
Known oncogene implicated in ML-DS ﬂRainis et al., 2005] ﬂRoberts and Izraeli, 2014]4
ERG . -
Role in B-lymphopoiesis unknown.
Related to FRG, implicated in ML-DS ﬂRainis et al., 2005]7 ﬂStankiewiCZ and Crispino, 20()9].
ETS2 . .
Role in B-lymphopoiesis unknown.
GABPA ETS family transcription factor.

Critical regulator of myeloid and B-cell development [Yang et al., 2011].

H3 and H2A histone phosphorylation inhibited by HMGNT1 thus maintaining
HMGN1 | open chromatin structure.
Possible role in DS-ALL ﬂLane et al., 2014]7 ﬂMowery et al., 2018].

Binds PAX3 and PAXY7 and links them to methyltransferase machinery |Diao et al., 2012]. ‘

Essential for HSC emergence in embryonic development (Reviewed in [Gao et al., 2018]).
RUNX1 Important regulator of expression of several B-lymphoid transcription factors including
EBF1 ﬂBoller and Grosschedl, 2014].

PAXBP1

Important for haematopoietic proliferation in mice ﬂHadjur et al., 2001].
Role in B-lymphopoiesis unknown.

SOD1

Processes mRNA of genes required for maintenance of pluripotency
and linked to regulation of GATA factors.

SON Expressed in HSPCs and blasts [Ahn et al., 2013].

Role in B-lymphopoiesis unknown.

USP16 Required for normal lymphopoiesis and HSC function |[Gu et al., 2016al;

regulates HOX gene expression.
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Figure 4.15: Expression of genes with known roles in haematopoiesis and/or leukaemia
located on chromosome 21 in NM (n=3, black) and T21 (n=2-5, grey) sorted populations
(100 cells/population). * denotes significance determined by DESeq2 with an FDR < 0.1.
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4.4.2 Differential analysis of RNA-Seq

I next adopted an unbiased, global approach to the analysis of the transcriptome of
each progenitor population. PCA of the top 1000 most variably expressed genes showed
that NM and T21 HSPC, B progenitors and B cells first separated by their lineage
(PC1) and then by chromosome phenotype (PC2) (figure [£.16). Further PCA of HSPC
excluding committed B progenitors (figure |4.17(a)) and with myeloid progenitors
added for comparison (figure [4.17(b)) shows separation primarily by chromosome
phenotype (PC1) and then according to lineage/hierarchy (PC2 or PC3)(figure [4.17)).
Together, these PCA show that while drive towards B-lymphoid commitment is the
main source of variation between each HSPC and B cells, when only multipotent
progenitors are analysed, the main source of variation is in chromosome phenotype.

This suggests that the impact of T21 begins early in haematopoiesis.
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104
= = D NM
. . O T21

-20

-3‘0 -2‘0 -1‘0 (I) 1’0 2'0
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Figure 4.16: PCA of the top 1000 most variably expressed genes by RNA-Seq (100
cells/population) in NM (n=3) and T21 (n=2-5) HSPC and B cells. This shows that
B-lineage commitment drives PC1 and chromosome phenotype drives PC2.
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Figure 4.17: PCA of the top 1000 most variably expressed genes by RNA-seq in NM and T21
HSPC. HSPC involved in fetal B-lymphopoiesis is plotted in (a) and myeloid and erythroid
progenitors (MEP, CMP and GMP) are included in (b). In both analyses, chromosome
phenotype drives PC1 and population hierarchy drives PC2/3. 100 cells/population; NM:
n=3; T21: n=2-3.
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The PCA showing that the differences in transcriptome between NM and T21
populations was secondary to their position in the fetal B-lymphoid hierarchy (figure
4.16)) was confirmed independently using diffusion map analysis (figure [4.18]). Diffusion
component 1 separated populations according to their position in the hierarchy and
diffusion component 2 separated NM from T21 progenitor populations. Since diffusion
map analysis is used to establish how related one population is to another, this analysis
shows that the differentiation trajectory is not grossly affected by T21: once a T21
HSPC is committed to the B lineage, it will follow that differentiation trajectory.
Nevertheless, T21 populations did separate by DC2 and so I next performed differential

expression analysis.
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Figure 4.18: Diffusion map analysis of the whole transcriptome of NM (n=3) and T21
(n=2-4) progenitors by RNA-Seq (100 cells/population) demonstrates that the differentiation
trajectory is not grossly perturbed by T21.
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Pairwise differential expression analysis between each NM and T21 population
revealed that there were 1052, 1204, 1232, 1116, 1031 and 1273 differentially expressed
(DE) protein coding genes (FDR <0.1, complete DE tables available as online
supplemental files) between NM and T21 HSC, MPP, LMPP, PreProB, ProB and B
cells respectively. MA plots used to visualise all significant DE genes (protein and
non-protein coding) show that in the T21 samples most DE gene are over-expressed
(figure and this is also reflected in heatmaps of DE protein coding genes for
populations upstream of the defect (HSC, MPP and LMPP; figure .
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Figure 4.19: MA plots showing significant (FDR <0.1) DE genes (protein and non-protein
coding; in red) by RNA-Seq (100 cells/population) determined by DESeq2 in pairwise
comparisons of NM (n=3) and T21 (n=2-5) HSPC, B-progenitors and B cells.
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Figure 4.20: Heatmaps showing significant DE protein coding genes in HSC, MPP and
LMPP by RNA-Seq. 100 cells/population; NM: n=3; T21 n=2-5; FDR <0.1.
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Given that the B-lymphoid defect in T21 fetal BM is likely to be the result of
molecular dysregulation in T21 HSPC upstream of B-lineage commitment, I performed
GSEA on HSC and LMPP DE gene lists using hallmark and Gene Ontologies (GO)

gene sets.

In the GSEA using GO gene sets, the most striking enrichment was down-regulation
of gene sets associated with nucleosome organisation and chromatin silencing in HSC
(shown as an enrichment in NM HSC, figure [£.21)). This, combined with the DE
analysis showing significant global over-expression of genes, suggests that there may

be a global failure to silence gene expression programmes in T21 fetal HSC.

NM HSC

GO_DNA_PACKAGING_COMPLEX 4

GO_DNA_REPLICATION_DEPENDENT_NUCLEOSOME_ORGANIZATION -

GO_NEGATIVE_REGULATION_OF_MEGAKARYOCYTE_DIFFERENTIATION 4

GO_CHROMATIN_SILENCING -

GO_NUCLEAR_NUCLEOSOME -

GO_NEGATIVE_REGULATION_OF_HEMATOPOIETIC_PROGENITOR_CELL_DIFFERENTIATION 4 NOM.p.val
GO_MITOCHONDRIAL_ELECTRON_TRANSPORT_CYTOCHROME_C_TO_OXYGEN 0.04
0.03
GO_PROTEIN_HETEROTETRAMERIZATION - 0.02

0.01
0.00

GO_CHROMATIN_SILENCING_AT_RDNA

GO_OXIDATIVE_PHOSPHORYLATION +

GO_REGULATION_OF_MEGAKARYOCYTE_DIFFERENTIATION -

GO_OXIDOREDUCTASE_ACTIVITY_ACTING_ON_A_HEME_GROUP_OF_DONORS

GO_TELOMERE_CAPPING q

GO_NEGATIVE_REGULATION_OF_GENE_EXPRESSION_EPIGENETIC 4

. T : " T
-2.0 1.5 -1.0 -0.5 0.0
NES

Figure 4.21: GSEA of the transcriptome (RNA-Seq; 100 cells/population) of NM (n=3) and
T21 (n=3) HSC shows an enrichment of GO terms associated with nucleosome organisation
and chromatin silencing in NM HSC compared to T21 HSC. NES: normalised enrichment
score; FDR: false discovery rate; NPV: nominal p-value)

In the GSEA using hallmark gene sets, TGFf signalling, 1L-6 signalling, IL.-2
signalling and the inflammatory response gene sets were all enriched in T21 HSC
(figure . Furthermore, IFNa response was enriched in T21 LMPP (figure
4.23). These data, and the fact that the only striking difference in gene expression
was increased expression of genes associated with megakaryopoiesis and not B-
lymphopoiesis suggested that the defect in B-lineage commitment might be secondary
and mediated by T21-driven changes in the T21 fetal BM haematopoietic

microenvironment.
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Figure 4.22: Gene set enrichment analysis of the transcriptome (by RNA-Seq; 100
cells/population) of NM (n=3) and T21 (n=3) HSC using hallmark gene sets. (a) summary
of significantly enriched gene sets in T21 HSC. FDR <0.25. (b) Enrichment plots showing
enrichment of hallmark gene sets associated with the haematopoietic microenvironment.
NES: normalised enrichment score; FDR: false discovery rate; NPV: nominal p-value)
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Figure 4.23: Gene set enrichment analysis of the transcriptome (by RNA-Seq; 100
cells/population) of NM (n=3) and T21 (n=3) LMPP using hallmark gene sets. (a) summary
of significantly enriched gene sets in T21 LMPP. FDR <0.25. (b) Enrichment plot showing
enrichment of hallmark gene set IFN« response in T21 LMPP. NES: normalised enrichment
score; FDR: false discovery rate; NPV: nominal p-value)
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Finally, to establish whether any chromosome 21 genes are important in driving
the specification and commitment of NM human fetal B-progenitor development, I
looked for genes encoded on chromosome 21 that were significantly DE in normal
neighbouring progenitors from LMPP through to ProB progenitors (figure M DE
analysis as part of . This showed that a total of 4 chromosome 21 genes are
up-regulated between different stages of normal fetal B-progenitor development (JAM?2,
IFNAR1, USP16 and CFAP298) while 7 genes are down-regulated during normal fetal
B-progenitor development (RUNX1, RRP18, PTTG1IP, ITGB2, PRDM15, ETS2
and APP; figure 4.24(a)).

Next, I cross-checked these 11 genes with the DE genes between NM and T21
populations. 3/11 of these genes (PRDM15, APP and ETS2) were dysregulated in
T21 fetal BM and (with the exception of PRDM15 over-expression in T21 B cells)
this was confined over-expression in T21 ProB progenitors (figure [4.24|b)). The role
of these genes in normal fetal B cell development or in the T21 B lineage defect is
not clear as none of these genes have been shown to be important in lymphopoiesis
(see table and the TPM values are very low in the case of PRDM15 and APP.
However, ETS2 is a known oncogene and is likely involved in the initiation of ML-DS
[Rainis et al., 2005] [Stankiewicz and Crispino, 2009]. It is tempting to speculate that
the impact that ETS2 over-expression has on T21 MEP in the fetal liver has a similar
proliferative effect on T21 ProB progenitors.
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Figure 4.24: Chromosome 21 genes important in fetal B-lymphopoiesis. (a) chromosome 21
genes significantly DE between normal LMPP /ELP /PreProB/ProB by RNA-Seq,
100 cells/population, n=3). (b) expression of chromosome 21 genes differentially expressed
during normal fetal BM B lymphoid progenitor development and differentially expressed
between T21 and NM ProB progenitors. * denotes significance determined by DESeq2 with
an FDR < 0.1.
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4.5 The impact of the T21 microenvironment on
fetal BM haematopoiesis

Analysis of the RNA-Seq data of NM and T21 HSPC showed no striking or significant
differences in the expression of genes known to have a direct role in B-lymphopoiesis.
This, in conjunction with the enrichment of several gene sets involved in cytokine
signalling and inflammatory responses suggested that the B-lymphoid commitment
defect might be secondary and at least in part mediated by the T21 microenvironment.
In order to investigate the role of the T21 microenvironment, I derived mesenchymal
stromal cells (MSC) from NM and T21 FL and fetal BM for gene expression, proteomic

and functional characterisation.

4.5.1 The impact of T21 MSC on normal B-lymphopoiesis

To establish whether T21 MSC alone were sufficient to perturb B-lymphopoiesis, I used
the co-culture system described in |Chapter 2| and [Chapter 3l NM fetal BM HSPC were
sorted and co-cultured on NM fetal BM MSC, T21 fetal BM MSC and MS-5 stroma in

parallel at a density of 100 cells/well. At 7 day time points, a fraction of each co-culture

(or where cell numbers permitted whole wells) was analysed by flow cytometry for the
presence of myeloid (CD33+/CD11b+/CD14+), B cells (CD34-CD19+CD10+/-), NK
cells (CD34-CD56+), immature (CD34+CD11b/14/33-) and other haematopoietic
cells (CD34-CD19-CD33/CD11b/CD14-CD56-). An example of the gating strategy I
used is shown in figure where MSC were excluded according to their expression of
CD45 and CD73 (CD45-CD73+). In every experiment the NM HSPC grown on MS-5
co-cultures yielded B cells. Data presented here are representative of 3 independent
experiments where 3 three donors were used for NM HSPC, three donors were used
for NM MSC and three donors were used for T21 MSC.

By day 14, the commitment of PreProB and ProB progenitors to the B-lineage
was clear as all plated B progenitors had differentiated into B cells and there was
no difference in the ability of T21 vs normal MSC to support B cell development
(figure . In contrast, HSC, MPP, LMPP and ELP showed a variable decrease
in B-lymphoid potential on T21 MSC that was more apparent in later time-points
(figure . To make sure that any observed difference in B-lymphopoiesis was not
overshadowed by the profound increase in myelopoiesis observed in the HSC/T21
MSC co-cultures (figure 4.27((a)), I also calculated the absolute number of B cells and
myeloid cells produced in each HSC/MSC co-culture (figure [4.27|(b)). While these
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data illustrate the variability observed between each experiment, it is temping to
speculate that T21 MSC induce a skew in haematopoiesis towards myelopoiesis and
at the expense of B-lymphopoiesis although further experiments will be required to

confirm this.
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Figure 4.25: Representative plots showing gating strategy used in analysis of MSC co-
culture assays. NM HSC/MSC co-culture shown.
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Figure 4.26: NM and T21 MSC co-culture assays: 100 HSC, MPP, LMPP, ELP, PreProB
or ProB progenitors were sorted and plated on NM or T21 MSC and co-cultured for 28 days.
Each bar chart shows the relative frequency of mature and immature cell types produced as
a proportion of CD73-CD45+ cells. n=3.
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Figure 4.27: NM and T21 MSC co-culture assays: 100 HSC were sorted and plated on
NM or T21 MSC and co-cultured for 28 days. (a) pictures of NM and T21 MSC co-cultures
at day 28 (b) Dot plots showing the absolute count of B cells (left) and myeloid cells (right)
produced from 100 sorted HSC after 21 days in culture with NM or T21 MSC. n=3. B count
p-value: 0.381; Myeloid count p-value: 0.076.
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4.5.2 The impact of T21 on the transcriptome of fetal MSC

The MSC co-cultures suggested that cell extrinsic factors may be playing a role in
perturbing B-lymphopoiesis at the HSC and LMPP level in T21 fetal BM. To explore
the putative molecular mechanisms responsible for this, I re-analysed a microarray
dataset of the transcriptomes of NM and T21 MSC produced by a previous member
of the lab (Dr. David O’Connor). There were a total of 5 biological replicates for NM
FL and 3 biological replicates for T21 FL; and a total of 4 biological replicates for
NM fetal BM and 3 biological replicates for T21 fetal BM.

Differential expression analysis comparing NM and T21 fetal BM MSC revealed
77 significant DE genes including several genes encoding secreted factors: /L6, FGF'16,
GDF6, F10 and RELN (figures and [£.29} complete DE tables are available in
the online supplemental files). GSEA showed an enrichment for IFN« response in T21
MSC, and enrichment for TNFa and IL-6 signalling in NM MSC (figure .
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Figure 4.28: Genes encoding known secreted factors which were significantly DE (p<0.05)

between NM fetal BM MSC (n=4) and T21 fetal BM MSC (n=3) according to microarray
analysis.
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Figure 4.29: Heatmap of all significant DE (p<0.05) genes between NM (n=4) and T21
(n=3) fetal BM MSC. GSEA enrichment plots showing enrichments in IFN« in T21 MSC
and TNFa and IL-6 in NM MSC according to gene expression by transcriptome analysis by
microarray. DEG: differentially expressed genes.
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Given that the main site of fetal B-lymphopoiesis is the fetal BM, I also compared
gene expression of NM fetal BM MSC with NM FL. MSC as a way of identifying possible
BM-specific factors important for B cell development. There were 164 significant
differentially expressed genes including genes encoding several known secreted factors:
ESM1, NRP2, C3, MASP1, C1S, GDF6, PDGFD, IGFBP5, RELN, FGF16, PAPPA2,
BMP2, FGF7, SNCA, ANOS1 and MMPS3 (figures and . These included
increased FL. MSC expression of complement protein genes C3, C'1S and MASP1
(liver is one of the main sites of complement protein synthesis throughout life) and
IGF-signalling related genes: IGFBP5 and PAPPA2.

Of the DE genes from the NM fetal BM and FLL. MSC comparison and encoding
secreted proteins, 3 were dysregulated in T21 fetal BM MSC compared to NM fetal
BM MSC. Expression of the gene RELN was higher in NM FL. MSC compared to NM
fetal BM MSC; and in T21 fetal BM MSC compared to NM fetal BM MSC (figures
and [4.30). On the other hand GDF6 and FGF16 expression was higher in NM
fetal BM MSC than in NM FL MSC, but when compared to T21 fetal BM MSC,
both of these genes were down-regulated (figures and . Finally, GSEA also
revealed that multiple inflammatory signalling and pathway gene sets were enriched
in FL compared to fetal BM MSC (figure [£.31]). Taken together, these data suggest
that T21 fetal BM MSC share several transcriptomic characteristics with normal FL
MSC which is confirmed when a PCA of the top 500 most variably expressed genes is
plotted and shows 2/3 T21 fetal BM MSC clustering with FL. MSC by PC1 (figure
4.32)).

FL
Log2FC

Fetal BM

Figure 4.30: Genes encoding secreted factors significantly DE (p<0.05) between NM FL
MSC (n=>5) and NM fetal BM MSC (n=4) according to microarray analysis.
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Figure 4.31: Heatmap of all significant (p<0.05) DE genes between NM FL (n=5) and NM
fetal BM (n=4) MSC. GSEA enrichment plots showing enrichments in multiple inflammatory
signalling pathways according to gene expression by transcriptome analysis by microarray.

DEG: differentially expressed genes.
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Figure 4.32: PCA of top 500 most variably expressed genes in fetal MSC by microarray.
2/3 T21 fetal BM MSC cluster with FL. MSC by PCI1.
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4.5.3 The proteome of fetal MSC

To see if the differences observed in the transcriptome of MSC were reflected in the
proteome, samples of membrane and secreted proteins from MSC were submitted
for proteomic identification and quantification by mass spectrometry (Advanced
Proteomics facility, TDI, Oxford). Where possible three biological replicates were
submitted for each condition representative of tissue (FL or fetal BM) and disease
phenotype (NM or T21)(figure . Unfortunately, only 2 biological replicates were

available for T21 fetal BM proteomic analysis at the time.

NM T21

B mE

|

Secreted proteins (Secretome)

Membrane proteins

Figure 4.33: Summary of samples submitted for proteomic analysis (mass spectrometry)
of membrane and secreted proteins.

Initial identification and quantification of proteins was run by Dr Roman Fisher at
the Advanced Proteomics Facility, Oxford and downstream analysis was performed by
myself. To establish the most appropriate method of normalisation for the dataset

(and because established analysis protocols for proteomic data lag behind the vast
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choice available in the transcriptomics field) I performed two kinds of normalisation
(median and variance stabilising normalisation, VSN) and differential expression
analysis using these two methods of normalisation which is detailed in As a
first step to compare normalisation methods, I ran PCA. While PCAs of both median
normalised and VSN data were very similar (figures and , I decided that
the differential expression analysis using VSN dataset would provide a more accurate
estimate of differentially expressed proteins as extreme values are normalised and did
not skew the differential expression analysis. Also, VSN ranked well in a systematic
evaluation of normalisation methods [Vilikangas et al., 2016] although it was noted
that resulting differential expression analysis was conservative. 1 think this is an
appropriate approach especially when attempting to perform differential expression

analysis between fetal BM MSC where there were only two biological replicates for
T21 MSC.
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After normalisation, I performed DE analysis comparing each tissue and chromosome
phenotype in pairwise comparisons (tables available as online supplemental files).
There are a couple of considerations to note when interpreting these data. Firstly,
although MSC samples were fractionated prior to submission, there is contamination
presumably from dead and dying MSC which has resulted in proteins that are not
known/predicted to be secreted or located in the plasma membrane in each dataset.
Secondly, identification of proteins using mass spectrometry in this manner will only
identify and quantify the most abundant proteins. Therefore, the concentration of
proteins of low relative abundance such as many cytokines cannot be determined using
this method.

Starting with the comparison between NM and T21 fetal BM MSC (which should be
interpreted with caution because n=2 for T21) there were 34 DE secreted proteins and
32 DE membrane proteins with a logFC > 2 and p-value <0.05 (figure . Of the
secreted proteins, TRH, HAPLN1, F5, CD63, RPN1 and MFAP5 all have potential
roles in haematopoiesis (figure [£.36).

As only 2 samples of T21 fetal BM were available for proteomic analysis, I also
compared the FL. MSC to see if there were any common DE proteins that could
shed light on the the trisomic environment as a whole (figure . This analysis
yielded 69 DE secreted proteins and 21 DE membrane proteins (logFC > 2 and p-value
<0.05; figure . Two candidates that were DE in the secretome are of particular
interest: TGFB1 and JAG1. TGFBI1 is the protein TGF-£1 which is a key regulator
of HSC self-renewal [Naka and Hirao, 2017 and also plays a role in MSC regulation
[Abou-Ezzi et al., 2019]. JAG1 is the protein Jagged-1 which is critical for the Notch
signalling pathway [Gu et al., 2016b]. In addition to these analyses, I also compared
all T21 MSC with all NM MSC (figure and found that there were 23 DE secreted
proteins but no DE membrane proteins (logFC > 2 and p-value <0.05; figure .
Of the 23 DE secreted proteins, 12 were over-expressed in NM MSC, including insulin
like growth factor binding protein 5 (IGFBP5), C-C motif chemokine ligand 2 (CCL2)
and intercellular cell adhesion molecule-1 (ICAM1); and 11 were over-expressed in
T21 MSC, including several extracellular matrix components such as the proteoglycan
stablising protein (HAPLNT1), the tropelastin protein (ELN) and thrombospondin 3
(THBS3). None of the DE proteins increased in T21 samples were encoded by a gene
on chromosome 21 and further work would be required to investigate the significance

of these differences.
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Figure 4.36: DE secretome and membrane proteins by proteomics between NM (n=3)
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and fetal BM combined). p <0.05. Blue arrows highlight proteins with known roles in
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Finally, in an effort to see if there were other factors that I could add to the MSC
co-culture system to optimise B cell output, I compared NM FL and NM fetal BM
MSC. Using the same rationale as above (LogFC >2 and p <0.05) there were 129 DE

secreted proteins and 48 DE membrane proteins but none which have obvious known

roles in B-lymphopoiesis (figure {4.39)).
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Next I compared the DE protein lists with the DE gene lists from the MSC
transcriptome analysis (figure . Overlap between DE secreted proteins and DE
genes was confined to the differences between tissues i.e. FL and fetal BM. This
observation is interesting in itself because it suggests that there are no differences in
secretome of NM and T21 MSC. Also, none of the genes/proteins found to be DE in
the transcriptome and proteome analysis are located on chromosome 21. Strikingly,
the largest overlaps were in the T21 FL vs T21 fetal BM comparison. This is probably
because the microarray DE analysis revealed 2175 DE genes which is a much larger
total number of DE genes when compared to the other microarray DE analyses
that yielded between 86 and 184 DE genes. Whether this difference is of biological

significance will require further investigation.

Of the differentially secreted proteins between NM tissues, IGFBP5 is over-expressed
in NM FL compared to NM fetal BM which given its role as a negative regulator
of IGF signalling [Ding et al., 2016]; the role of IGF signalling in cancer (reviewed
here: |Pollak, 2012]); and specifically the pathogenesis of ML-DS [Klusmann et al..
2010a] suggests that the role of IGFBP5 in the FL microenvironment warrants further

investigation.

Of the DE secreted proteins and genes in the comparison between T21 FL and
T21 fetal BM MSC, the overexpression of RAB5C in T21 fetal BM MSC is of potential

interest as its regulation has been linked to leukaemia progression |[Tan et al., 2014].

In terms of membrane proteins, there was only one DE gene and protein in the
comparison between fetal BM MSC: ALPL. However, given that the gene was over-
expressed in NM and the protein over expressed in T21, this result is probably a

consequence of differences in biological samples.

177



SECRETOME

NM Fetal BM T21 Fetal BM

NM FL
T21FL None
NM Fetal BM [ IGFBPS5, Comparison
LGALS3BP, not made
NRP2,SCUBE3,
SOD2
T21 Fetal BM | Comparison AEBP1, ESD,
not made PEBP1, PLBD2,
RABS5C, RPS16,
S100A4,
TARSL2, TFRC,
UFM1,

NM Fetal Liver |T21 Fetal Liver | NM Fetal BM T21 Fetal BM

NM Fetal Liver

T21 Fetal Liver | DHRS3, ERAP2,

NRP2, PTGS2

NM Fetal BM IGFBP5, ITGA1, | Comparison
LGALS3BP, not made
NRP2,SCUBE3,
SOD2

T21 Fetal BM Comparison *
not made

* ACP6, ARCN1,ATP6VOC, B2M, BANF1, COL6A2, DENR, DIABLO,
DDRGK1, DDX6,DYNC1LI1,EIF4G2, EPN2, FAHD2A, FLAD1, FKBPZ2,
FXR1, GNAI3, HNRNPK, IMPAD1, ITGAS5, ITGB1, LAMTORS3, LARSZ,
MRPL3, MRPL21,MRPS30, MRPS18C,NAXE, NCKAP1, NDUFA4,
NDUFAF7, NDUFB4, NDUFB10,NEXN, NUCB2, PABPC4, PRDX3, PRDXS5,
PSMD8, RDX, RPA1, RPL11,RPL23, PPP1CA, RPS8, RPS13,RPS16,
ROCK1, SDHC, SEPT7, SF3B5, SPTBN1, SSBP1, TBRG4, TFRC, TIMM44,
THEMG6, UPF1, VMP1.

Figure 4.40: Overlaps between significantly expressed genes by microarray (p<0.05) and
proteins differentially expressed by proteomic analysis (p<0.05). Overlap in gene/proteins
detected in both membrane and secreted fractions is most probably a result of contamination
from dead or dying cells during purification. However in some cases (e.g. NRP2) proteins

are predicted to be secreted and expressed on the cell surface.
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4.5.4 The role of IL-6

The cytokine IL-6 is an attractive candidate for having a role in the T21 mediated
B-lymphoid defect in fetal life. It was initially described as B cell stimulating factor
(BSF-2) due to its role in maturation of B cells into plasma cells [Hirano et al., 1986].
By gene expression (microarray; figure [£.41j(a)) and protein expression (quantitative
mass spectrometry; figure [£.41|(b)), IL-6 expression is lower in T21 fetal BM MSC;
and both IL-6 receptor genes (IL6R and IL6ST) are expressed (by RNA-Seq) in NM
and T21 HSPC upstream of B-lineage commitment (figure 4.41)(c)). The lack of IL6R
expression in B cells (non-stimulated) is consistent with previous observations in mice
[Hirata et al., 1989]. GSEA showed an enrichment for IL-6 signalling in NM fetal
BM MSC compared to T21 also suggesting down-regulation of I1L-6 signalling in T21
fetal BM (figure . However, GSEA of the RNA-Seq of NM vs T21 HSC showed
an enrichment for IL-6 signalling in T21 HSC (figure . This enrichment would
initially appear in conflict with what I observed in the MSC data. However, IL-6 is
part of a family of cytokines that are all defined by their common binding to receptor
subunit gp130 (encoded by the gene IL6RS). As a result of this shared receptor
subunit, all members of the I1.-6 cytokine family display a high degree of redundancy
in the downstream signalling pathways they evoke (reviewed extensively in |[Jones and
Jenkins, 2018] and [Murakami et al., 2019]). Since LIF is part of the IL-6 family of
cytokines and its receptor subunit gene LIFR is significantly over expressed in T21
HSC (figure [£.41](c)), it is reasonable to hypothesise that this enrichment is actually
driven by this DE gene and is a direct result of increased LIF signalling which shares
many downstream effector signalling pathways with classic IL.-6 signalling responses.
However, it should be noted that to date, the mechanisms that are redundant between

IL-6 family members and what makes them specific and distinct remains unclear.

With evidence that T21 mediated dysregulation of IL.-6 persists in post-natal life
[Zampieri et al., 2014]; others showing that IL-6 affects the ability of an ELP-like
cell to expand (but not commit) in mice [Maeda et al., 2005]; and IL-6 expression
linked to several miRNAs located on chromosome 21 |[Migita et al., 2017], [Lin et al..
2016; I hypothesised that supplementation of IL-6 in MSC co-cultures would rescue
the B-lymphoid defect caused by T21 MSC in the in vitro co-culture system.

MSC co-cultures: To investigate this hypothesis, I adapted the MSC co-culture
system by plating 200 sorted Lin-CD34+CD38- HSPC (HSC, MPP and LMPP) on
NM MSC or T21 MSC. Parallel co-cultures with MS-5 stroma were used as a positive
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control. As with previous MSC and MS-5 stromal co-cultures, media was supplemented
with F1t3L, SCF, IL-2 and IL-7 and then also with or without 10ng/mL IL-6. At 7-day
intervals whole wells were analysed by flow cytometry using the same output panel
and gating strategy described earlier in figure [4.25] These data are representative of

three independent experiments.

Myelopoiesis rather than lymphopoiesis, dominated on all three stromal layers as
observed previously (figure [4.42)). Also, the B-lymphoid defect observed when NM
HSPC were plated on T21 MSC was preserved: T21 fetal BM MSC demonstrated
impaired ability to support B-lymphopoiesis compared to NM fetal BM MSC. However,
the addition of IL-6 had minimal effects. While it could be argued that IL-6 may
have increased B-lymphopoiesis on NM MSC, there was no discernible increase in
B-lymphopoiesis on T21 MSC supplemented with IL-6 (figure [4.42).

While these data do not reveal the pattern or correlation I expected, they do not rule
out the possibility that IL-6 deficiency caused by the T21 microenvironment plays a
role in the T21 B-lymphoid defect. There are a number of steps that could be taken
to further optimise this system: sorting pure populations of HSC, MPP and LMPP
separately; or sorting other downstream progenitors that were excluded in the CD38-
gate, such as ELP (Maeda et al. had shown that IL-6 affects ELP cycling and not
commitment [Maeda et al., 2005]). However, even with these adaptations (and as with
previous co-cultures where pure populations were sorted) biological variability between
samples makes searching for small differences challenging and therefore perhaps a
completely different approach such as knocking down IL-6 in NM MSC would be more
successful. Finally, the role of other cytokines acting in a concerted manner alongside

IL-6 in attenuating B-lymphopoiesis cannot be ruled out.
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Figure 4.41: (a) IL6 gene expression in NM (n=4) and T21 (n=3) fetal BM MSC measured
by microarray. (b) IL-6 protein expression in NM (n=3) and T21 (n=2) fetal BM MSC
measured by quantitative mass spectrometry (proteomics). (c) IL-6 family receptor gene
expression in NM (n=3) and T21 (n=2-5) HSPC by RNA-Seq (100 cells/population) x
denotes significance determined by DESeq2 with an FDR < 0.1.
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Figure 4.42: Frequency of B cells, NK cells, myeloid cells, other cells and immature cells
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Validation of IL-6 expression in MSC: Despite the lack of an obvious functional
difference in the co-culture experiments after supplementation with I1L-6, I sought
to validate the findings of the DNA microarray and proteomics analysis showing
that 1L-6 was down-regulated in T21 MSC. RT-qPCR and ELISAs were used to
measure L6 gene expression and protein secretion respectively. Surprisingly both the
RT-qPCR and ELISAs showed the opposite to what had previously been observed
in the trancriptomic and proteomic experiments: IL-6 expression was higher in the
T21 MSC compared to NM MSC (figure [4.43). This discrepancy could in part be
attributed to the inter-individual differences in biological replicates. For example, the
two biological replicates (DSOX12 and DSOX15) used in RT-qPCR and ELISAs that
showed highest expression of IL-6 were not available at the time for proteomic analysis.
Another factor that could be important in the interpretation of these findings is that

IL-6 is considered an acute phase protein and therefore its expression is very dynamic.
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Figure 4.43: (a) RT-qPCR and (b) ELISA for IL-6 gene and protein expression in NM
(n=4) and T21 (n=4) MSC.

miRNA expression in MSC: There are numerous studies that propose a role for
microRNAs (miRs) in the post-transcriptional repression of IL-6 mRNA, its regulators
(e.g. NF-kB) or its downstream effectors (e.g. STAT3) ([Lliopoulos et al., 2009], [Lin
et al., 2016], [Jablonski et al., 2016|, [Migita et al., 2017]) thereby modulating I1.-6
signalling (albeit in a context dependent manner i.e. cell or cancer type). These miRs
include but are not limited to a miR cluster located on chromosome 21 that encodes
miR-Let7c, miR-99a, miR-125b and miR155. Since these miRs have already been
implicated in haematopoiesis and/or leukaemogenesis (|Li et al., 2018], [Shaham et al..
2012], [Dorsett et al., 2008], [Emmrich et al., 2014]; all miRs associated specifically
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with B-lymphopoiesis reviewed here: [Zheng et al., 2018]); and are possibly markers
of inflammation, RT-qPCR for miRNA was performed on NM and T21 MSC to

investigate any correlations in their expression with IL-6. Also, mature miRs are

only produced after post-transcriptional processing in the cytosol where the Dicer
complex cleaves the hairpin-loop pre-miRNA structure to form two complementary
miRs (figure . Generally the 3’ miR is targeted for degradation and the 5’ is
considered the dominant miR with higher relative abundance. However, there are
multiple exceptions to this and so when the dominant arm is unknown, miRs are

distinguished by the notation of “3p” or “5p” referring to the 3’ or 5’ end of the stem

loop structure that they came from |[Ambros et al., 2003|. As published information

regarding the dominant arm for the chromosome 21 miRs was not available, RT-qPCR

was performed for both 3p and 5p miRs on chromosome 21.
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Figure 4.44: Illustration showing the main steps from transcription to mature miRNA
created with BioRender.com. Usually the 3’-5’ (3p) complementary strand is targeted for
degradation and the mature miRNA is the remaining 5’-3" (5p) strand.
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Firstly, the high relative abundance of the 5p compared to 3p forms of all miRs
tested suggested that the 5p form of each miR was indeed the dominant product for
that miR (figure . With respect to relative abundance of the 5p product of each
miR, miR-~125b, miR-~Let7c and miR-99a expression was comparable between NM
and T21 MSC with the exception of one outlier in T21 MSC that showed relatively
high expression of miR-Let7c-5p (figure . In contrast, the relative expression
of miR-155-5p in T21 MSC was higher than in NM MSC (figure and this
positively correlates with the increased IL-6 expression however, the difference was

not statistically significant.

Like most of the literature regarding miR mediated attenuation of IL-6 signalling,
these data are correlative and do not show a direct link between miR-155 expression
and IL-6 signalling. However, a recent study where miR-155 targets were directly
mapped by comparing iCLIP (a method used to find protein-RNA interactions akin
to ChIP-Seq) data from wild-type and miR-~155 deficient mice elegantly demonstrated
that miR-155 has a cell context dependent effect on gene regulation [Hsin et al., 2018].
Specifically, miR~155/RISC only bound to /l6ra mRNA in macrophages and although
there was a decrease in IL-6 expression in miR-155 deficient macrophages this was
not significant. Therefore, much work is still required to establish the mechanism for
miR-155 mediated control of IL-6 or its associated up- and downstream signalling

partners in the context of T21 and fetal B-lymphopoiesis.
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Figure 4.45: Expression of chromosome 21 miRNAs in MSC by RT-qPCR. miRNAs chosen

for their known role in control of IL-6 expression or haematopoiesis. NM: n

4; T21: n=4.
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4.5.5 The role of IFN«

The conflicting evidence regarding I1.-6 expression in NM and T21 MSC led me
to hypothesise that IL-6, being an acute phase protein and referred to as the
“Inflammation amplifier” [Murakami et al., 2019] is a result of a wider, systemic
and dynamic inflammatory programme invoked by the T21 microenvironment. I
hypothesised that it is this T21-driven inflammatory programme that leads to altered
cross-talk between haematopoietic and microenvironment cells that ultimately causes
the perturbations observed in T21 fetal haematopoiesis. The enrichment for the IFN«
response in T21 LMPP (figure and T21 MSC (figure [4.29); and the location of
four interferon (IFN) receptor genes on chromosome 21 (IFNAR1, IFNAR2, IFNGR2
and IL10RB) made IFN signalling an attractive candidate pathway worthy of further

investigation.

IFN«a response gene expression in HSPC: First, according to the RNA-Seq
data, the expression of several genes involved in IFN signalling and response are
over-expressed in T21 fetal HSPC and B cells. Many of these are significantly over-
expressed in select T21 progenitor populations according to the pairwise DE analysis.
For example, IFN signalling genes IRF9, IFI27, EIF2AK2, GMPR, IFI/4L, IL7,
USP18 and RSADZ2 are all significantly over-expressed in T21 LMPP. In terms of
receptor expression, none were significantly DE but IFNAR1 did display a pattern of
over expression consistent with what is expected due to increased gene dosage caused

by an extra copy of chromosome 21.

Then, to establish whether the expression of IFN stimulated genes (ISGs) reflected the
enrichment of expression of IFN signalling genes, I compared the significant DE gene
lists generated by pairwise comparison of NM and T21 HSPC with published/ publicly
available ISG lists (Metacore, Carvariate Analytics, [Schoggins et al., 2011] [Wu et al..
2018] [Mostafavi et al., 2016]). These lists confirm the close relationship between IFN
signalling genes and IFN stimulated genes as it is very difficult to establish them in
isolation because IFN signalling can act in a positive feed-forward loop to amplify
an inflammatory response |Francois-Newton et al., 2011] [Michalska et al., 201§].
Nevertheless, these comparisons showed that even more ISGs are significantly over
expressed in both T21 HSC and LMPP compared to NM HSC and LMPP (figures

7 and [L15).
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Figure 4.46: Expression of IFN receptors, signalling and response genes by RNA-Seq in

NM and T21 fetal BM HSPC and B cells. NM: n=3; T21: n=2-5. % denotes significance
determined by DESeq2 with an FDR < 0.1.
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IFNa gene expression in MSC: To see whether the functional defect caused
by T21 MSC in co-culture with NM HSC could be a result of an IFN« induced or
dysregulated positive feed-forward loop where increased IFN« signalling results in
the expression of more IFNa, RT-qPCR and ELISAs were performed to look for
expression and secretion of IFNa. Initially I focussed on IFNA2 only as this is the
most characterised of all the 13 human subtypes of IFN«a. However, since IFNa2 was
undetectable by ELISA of MSC conditioned media (data not shown), I looked for the
expression of I[FNA2 in parallel with IFNA1, IFNA4, IFNAS, IFNA6, IFNA7, IFNAS,
IFNA14, IFNA16 and IFNA17 by RT-qPCR in NM and T21 MSC. Expression of
all IFNA genes was generally very low but nevertheless 2/4 of the T21 MSC samples
appeared to show higher expression of IFNA1 when compared to NM, and expression
of all other IFNA genes tested showed a similar relative level of expression with
the exception of IFNA16 and IFNA17 which were undetectable. In parallel, I also
validated what we had observed in the transcriptome analysis of the MSC: the IFN«
receptor genes, I[FNAR1 and IFNAR2, were not significantly over-expressed although
there was a trend towards higher expression in the T21 MSC (figure [£.49] bottom

row).
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4.5.6 The role of other inflammatory signalling pathways

TGFfS signalling has a well documented and complex role in haematopoiesis and
leukaemogenesis (reviewed here: [Blank and Karlsson, 2015] and [Naka and Hirao.
2017]). Since the TGFS superfamily of cytokines consists of 33 different functional
genes that are all related in homology but can elicit overlapping and distinct responses
via different receptors [Derynck and Budi, 2019, deducing the role of each family
member in isolation is complex. The role of TGFfA1 signalling is one of the most
studied and is linked to the maintenance of HSC quiescence (when expressed at
high levels); promoting myelopoiesis while inhibiting lymphopoiesis from HSC (when
expressed at low levels) |Challen et al., 2010]; and plays a role in ageing HSC [Naka
and Hirao, 2017]. In contrast, BMP-signalling (also part of the TGF superfamily) is
associated with promotion of lymphopoiesis from HSCs [Naka and Hirao, 2017]. Since
TGFp signalling was also enriched in T21 HSC (figure [4.22)), I looked at the expression
of key genes involved in TGF 1 signalling and BMP signalling in the RNA-Seq data.
Then, to see if the functional difference observed in NM and T21 MSC was correlated
with TGF S expression, I used RT-qPCR to measure TGFB1, TGFB2 and TGFB3

expression in MSC.

Expression by RNA-Seq of TGFB1, TGFB2 and TGFB3 genes was increased in T21
HSC compared to NM with the difference being significant with respect to TGFB2
and TGFB3 (FDR <0.1). The two most common receptors responsible for TGFfS
signal transduction (TGFBR1 and TGFBR2) appeared to be expressed at comparable
levels in NM and T21 HSPC and B cells with no significant differences (figure [4.50|(a)).
Expression of the genes that drove the TGFj signalling enrichment showed that they
were all expressed at low levels. Further to this, these four genes (BCARS3, LTBP2,
SKI and PMEPA1) are all negative regulators of TGFf signalling (figure [4.50|(b)).

The fifth gene that was driving the TGFf signalling enrichment was BMP-2 (also
significantly DE between NM and T21 HSC; figure [£.50](c)). Gene expression of the
receptors (BMPR1A, BMPR1B and BMPR2) that transduce BMP-2 showed a pattern
of over-expression in T21 HSC that was significant in the case of BMPRI1B. This
pattern continued in the expression of SMAD proteins known as common effectors
(SMAD1, SMADS5 and SMADY) for BMP signalling ([£.5I)(a)). As a comparison,
the expression of SMAD genes associated with TGFf signal transduction did not
show such consistent patterns of over-expression in the T21 HSPC (figure [4.51|(b)).
Finally, expression of SMAD proteins that are common to both pathways (SMAD/
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and SMAD7) showed that SMAD/, the role of which is to translocate to the nucleus
and activate transcription, was relatively similarly expressed; and SMAD7 known as
a downstream repressor of TGF 3 signalling was over-expressed in T21 HSC albeit
to a not significant extent (figure [1.51)(c)). While these data suggest a role for BMP
signalling over TGF 3 signalling in T21 B-lymphopoiesis, these gene expression patterns
do not provide any indication as to whether these gene products are phosphorylated
and therefore actively participating in the proposed signalling pathways. Extensive
work is still required to investigate the relative roles of these pathways in T21 fetal

B-lymphopoiesis.

Nevertheless, to see if the functional differences in NM and T21 MSC co-cultures
could be a direct result of TGFf stimulation, RT-qPCR was also performed for
TGFB1, TGFB2 and TGFB3 on NM and T21 fetal BM MSC. While no differences
in expression were significant, again probably due to insufficient biological replicates,
TGFB1 expression was lower in T21 MSC, TGFB2 expression was marginally higher
in T21 MSC and there was a spread in expression of TGFBS3 albeit at low levels
(figure . Although the difference in pattern of expression of TGFf is potentially
interesting with respect to the defects observed in T21 fetal life, in the adult BM
microenvironment, the main sources of TGFf are megakaryocytes [Zhao et al., 2014]
and non-myelinating Schwann cells [Yamazaki et al., 2011]. Given the bias towards
megakaryo-erythropoiesis observed in T21 FL, it is tempting to speculate that the
TGFf signalling enrichment observed in T21 HSC (which is driven by negative
regulators of TGF/3 signalling) is in fact a response to the increased TGFf signalling
from increased numbers of megakaryocytes in the environment; and the contribution
of TGFS in the B-lymphoid defect being to push HSC towards myelopoiesis thus
inhibiting B-lymphopoiesis as shown in the mouse model reported by Challen et. al
[Challen et al., 2010].

194



TGFB1 TGFB2 TGFB3
1.5: 157, 15
—
*
1.0 10 10{ "7
= = =
B E B
0.5 w 5 5
0.0 X 0 — . o X
O R R 2 9 @ O R R L o N R R L o L @
IR MR MV SR 9 & & ¢ & O IR MR APV RO
R SRS ‘3« LA R R ‘3« T ¢ R SR @q& LA
<Q < <
TGFBR1/ALK5 TGFBR2
25 60
20
40
s 15 =
= =
10
20
5
0 X 0 X
O R R L oL I L SN B N
&' 3 L ¢ S O P 9" 3 & & S « P
RN v‘" qﬂg‘ < °° RN v‘" qﬂéz‘ < °°
(b) (c)
BCAR3 LTBP2 BMP2
8 * 8 10
* 8
6 [
z £ z°
B4 B4 F
4 *
—
2 * 2 . 2
o X o X o X
O & K Q o @ O R R L o P O R R 9 o L ©
CHER MRV RO SHER MR APV SR O SHER MR APV RO
R SRS q‘éz( LA IR SRS Q@q« LA R SRS @q« Q¢
SKiI PMEPA1
2 10
*
209 * 81
—
= 1. s 6
= (=
1 4
0. 2
o X o X
9] 3 4 2 o L @ O R 3 2 o @
& \;‘g < K < Q€ & &L b@ <€ &
3 Q(

ENV @ T2

Figure 4.50: FExpression of genes involved in TGFfS1 signalling by RNA-Seq of fetal
BM HSPC and B cells. (a) TGFB1/2/3 cytokine expression and commonly used TGFj1
receptors (I'GFBR1 and TGFBR2). (b) negative regulators of TGF 3-signalling (BCARS3,
LTBP2, SKI and PMEPA1) and (c) expression of BMP2 that drove the enrichment observed
in T21 HSC. x denotes significance determined by DESeq2 with an FDR < 0.1. NM, n=3;
T21 n=2-5.
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Figure 4.51: Expression of genes involved in BMP-signalling by RNA-Seq of fetal BM HSPC
and B cells. (a) BMP receptor (BMPR1A, BMPR1B and BMPRZ2) and signalling effector
(SMAD1, SMADS5 and SMADY/8) expression. (b) TGFf1 signalling effector expression
(SMAD2 and SMADS3). (c) Shared BMP and TGF/31 signalling effector expression (SMAD/
and SMAD7. These data suggest BMP rather than TGFf signalling is perturbed in T21
fetal B-lymphopoiesis. * denotes significance determined by DESeq2 with an FDR < 0.1.NM,
n=3; T21 n=2-5. 196
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4.6 Summary and discussion

The results from this chapter show that T21 fetal B-lymphopoiesis is profoundly
perturbed from the HSC stage to the ProB stage and these perturbations have a
profound impact on B cell frequency. These data suggest a possible role for T21-
driven pro-inflammatory changes in both the HSPC and associated stromal cells that
could underpin or contribute to a bias in haematopoiesis that results in the defect in
B-lymphopoiesis. Given the recent data about the role of delayed infection/chronic
inflammation in the pathogenesis of childhood ALL [Greaves, 2018|, a T21-driven
over-active inflammatory haematopoietic environment could also play a role in the
increased incidence of ALL in DS children (explored in [Chapter 5)).

4.6.1 T21 mediated perturbation of fetal B-lymphopoiesis

Prior to these experiments, little was known about extent of the B-lymphoid defect
caused by T21 in human fetal life. Previous work on the FL concentrated on the impact
of T21 on megakaryopoiesis, erythropoiesis and myelopoiesis [Tunstall-Pedoe et al..
2008] [Roy et al., 2012] |[Chou et al., 2008| while providing preliminary evidence of the
B-lymphoid defect [Roy et al., 2012]. Since data in clearly demonstrate that
the main site of B-lymphopoiesis is the fetal BM, I have begun to characterise T21
fetal BM for the first time. I have shown that concomitant with a significant increase
in immunophenotypic HSC, there are significantly fewer (and in some cases no) ELP
or PreProB progenitors in T21 fetal BM when compared to NM fetal BM. At the
functional level, HSC, MPP and LMPP sorted from T21 fetal BM have compromised
B-lymphoid output compared to normal HSPC in MS-5 co-cultures. This is in direct
contrast with the comparable B-lymphoid output of rare T21 ELP and PreProB and

abundant ProB progenitors co-cultured on MS-5 stroma.

Whole transcriptome analysis of sorted progenitor populations and comparison with
normal counterparts showed no gross differences in key B-lymphopoiesis genes or
overall B-lymphoid trajectories (according to PCA and diffusion maps). Instead,
analysis of expression of megakaryocyte genes points towards a bias in priming of
progenitors which is a concept increasingly employed to describe haematopoiesis[Enver
and Greaves, 1998] |Notta et al., 2016||Carrelha et al., 2018| |[Karamitros et al..
2018] [Laurenti and Gottgens, 2018]. In addition to this possible bias, thousands of
protein coding genes were differentially expressed throughout the fetal B-lymphopoiesis

hierarchy in T21 progenitors compared to NM, with genes being mainly over-expressed
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in T21 populations. This, combined with GSEA showing a down regulation of gene
sets associated with chromatin organisation suggests that there may be a global failure
to silence gene expression in T21 HSPC. This is supported by murine studies showing
that global amplification of gene expression is associated with T21 [Mowery et al..
2018]. Specifically, when the chromosome 21 gene HMGNT1 is over-expressed in this
system, the B cell phenotypes (increase in H3K27 acetylation) observed in DS mouse
models, including DS-ALL, is recapitulated |Lane et al., 2014] [Mowery et al., 201§].
Since the data presented here also show an increase in HMGN1 expression in T21
HSPC (figure [4.15), this suggests that HMGN1 plays a potentially important role in
DS-ALL leukaemogenesis.

The whole transcriptome analysis by RNA-Seq of flow sorted fetal BM populations
(100 cells/population) also pointed towards a role for the T21 microenvironment
and specifically multiple inflammatory pathways: TGFf signalling, IL-6 signalling,
Inflammatory response, IL-2 signalling and IFN«a response. This was supported by
novel co-culture experiments which showed that T21 MSC could negatively affect the
B-lymphoid potential of NM HSC. Attempting to deduce the roles that individual
(or even families of) cytokines and the pathways they elicit in isolation is especially
challenging given the similar and sometimes overlapping signalling pathways involved.
Furthermore, dissecting the role of cell intrinsic mechanisms responsible for the
reduced B-lymphoid output of T21 HSPC co-cultured on MS-5 stromal cells, cannot
be separated from any autocrine or paracrine signalling that occurred in vivo during
HSPC genesis (endothelial to haematopoietic transition) or differentiation prior to
sorting and co-culture in vitro. Nevertheless, I attempted to rescue the B-lymphoid
defect caused by T21 MSC in NM HSPC/T21 MSC co-cultures by supplementing
co-cultures with IL-6. Unfortunately, this was insufficient to rescue the defect and
while IL-6 initially seemed like the most promising candidate, its expression appeared
to be largely sample dependent. Nevertheless, the difference in IL-6 expression between
NM and T21 MSC suggested that perhaps the IL-6 signalling was part of a varied

and complex response to other pro-inflammatory stimuli.

The IFNa response pathway is a particularly attractive candidate pathway because
several genes involved in I[FNa signalling including both IFN« receptors are encoded on
chromosome 21 (INFAR1, IFNAR2, IFNGR1, IL10RB, MX1 and MX2). Furthermore,
there is the possibility that IL-6 expression is controlled by interferon regulatory factors

(IRFs; [Luo and Zheng, 2016]). Others have also suggested a role for IFN« signalling in
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DS disease pathology in post-natal life [Woo et al., 2013] [Sullivan et al., 2016] [Sullivan
et al., 2017] with some suggesting that DS should be interpreted as an interferonopathy
[Sullivan et al., 2017]. However, the role of IFN« signalling in T21 haematopoiesis
and specifically in human fetal life remained unclear. The data presented here would
suggest that increased expression of IFNa receptors IFNAR1 and IFNAR2 on T21
HSPC and MSC may confer increased sensitivity to IFNa signalling that leads to a
pro-inflammatory positive feed-forward signalling cascades [Michalska et al., 2018].
Expression of several IFNa signalling and response genes display a pattern of over-
expression particularly in T21 HSC and LMPP. However, it is not clear where IFN«
itself is coming from. MSC express IFNa subtypes at very low levels (according to
RT-qPCR) and there is no evidence of expression in NM or T21 HSPC (according to
RNA-Seq). These findings do not preclude the possibility that interactions between
HSPC and MSC result in the up-regulation of IFN«a genes. This could in turn be
responsible for the functional bias observed in NM HSPC/T21 MSC co-cultures, that

resulted in excess myelopoiesis at the expense of B-lymphopoiesis.

In addition to the lack of B-progenitors, I also observed a significantly increased
frequency of immunophenotypic HSC in T21 fetal BM. Increased inflammatory
signalling and specifically increased IFNa signalling could be responsible for this
difference as IFNa signalling is also associated with HSC exit from quiescence [Essers
et al., 2009]. Although chronic exposure of IFN« signalling can cause HSC to re-enter
quiescence to prevent exhaustion |Pietras et al., 2016|, the combinatorial effects with
other chromosome 21 genes, such as DYRKIA [Thompson et al., 2015], could play a key
role in increased cycling and therefore frequency of HSC in T21 fetal BM. Alternatively,
this observation could be explained by earlier events in fetal development as HSC
emergence from the AGM also relies on sterile inflammation [Li et al., 2014] [Ottersbach.
2019|. This work was initially described in mice where IFN signalling increased HSPC
production in the absence of infection. Since then, this phenomenon has been observed
by other groups in zebrafish [He et al., 2015] [Espin-Palazon et al., 2014] and recently

the source of IFNa was shown to be primitive macrophages [Mariani et al., 2019].

There is also some evidence of anti-inflammatory control mechanisms. The negative
regulator for IFNa« signalling, USP18 is up-regulated in T21 HSC, MPP and LMPP
but this combined with only negative regulators of the anti-inflammatory TGFf
signalling pathway suggests that the pro-inflammatory signals are overwhelmingly

predominant.
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4.6.2 Inflammation and leukaemia

Recently Mel Greaves and colleagues postulated a role for delayed infection /inflammation
in leukaemogenesis by causing DNA damage |Greaves, 201§|. Since observations
showing an enrichment for inflammatory signalling in the leukaemia setting have also
been reported by others [Hemminki et al., 2013| [Giustacchini et al., 2017 |Cuartero
et al., 2018] [Forte et al., 2019], I hypothesise that T21-driven pro-inflammatory
pathways are a key event in the initiation of DS-ALL that contributes to the increased
incidence in children with DS. This is supported by others’ work showing that pro-
inflammatory pathways can persist in post-natal life in people with DS |Zampieri
et al., 2014] [Sullivan et al., 2016] [Sullivan et al., 2017] and this forms the basis of the
next chapter. Therefore, these data also potentially provide mechanistic insight into
DS-ALL pathogenesis as well as immunodeficiency and autoimmune conditions also
observed in children with DS |Goldacre et al., 2004] [Kusters et al., 2009]. Finally,
the role of pro-inflammatory signals in a tumour microenvironment is likely to differ
|Greten and Grivennikov, 2019] and so the role of T21-mediated pro-inflammatory

signals could operate in a time and context dependent manner.

4.6.3 Future work

While these data show that B-lymphopoiesis is compromised in T21 fetal life, I have
not established how ProB progenitor frequencies recover. As discussed in it
is possible that there are two different B-lymphoid pathways working in parallel in
fetal BM where both eventually give rise to ProB progenitors. It is therefore tempting
to speculate that in the absence of the fetal specific ELP pathway, the “adult type”
pathway makes up for the deficit in T21 fetal BM. However, the explanation for the
B cell defect in DS is likely to be more complex than absence of the ELP/PreProB
progenitor pathway as the data show that T21 HSC/MPP/LMPP have reduced B-

lymphoid output.

Overall, these data provide preliminary but promising evidence for the mechanism(s)
responsible for T21 driven perturbations in fetal haematopoiesis. The data presented
here suggest a role for T21 driven chromatin dysregulation and pro-inflammatory
signalling in T21 fetal B-lymphopoiesis. However, much of the mechanistic insight thus
far relies heavily on transcriptomic data and therefore extensive work is still required
to establish the functional relevance. For example, increased expression of a gene does

not always correlate with increased presence or activation of a protein in a particular
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signalling cascade. Therefore experiments firstly validating the gene expression (single
cell RT-qPCR) and then interrogating the protein activation (CyTOF /mass cytometry)
of specific key effectors will be vital in establishing the role of the aforementioned
pathways. Furthermore, the effects of these pathways requires further functional
investigation which is a challenging prospect as it is likely that multiple pathways
are acting in concert to perturb B-lymphopoiesis. As a starting point, cross-over
co-culture assays to see if T21 B-lymphopoiesis can be rescued by NM MSC could be
established.

Another area of future study is the MSC themselves. MSC are very loosely defined by
their morphology and immunophenotype according to internationally agreed convention
[Dominici et al., 2006]. This loose definition could explain the functional variation I
observed in my co-cultures and is also a subject of recent debate in the field |Sipp
et al., 2018]. Therefore, I think it would be really interesting to characterise these
cells at a single cell level immediately after derivation, and then in later passage
numbers to identify potential sub-populations and gauge how these cells change
during cell culture. In addition to characterisation of MSC, it could also be useful
to characterise the other cellular components of the BM stromal microenvironment
such as chondrocytes, fibroblasts and osteoblasts which are all possibly contributing
to the cytokine milieu in vivo, which undoubtedly has an impact on haematopoiesis

as is evidenced by recent studies in mice [Baryawno et al., 2019| |[Tikhonova et al., 2019).

Having established the extent of the B-lymphoid defect in T21 fetal BM and the
possible role of inflammatory pathways, this sets the scene for exploring the potential
causes of increased incidence of ALL in DS children. In the following chapter, I go on
to investigate the immunophenotypic and molecular characteristics of ALL blasts from
children with and without DS, using data from T21 and NM fetal ProB progenitors

for comparison as a putative leukaemia initiating cell in these children.
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Chapter 5

DS-ALL biology and implications
for fetal B-lymphopoiesis

5.1 Background and aim

The evolution of ML-DS from a fetal progenitor in DS children is well characterised
(reviewed in |[Roberts and Izraeli, 2014] and [Bhatnagar et al., 2016]), but less is known
about the origins of DS-ALL. DS-ALL is characterised by a paucity of cytogenetic
aberrations such as ETV6-RUNX1 and high hyperdiploidy that are common in non-
DS-ALL (also more commonly referred to as PreB-ALL or BCP-ALL) |Forestier et al..
2008] |[Buitenkamp et al., 2014]. Instead, the most common genomic alteration in
DS-ALL is a rearrangement affecting the CRLF2 gene (CRLF2r) which is found
in 60% of all DS-ALLs |Mullighan et al., 2009] |Russell et al., 2009] [Yoda et al..
2010] |[Hertzberg et al., 2010] [Buitenkamp et al., 2014] [Schwartzman et al., 2017]
and causes the over-expression of CRLF2. This contrasts with the relative rarity of
these aberrations in non-DS-ALL where 10% of cases have CLRF2r [Mullighan et al..
2009] [Hertzberg et al., 2010] [Buitenkamp et al., 2014] |[Schwartzman et al., 2017]. In
addition to these studies, a very recent meta-analysis identified 4 heritable risk loci in
DS-ALL in the IKZF1, ARID5B, GATA3 and CDKN2A genes [Brown et al., 2019
which confirms earlier investigations implicating point mutations/SNPs in these genes
[Schwartzman et al., 2017] [Vesely et al., 2017].

Despite these extensive investigations into the genetic aberrations common in DS-ALL;
the in utero origins of multiple other subtypes of non-DS-ALL (ETV6-RUNXI, high
hyperdiploidy, BCR-ABL1 and MLIL-AF4; reviewed here: |Greaves, 2018]); and the
high incidence of DS-ALL in young children (27-fold; 1-4yrs) [Hasle et al., 2016|, the
link between the B-lymphoid defect in T21 fetal life and DS-ALL leukaemogenesis
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remains elusive. Further to this, acquired T21 (aT21) is the most common cytogenetic
aberration in non-DS-ALL [Viguie, 2001] [Izraeli et al., 2007] |[Huret et al., 2013]

pointing towards a direct role for chromosome 21 in leukaemogenesis. Therefore, 1

set out to characterise the transcriptomes of cytogenetically matched non-DS-ALL
and DS-ALL blasts for comparison with fetal progenitors. Specifically, I hypothesised
that transcriptomic signatures conferred by an extra copy of chromosome 21 in blast
cells would provide mechanistic insight into leukaemogenesis of DS-ALL. In order to
investigate this, in addition to performing RNA-Seq on sorted cytogenetically matched
non-DS and DS-ALL blasts, I performed RNA-Seq on non-DS-ALL blasts with aT21
and no other detectable cytogenetic abnormalities. Then, where possible, HSPC from
non-DS and DS-ALL patient BM were sorted for RNA-Seq. Since it is clear that
many non-DS-ALLs arise in utero; that DS-ALL occurs in young children; and that
the immmunophenotype of DS-ALL blasts can closely resemble CD19+CD10+4 ProB
progenitors and B cells (figure , it is possible that T21 fetal BM ProB progenitors
or B cells may be the fetal cell of origin for DS-ALL. Therefore, I began these
investigations by analysing the RNA-Seq from NM and T21 fetal ProB progenitors.
I also initially included B cells in these analyses as in fetal BM the majority of B
cells are CD34-CD194+CD10+CD20+/- PreB cells as described in [Chapter 3| and |[Royi

et al., 2017].

* -® © 0 @ © o

Pre-B ALL

Figure 5.1: Schematic showing the relationship between putative fetal cell populations
of origin for infant ALL (iALL) discussed in and paediatric non-DS/DS-ALL
(PreB-ALL).

204



5.2 Transcriptomic analysis of NM and T21
fetal BM ProB progenitors

Differential analysis of the RNA-Seq data from NM and T21 ProB progenitors and
B cells (100 cells/population, n=3-5) by DESeq2 revealed that there were 1031 and
1073 significant (FDR <0.1) DE protein coding genes respectively (figure [5.2|(a);
complete DE tables available as online supplemental files). Since ProB progenitors are
a putative cell of origin for paediatric ALL, I performed further analyses on the ProB
transcriptomic data. Manual inspection of the significant DE genes showed a striking
pattern of over-expression of genes associated with the cell cycle (MKI67, ETS2,
CENPF, CENPE, TOP2A, TTK, CDK6, DONSON, RAD21, CEP170, CENPA and
BRCA2) in T21 ProB progenitors compared to NM (figure [5.2(b)). GSEA for GO and
Hallmark gene sets also demonstrated a striking enrichment for gene sets associated
with the cell cycle (figure . These data could explain the relative sparing of ProB
progenitors in the T21 fetal B-lymphopoiesis hierarchy where frequencies between NM
and T21 fetal BM are not significantly different. Furthermore, if ProB progenitors are
the cell of origin for paediatric ALL, the increased cell cycling inferred by these data
and presumably as a result of recovery from the fetal B-lymphoid defect, could provide
the permissive cellular context for an oncogenic hit in the initiation of leukaemia. To
further investigate the putative link between fetal B-lymphopoiesis, the B-lymphoid
defect and increased incidence of ALL in DS children, I performed immunophenotypic
and transcriptomic analysis on ALL samples from the BM of non-DS and DS-ALL

patients.
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Figure 5.2: (a) Heatmaps showing 1031 and 1073 differentially expressed protein coding
genes between NM and T21 fetal BM ProB and B cells respectively by RNA-Seq (100
cells/population). (b) Gene expression (by RNA-Seq; 100 cells/population) of genes selected
for their involvement in the cell cycle and significant differential expression between NM
and T21 ProB progenitors. For NM n=3 and for T21 n=5. DEG: differentially expressed

gene. * denotes significance determined by DESeq2; FDR <0.1.
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5.3 Immunophenotypic characterisation of
non-DS-ALL and DS-ALL BM

Cytogenetically-matched non-DS-ALL and DS-ALL blasts were stained and sorted
for bulk RNA-Seq (100 cells/population). Cytogenetic groups available were ETV6-
RUNXI1 (good prognosis; common in non-DS-ALL), CRLF2r (commonest cytogenetic
abnormality in DS-ALL), ‘Other’ (not ETV6-RUNX1, IKZF1 deletion, CRLF2r or
high hyperploidy) and acquired trisomy 21 (aT21; commonest cytogenetic abnormality
in non-DS-ALL where an extra copy of chromosome 21 is found in blast cells only).
A total of 20 patient BM samples were stained and sorted. At the same time, to
enable comparison between datasets, 3 NM fetal BM samples were stained and
immunophenotypic HSC, MPP, LMPP, ELP, CLP, PreProB, ProB and B cells were
sorted for RNA-Seq. For these experiments, I designed and optimised new flow panels
to allow the parallel sorting of ELP alongside HSC, MPP and LMPP and added
further markers to a new leukaemia blast panel: CD20, CD133 and CRLF2/TSLPR.
In collaboration with Sarah Inglott, Great Ormond Street Hospital, a sort strategy was
designed to accurately sort patient blasts from cryopreserved BM (figure . Blasts,
regardless of cytogenetic sub-group differed in their detailed immunophenotype from
sample to sample. While all blasts were CD19+ and generally CD38lo and CD45lo,
the expression of CD10, CD20 and CD34 was variable from sample to sample. In
figure [5.5] T show the flow plots of each sample sorted in the CRLF2r subgroup as an

example.
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Figure 5.4: ALL blast flow gating strategy. Sample shown is a non-DS-ALL with CRLF2r.
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In addition to sorting patient blasts, I also performed flow cytometry analysis to
look for HSPC in patient BM. To my surprise, the increased frequency of HSC in T21
fetal BM is preserved in DS-ALL patient BM and this is irrespective of cytogenetic

subgroup (figure :
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Figure 5.6: HSC, MPP and LMPP frequencies in non-DS-ALL and DS-ALL paediatric BM.
The increased immunophenotypic HSC frequency observed in T21 fetal BM is preserved in
the post-natal leukaemic setting. Top: representative flow plots showing that the significantly
increased HSC frequencies are irrespective of cytogenetic status (gated on Lin-CD34+4-CD38-).
Bottom: Frequencies of HSC, MPP and LMPP in non-DS-ALL and DS-ALL paediatric BM.
Non-DS-ALL: n=12; DS-ALL: n=6. * % x p<0.0001.

Since ex vivo expansion of patient blasts is notoriously challenging to establish
[Pal et al., 2016, I performed a preliminary experiment to test the possibility that
fetal BM MSC could support blast expansion. Blasts were sorted (when spare sample
was available) for co-culture on NM fetal BM MSC with and without cytokines
(F1t3L, SCF, IL7 and IL2) at a density of 500 or 1000 blasts/well. Co-cultures were
monitored by flow cytometry at 7 day intervals. Out of a total of 9 biological samples,
3 samples survived in co-culture to day 14. While no expansion was observed (generally
approximately a maximum of 100 cells were observed in wells originally plated with 500
blasts), there were some interesting observations in changes in the immunophenotype
of the blasts.
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Sample 398Q: sample 398Q (a DS-ALL of ‘other’ cytogenetic status) had the
immunophenotype CD19+CD10+/-CD20-CD34+4-CD45lo. Since there appeared to be
CD10+ and CD10- populations of blasts in this sample, CD10+4 and CD10- blasts
were co-cultured separately and in parallel to a co-culture containing both CD10+
and CD10- blasts that I called the bulk population. After 14 days in culture, all blasts
had lost the expression of CD34 on their surface and while CD10- blasts remained
CD10-, the CD10+ blasts appeared to lose their expression of CD10 (figure .

Sample 7T42R: sample 742R (a DS-ALL of CRLF2r cytogenetic status) had the
immunophenotype CD19+CD10+CD20+ /-CD34+ /-CD45lo when sorted for co-culture.
By day 14, in contrast to sample 398Q, the blasts generally maintained this
CD19+CD10+CD34- immunophenotype (figure .

Sample 4181: sample 418I (a non-DS-ALL of ‘other’ cytogenetic status) had the
immunophenotype CD19+CD10-CD20-CD34+CD45lo. By D14, the blast population
was small but had maintained the same immunophenotype: CD19+CD10-CD34+. In
addition, there was also a pronounced myeloid expansion that could either be from

residual healthy BM cells with myeloid potential or, less likely, from de-differentiation
of ALL blasts (figure [5.7).

Taken together, these data, although preliminary, suggest that fetal BM MSC might
be a suitable alternative to murine stromal cell lines like MS-5 that are optimal
for forcing B-lymphopoiesis rather than maintaining populations. It is particularly
interesting that in these co-cultures 2 of the 3 samples that survived showed that the
CD10- immunophenotype of blasts was maintained because in my experience of MS-5
co-cultures, expression of CD10 can be detected very soon after culture initiation

regardless of population plated.
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Figure 5.7: Flow plots from day 14 analysis of co-culture of 500 sorted ALL blasts. 3/9
samples plated on NM fetal BM MSC had live CD45+ cells in vitro by day 14 of culture
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5.4 Transcriptomic analysis of cytogenetically-
matched ALL blast cells by RNA-Sequencing

Bulk RNA-Seq (100 cells/population) was performed on cytogenetically matched
flow-sorted blasts and where possible HSPC. A summary of the populations sorted
and sequenced successfully is detailed in table (Chapter 2-Methods|). Figure

illustrates the comparisons made and discussed in the following sections of this chapter.

Table 5.1: Summary of libraries sequenced for RNA-Seq of non-DS/DS-ALL RNA-Seq
experiment

Blasts | HSC | MPP | LMPP | ELP | CLP | PreProB | ProB | B cell

non-DS ETV6-RUNXI1 | 4 1 4 2 3 4
DS ETV6-RUNX1 2 1 2 1 2
non-DS CRLF2+ 3 1 3 3 2 3
DS CRLF2+ 4 3 4 3 4 2
non-DS OTHER 3 3 3 1 1 3
DS OTHER 1 1 1 1 1 1
non-DS acquired T21 3 2 2 2 3 2
non-DS fetal BM 3 2 3 3 3 2 3 3

NM fetal BM | »| 21 fetal BM

T f on

af21 ALL

Figure 5.8: Comparisons made between the dataset discussed here (DS-ALL, non-DS-ALL
and aT21-ALL) and the previous RNA-Seq dataset (NM fetal BM and T21 fetal BM;
and [Chapter 4). NM fetal BM n=3; T21 fetal BM n=2-5; non-DS-ALL n=10; DS-ALL
n=7; aT21 ALL n=3.
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5.4.1 Differential analysis of ALL blast populations

As a first step in the comparison of the transcriptomes of non-DS-ALL and DS-ALL
blasts, I performed PCA of the top 1000 and top 500 most variably expressed genes
(figure . These analyses show that the gene expression profile of blast populations
is largely shaped by cytogenetic subgroup with ETV6-RUNX1+ blasts separating
by PC1 and CRLF2r/aT21 blasts separating by PC2 (figure [5.9)). Since the ‘Other’
cytogenetic classification is likely to be a very heterogenous group, I also ran the
analysis with these data excluded but this did not drastically change the pattern of
clustering (figure bottom row).
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RNA-Seq (100 cells/population) of non-DS-ALL and DS-ALL blasts. Samples are coloured
according to cytogenetic subgroup with the ‘Other’ subgroup included in top plots and
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excluded in bottom plots. Non-DS-ALL: n=13; DS-ALL: n=7.
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Next, to look for differences in non-DS-ALL and DS-ALL, I performed differential
expression analysis. Since the PCA had already demonstrated that most differences
are between cytogenetic subgroups it perhaps is not surprising that there were
relatively few DE protein coding genes between non-DS-ALL and DS-ALL blasts
(195 DE protein coding genes, FDR <0.1, full differential table available as online
supplemental file)(figure . These analyses also demonstrate the previously
observed heterogeneity in DS-ALL [Hertzberg et al., 2010] [Buitenkamp et al., 2014].
Nevertheless, GSEA showed an enrichment for inflammatory pathways in DS-ALL
blasts compared to non-DS-ALL blasts (figure . This has not previously been
described and is interesting given that I observed similar gene set enrichments in fetal
BM T21 HSPC compared to NM suggesting that such gene expression programmes

are either preserved in postnatal life or re-activated in the DS leukaemic setting.

To ascertain whether differences caused by T21 were being masked by the transcriptional
programme dictated by cytogenetic group, I then ran differential expression analysis
on the most common cytogenetic subgroup in DS-ALL, CRLF2r. No hallmark gene
sets were significantly enriched in CRLF2r DS-ALL compared to non-DS-ALL figure
and there were no significant DE chromosome 21 genes with a known role in

haematopoiesis.
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Figure 5.10: Top: Heatmap showing all significant (FDR <0.1 determined by DESeq2) DE
protein coding genes by RNA-Seq between non-DS-ALL and DS-ALL blasts. Bottom: GSEA
using hallmark gene sets showing enrichment for pro-inflammatory IFN~, Inflammatory
response and TNFa signalling pathways. Non-DS-ALL: n=10; DS-ALL: n=7. DEG:
differentially expressed genes; NES: normalised enrichment score; FDR: false discovery rate;
NPV: nominal p-value.
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I hypothesised that the transcriptional signatures conferred by an extra copy of
chromosome 21 in blast cells would provide mechanistic insight into the leukaemogenesis
of DS-ALL. Since the acquisition of an extra copy of chromosome 21 in blast cells is
the most common genetic aberration in non-DS-ALL, I compared the transcriptomes
of aT21 blasts with all other non-DS-ALL blasts and DS-ALL blasts. When aT21
blasts were compared to non-DS-ALL blasts and DS-ALL blasts there were 847
and 780 DE protein coding genes respectively (figure [5.12{(a); full differential tables
available as online supplemental files). GSEA between aT21 and DS-ALL blasts
showed a strong enrichment for interferon signalling pathways (figure (b)) which
is reflected in the increased pattern of expression of selected IFN genes in DS-ALL
blasts (figure . This is very interesting because it shows that the common
inflammatory signature seen irrespective of cytogenetic subgroup in DS-ALL and in
T21 fetal BM haematopoiesis, is absent in aT21 ALL; pointing towards a role for the
T21 microenvironment in leukaemogenesis and/or maintenance of leukaemia blasts. In
addition to this observation I also noted that there were very few (64 different genes
in each case) DE genes that were commonly DE in non-DS-ALL vs DS-ALL and the
comparisons with aT21 (figure
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Figure 5.12: Heatmaps showing all significant (FDR <0.1 determined by DESeq2) DE
protein coding genes by RNA-Seq between non-DS-ALL (left) or DS-ALL (right) blasts and
blasts with aT21. Non-DS-ALL: n=10; DS-ALL: n=7; aT21-ALL n=3. DEG: differentially
expressed genes; NES: normalised enrichment score; FDR: false discovery rate; NPV: nominal

p-value.
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Figure 5.13: IFN signalling gene expression in non-DS and DS-ALL blasts by RNA-Seq
(100 cells/population). non-DS-ALL: n=10; DS-ALL: n=7; aT21-ALL n=3.
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Figure 5.14: Common significant (FDR <0.1) DE protein coding genes between non-DS-
ALL (NDS)/DS-ALL and aT21/NDS-ALL and aT21/DS-ALL comparisons. Only two genes
located on chromosome 21 are significantly DE in DS-ALL and aT21-ALL blasts compared
to non-DS-ALL: SOD1 and ATP5PO.
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5.4.2 Differential analysis of NM and T21 leukaemic HSC

Finally, differential expression analysis between HSC from non-DS-ALL (n=2) and
DS-ALL (n=3) patients also showed an enrichment for pro-inflammatory signalling
pathways (ﬁgure. These analyses were limited because of the inherent difficulty in
obtaining adequate numbers of immunophenotypic HSC from leukaemic BM. Therefore,
findings can only be considered preliminary as there are potential confounding factors
including the small sample size (n=2 for non-DS-ALL HSC) and all the DS-ALL
HSC being from CRLF2r DS-ALLs. However, in combination with the multiple other
enrichments in fetal HSPC and DS-ALL, these data suggest a role for T21 driven
pro-inflammatory signalling not only in the perturbation of T21 fetal haematopoiesis

but also in facilitating leukaemogenesis in post-natal life.
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5.4.3 Comparison with normal fetal B progenitors

The comparison of the transcriptomes of fetal B progenitors (both NM and T21) with
non-DS-ALL and DS-ALL blasts presents a challenge because these data are from
two separate datasets sorted, processed and sequenced at different dates. To address
this, I sorted HSPC and B cells from three NM fetal BM samples for RNA-Seq at
the same time as the ALL samples as having the “same” cell populations (different
biological samples) in each dataset would provide an internal control that would allow
cross-dataset comparisons. After extensively testing three independent methods of
batch removal (Limma, RUVSeq and SVA), I concluded that RUVSeq was the most
appropriate as by PCA it appeared to effectively remove batch effects while also
maintaining the variation in the datasets. This was achieved by specifying which
transcriptomes should be similar i.e. the NM fetal BM HSC that were present in both
datasets so that RUVSeq could remove variation from the whole dataset that could

thereby be attributed to differences in between datasets.

However, before looking for similarities and differences between NM and T21 progenitors
and ALL blasts, I performed a PCA on the ALL dataset by itself as an extra way to
make sure RUVSeq wasn’t causing artificial manipulations in the dataset. This PCA
of the top 1000 most variable genes showed the B-lymphoid hierarchy was driving
PC1 and this is exactly what I had observed in the previous dataset discussed in
[Chapter 3] All ALL blasts regardless of cytogenetic sub-group clustered away from

NM progenitors. (figure |5.16]).

After batch effect removal using RUVSeq, PCA of top 1000 and top 100 most variably
expressed genes across both datasets clearly showed a separation of HSPC from B
progenitors, B cells and blasts (figures and . This is to be expected given
that all blasts are of the B-lineage. Interestingly, the PCA of the top 100 most

variably expressed genes caused blasts to cluster closely with committed B progenitors
(PreProB and ProB progenitors) (figure [5.18)).

Since PCA is a multi-dimensional reduction technique used to ask “how different is
each transcriptome?” | it is more appropriate to ask “how similar is each transcriptome?”
when studying cell differentiation in any biological system. Therefore in addition
to PCA, T also plotted diffusion maps. A similar pattern was observed with HSPC
generally separating from committed B progenitors, B cells and blasts by DC1 and
ELP bridging the gap (figure . Interestingly, by DC3 blasts clustered closely with
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ProB progenitors (figure [5.19) supporting the hypothesis that ProB progenitors are a
putative cell of origin in non-DS-ALL and DS-ALL.
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PCA of top 1000 most variably expressed genes by RNA-Seq (100

cells/population) of NM fetal BM HSPC and B cells and non-DS-ALL and DS-ALL blasts.
Blasts regardless of cytogenetic subtype cluster separately from NM fetal BM progenitors
and B cells. NM fetal BM: n=2-3; non-DS-ALL: n=13; DS-ALL: n=7.

227



<o [m] ]
< [m}
101 R L
o5 o ¥ o
A 4R
A o
(e8]
... ° oO )
o® (€] o o ©
o ° o ° 000.
o°
o~ °° X @ ®o
£ °
°
°
® o
° ° 0® 0%®
° o o
-104
°
°
°
201
72‘0 4‘0 0 1'0 2‘0
PC1
HSC Blasts:
CRLF2r
® vpPp
ETV6-RUNX1
LMPP
OTHER
ELP
. aT21
PreProB
@ ProB
@B cel O N
@cLp O T121
Figure 5.17: PCA of top 1000 most variably expressed genes by RNA-Seq (100

cells/population) of NM/T21 fetal BM HSPC and B cells and non-DS-ALL and DS-ALL
blasts. HSC, MPP and LMPP cluster away from B-lineage progenitors, B cells and ALL
blasts. Blasts cluster separately from B progenitors and B cells but are closest to the B
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cells/population) of NM/T21 fetal BM HSPC and B cells and non-DS-ALL and DS-ALL
blasts. HSC, MPP and LMPP cluster away from B-lineage progenitors, B cells and ALL
blasts. Blasts cluster most closely with committed B progenitors (PreProB and ProB
progenitors). NM fetal BM: n=3-6; T21 fetal BM: n=2-5; non-DS-ALL: n=13; DS-ALL:

n="7.
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Figure 5.19: Diffusion maps of transcriptomes by RNA-Seq (100 cells/population) of
NM/T21 fetal BM HSPC and B cells and non-DS-ALL and DS-ALL blasts. These diffusion
maps suggest that ALL blasts share transcriptional similarities with committed B progenitors
and specifically ProB progenitors irrespective of whether the population is NM or T21. NM
fetal BM: n=3-6; T21 fetal BM: n=2-5; non-DS-ALL: n=13; DS-ALL: n=7.
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5.5 Summary and discussion

The preliminary data and results from this chapter point towards a role for T21 driven

pro-inflammatory signalling in the biology of DS-ALL. This, in combination with data

and results discussed in |[Chapter 3 and [Chapter 4] suggests that the inflammatory

signatures observed in T21 fetal BM persist in the leukaemic setting. These data
provide an important starting point for elucidating the molecular mechanism(s)

involved in leukaemogenesis in children with DS.

5.5.1 T21 ProB progenitors

Comparison of NM and T21 fetal ProB progenitors showed a striking enrichment
for gene sets associated with the cell cycle, suggesting that T21 ProB progenitors
are cycling more. While this remains to be confirmed by other experiments, such as
cell cycle analysis by flow cytometry and proliferation assays, this difference in cell
cycling/proliferative capacity could explain the relative recovery of B-lymphopoiesis
in children with DS, although several studies show that B lymphopenia is common
in these children [de Hingh et al., 2005] [Verstegen et al., 2010]. Such cycling in the
T21 fetal BM is likely to be the consequence of an as yet unknown compensatory
mechanism at play in the T21 fetal BM, in response to the absence of normal fetal
ELP and PreProB progenitors. It is not clear whether this is cell-intrinsic or mediated

by extrinsic factors in the BM microenvironment.

The increased cycling of T21 ProB progenitors, in combination with their

immunophenotype, also makes them an attractive candidate as the cell of origin for
DS-ALL. Indeed, comparisons made by PCA between the two separate RNA-Seq
transcriptome datasets show that ProB progenitors and ALL blasts cluster closely
together. However, it should be noted that the similarities that cause such clustering
could be a result of similarities in cell cycle gene expression themselves and on their

own are insufficient to identify the cell of origin.

5.5.2 non-DS-ALL and DS-ALL: similarities and differences

Immunophenotypic and transcriptome analysis of DS-ALL blasts and comparison
with non-DS-ALL blasts demonstrated the heterogeneity within the blast population
described previously by others [Hertzberg et al., 2010], |Buitenkamp et al., 2014], |Lee
et al., 2016]. When CRLF2r blast transcriptomes from non-DS-ALL and DS-ALL

patients were compared, few genes were DE and there were no hallmark gene sets
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enriched in the DS-ALL blasts. This, combined with PCA showing blasts clustering
according to their cytogenetic group, suggests that the contribution of T21 to these
leukaemias is most likely to lie with the early steps towards leukaemogenesis, as

opposed to the interaction with the oncogenic hit of a chromosomal translocation.

Multiple comparisons between non-DS-ALL, DS-ALL and aT21-ALL showed an
enrichment for pro-inflammatory signalling pathways in DS-ALL blasts. Additional
comparisons between HSC isolated from non-DS-ALL and DS-ALL patients also
showed enrichments for pro-inflammatory signalling pathways. This hints towards a
distinct role for the trisomic microenvironment in the DS-ALL setting, that could

contribute to leukaemogenesis and/or leukaemia maintenance.

Very recently, a larger DS-ALL RNA-Seq study [Kubota et al., 2019] confirmed what
I have observed here: DS-ALL blast transcriptomes are shaped by their cytogenetic
sub-group. Although the distribution of certain cytogenetic abnormalities is different
between non-DS-ALL and DS-ALL, there is as much heterogeneity in DS-ALL as there
is in non-DS-ALL. Kubota et al. also speculate how differences in global methylation
profile of DS-ALL blasts could contribute to the increased incidence of ALL in DS
children. While these findings will need to be independently confirmed by bisulfite
sequencing/ChIP-Seq (the authors performed a DNA methylation array), this is
interesting because I also noted (in gene set enrichments suggesting a
role for dysregulation of epigenetically controlled gene expression in T21 HSC. Taken

together my data suggest that multiple mechanisms are likely to contribute towards
DS-ALL pathogenesis.

5.5.3 Future work

These data are preliminary and will form the basis of a new project in the lab. Here
I have performed immunophenotypic and transcriptomic analysis of DS-ALL and
non-DS-ALL that has led to the generation of a hypothesis regarding the molecular
pathogenesis of DS-ALL, that could explain the increased incidence of ALL in children
with DS. T hypothesise that increased T21-driven pro-inflammatory signalling in
the BM microenvironment increases the likelihood of certain oncogenic events, that
combined with the recovery/compensatory mechanisms employed in the wake of
the fetal B-lymphoid defect leads to the increased incidence of DS-ALL. This is an
attractive hypothesis given that other independent groups have also suggested a role

for inflammation in leukaemogenesis [Hemminki et al., 2013| [Greaves, 2018|] [Cuartero
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et al., 2018] [Forte et al., 2019] and very recently in a commentary others have also
hypothesised a role for IFN signalling in DS-ALL leukaemogenesis specifically
. However, the role of inflammatory pathways in DS-ALL is likely to
be complex and multi-factorial since inflammation has distinct roles in maintenance
of homeostasis in the HSC niche, [Pinho and Frenette, 2019] and also in BM niche
dysregulation in leukaemia [Baryawno et al., 2019] [Ahsberg et al., 2019]. Therefore,

testing this hypothesis will require extensive further work. Firstly, I think a more
exhaustive analysis of these datasets could identify a core gene signature that could
be attributed to T21 leukaemia. These signatures have the potential to aid future
analyses of single cell RNA-Seq datasets that are currently being generated in the
lab. For example, single cell RNA-Seq of whole fetal BM /leukaemic BM has the
potential to provide insight into the transcriptomes of haematopoietic and niche cells
in parallel. In addition to further RNA-Seq experiments to dissect the heterogeneity
and multiple cell types involved, it is also essential that findings are validated by
alternative methods such as single cell RT-qPCR. Then following on from this, I think
it would also be incredibly informative to look for active inflammatory signalling
pathways using CyTOF /mass cytometry. Ultimately, elucidating the active signalling
pathways involved before and during leukaemia could identify new therapeutic targets,

which is very much needed in the case of DS-ALL where treatment related infection is

a significant cause of death in this patient group [Bohnstedt et al., 2013] [Meyr et al.!
2013] [Buitenkamp et al., 2014] [Athale et al., 2018] [Matloub et al., 2019].
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Chapter 6

Discussion

6.1 Background

As discussed during this thesis, studies in mouse models as well as in humans suggest
that chromosome 21 confers a unique susceptibility to acute leukaemia. Previous
work [Tunstall-Pedoe et al., 2008] [Chou et al., 2008] |[Roy et al., 2012] has shown
that T21 causes widespread perturbation of haematopoiesis in FL. In addition to a
marked expansion in immunophenotypic HSC and MEP, both GMP and B progenitors
are decreased in T21 FL. This disruption, in combination with acquired N-terminal
GATAT1 mutations, appears to play a pivotal role in the development of ML-DS since
this leukaemia is unique to DS and GATA1 mutations are not leukaemogenic in the
absence of T21 [Roberts et al., 2013| [Bhatnagar et al., 2016]. In contrast to ML-DS,
which arises in FL, DS-ALL is characterised by BM infiltration and yet the effects of
T21 on fetal B-lymphopoiesis in fetal BM, and how this may relate to the pathogenesis
of DS-ALL remains relatively unexplored. In this thesis I have addressed this by
investigating the cellular hierarchy and molecular basis for B-lymphoid development
in normal human fetal BM and T21 human fetal BM for the first time; and directly
comparing the T21 fetal transcriptome with those of ALL blast cells.

6.2 Defining normal fetal BM B-lymphopoiesis

While adult BM is relatively well characterised, there was very little known about
normal B cell development in human fetal BM when I started my project. In order to
understand the impact of T21 on fetal B-lymphopoiesis, I first had to characterise
normal fetal BM B-lymphopoiesis in detail.

I first determined the frequency of immunophenotypic HSPC and B cells in normal
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fetal BM and compared this with normal FL through the first and second trimesters
using flow cytometry. This showed that haematopoiesis in fetal BM begins at the end
of the first trimester with the simultaneous detection of CD10- PreProB progenitors,
ProB progenitors and other HSPC at approximately 11 pcw. In contrast to HSC,
MPP, LMPP and ELP, both PreProB and ProB progenitors expanded rapidly at
the beginning of first trimester in the fetal BM with the CD10- PreProB progenitors
proving to be the most proliferative of these HSPC populations by cell cycle analysis.

To investigate the B-lymphoid hierarchy I performed extensive in vitro differentiation
assays to look for B/NK cell potential (MS-5 co-cultures), T cell potential (OP9-DL1
co-cultures) and myeloid /erythroid potential (colony forming assays). As expected,
fetal BM HSC and MPP showed multi-lineage potential in that they differentiated
into B, NK, T, myeloid and erythroid cells while LMPP had lost their erythro-
megakaryocytic potential and generated both lymphoid (B, NK and T) and myeloid
lineages. ELP, as defined in my studies (Lin2-CD34+CD19-CD10-CD45RA+CD127+),
mainly generated lymphoid cells but were able to generate small numbers of myeloid
cells in MS-5 and fetal BM MSC co-cultures. This supported other work, published
during my project, that showed that ELP in FL also had residual myeloid potential
[Alhaj Hussen et al., 2017||Boiers et al., 2018|. By contrast, PreProB and ProB
progenitors only produced B cells both in vitro and in vivo. Furthermore, I was able to
demonstrate both in vitro and in vivo that PreProB progenitors lie upstream of ProB
progenitors showing for the first time that, at a functional level, PreProB progenitors

are the earliest progenitor in fetal BM committed to the B lineage.

Although PreProB and ProB progenitors are functionally similar in that they both
differentiate into B cells, my data show that they are molecularly distinct. Transcriptome
profiling by RNA-Seq showed multiple differences in the PreProB progenitor and ProB
progenitor transcriptomes. Single cell RT-qPCR for genes associated with B-lineage
commitment and leukaemia confirmed this and also placed PreProB progenitors
between ELP and ProB progenitors in a differentiation trajectory. This was further
supported by analysis of VDJ rearrangement of the IgH locus by PCR. T also
performed ATAC-Seq on PreProB and ProB progenitors, hypothesising that chromatin
accessibility would be altered in more mature B progenitors, supporting the differences
in gene expression I had already observed. Indeed, there were subtle differences in the

chromatin accessibility between PreProB and ProB progenitors.
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Finally comparisons with adult PreProB progenitors suggested that fetal BM PreProB
progenitors have unique gene expression programmes. More extensive studies of the
individual HSPC populations, and comparison with their post-natal counterparts will
be needed to better understand the significance of these differences. However, this first
part of my project has recently been published [O’Byrne et al., 2019 and is important
because it demonstrates that CD10- PreProB progenitors are unique to fetal life. In
addition, as many childhood ALLs arise in utero and CD10- PreProB progenitors
share several immunophenotypic and transcriptomic similarities with infant ALL,
these data raise the possibility that PreProB progenitors may be a putative cell of
origin for iALL.

6.3 The impact of Trisomy 21 on
fetal B-lymphopoiesis

Having demonstrated the fetal B-lymphoid hierarchy in normal fetal BM, and with
evidence that T21 fetal B-lymphopoiesis is perturbed in the FL [Roy et al., 2012],
I measured the frequency of T21 fetal BM progenitors involved in the B-lymphoid
hierarchy. Interestingly, the B-lymphoid defect was both different and more profound
in T21 fetal BM than previously found in FL. In contrast to FL, the frequency of
ELP, as well as PreProB progenitors and B cells, was significantly reduced in T21
fetal BM compared to normal fetal BM. On the other hand, the frequency of ProB
progenitors in T21 fetal BM was not significantly reduced. As noted previously
in FL, T21 also caused perturbation of B cell development upstream of B-lineage
commitment. Although, immunophenotypic HSC frequency was increased in T21 fetal
BM, functional analysis of their differentiation potential demonstrated that T21 HSC
as well as other T21 HSPC (MPP, LMPP and ELP) all had reduced B-lymphoid

potential in MS-5 co-culture assays.

Transcriptome analysis by RNA-Sequencing of sorted T21 HSPC populations and B
cells suggested that the B-lymphoid defect is likely to be complex and not solely due to
a direct effect of T21 on HSPC. There were few significant differences in the expression
of key B-lymphoid genes or Hsa2l genes with a known role in haematopoiesis; and
instead key individual gene expression differences appeared to be in the expression
of megakaryocyte genes. Indeed, my analysis found no evidence for a T21-associated
change in any single Hsa21 gene which would explain the B lymphoid defect, suggesting

that mouse models may be of limited value in unpicking the molecular basis of impaired
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B-lymphopoiesis in DS. Further to this, the trajectory inferred by diffusion map
analysis was similar in T21 HSPC compared to normal HSPC indicating that once
the B-lymphoid programme is switched on, B cells can be produced although the
reduced numbers of B cells indicates that differentiation is abnormal. Of particular
note, my transcriptomic analysis revealed a marked overall increase in gene expression
in T21 HSPC compared to their normal counterparts. This was evident in all of the
populations which I studied and suggests that T21 may perturb some of the normal
mechanisms employed by differentiating cells to silence alternative lineage-associated
programmes. Further interrogation of the epigenetic differences between T21 and
normal fetal HSPC will be needed to investigate this further.

Given these patterns of perturbation of B cell development, I decided to focus on
comparing the transcriptomes of HSPC upstream of the block in B-lymphopoiesis
(HSC and LMPP). This revealed enrichment for gene sets associated with cytokine
signalling/inflammatory pathways pointing towards a role for the trisomic micro-
environment. To investigate this further, I used the MSC co-culture system to
investigate the impact of T21 MSC on B-lymphopoiesis by co-culturing normal fetal
BM HSPC with normal or T21 MSC. Although normal fetal BM progenitors committed
to the B-lineage (PreProB progenitors and ProB progenitors) were unaffected, all
upstream normal fetal BM HSPC showed reduced B-lymphoid potential on T21 MSC
and this was particularly profound in normal HSC/T21 MSC co-cultures.

Transcriptome analysis of the T21 MSC also showed enrichments in inflammatory
gene sets. Therefore, I sought to further investigate the roles of IL-6, IFN«a and TGFf.
While co-cultures with IL-6 proved inconclusive, this may reflect differences between
biological samples, but also possibly the absence of other coordinated inflammatory
responses, that together act in concert to disrupt the B-lymphoid programme. Initial
analysis of other candidates such as IFNa and TGFf are also promising but will

require further validation.

While others have suggested a role for increased inflammatory signalling, namely
[FNa in DS-associated immunodeficiency [Sullivan et al., 2017], this is the first time
such signalling pathways have been linked to abnormal fetal haematopoiesis. It is
tempting to speculate that T21 driven pro-inflammatory signalling could not only
explain the haematopoietic abnormalities observed in T21 fetal BM, but also the

increased incidence of DS-ALL. In light of the increasing evidence from multiple labs
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proposing a role for inflammation in leukaemogenesis (and cancer in general), whereby
chronic inflammation induces DNA damage [Krawczyk et al., 2014] |Greaves, 2018|
[Jones and Jenkins, 2018 [Greten and Grivennikov, 2019] and reported differences in
gene expression the blood cells of individuals with DS [Zampieri et al., 2014] [Sullivan
et al., 2016] [Sullivan et al., 2017], it seems likely that this inflammatory signalling

persists into post-natal life contributing to increased incidence of leukaemia.

6.4 The role of Trisomy 21 in DS-ALL

To directly interrogate the role of T21 in DS-ALL, I performed transcriptome analysis
on cytogenetically matched paediatric non-DS-ALL and DS-ALL blasts. Non-DS-ALLs
with acquired T21 were included in this analysis in order to probe the effects of the
additional copy of Hsa21 in the absence of the T21 microenvironment. Interestingly,
comparisons between non-DS-ALL and DS-ALL blasts showed enrichments for infla-
mmatory signalling pathway gene sets (IFN~ response, inflammatory response and
TNFa) in the DS-ALL blasts. Furthermore, when compared to non-DS-ALL blasts
with acquired T21, DS-ALL blasts showed a significant enrichment for IFNa and TFN~
response much like the T21 HSPC in fetal BM. This either suggests an ongoing role for
T21 microenvironment-driven pro-inflammatory signalling after birth in T21 BM or,
alternatively, that these pro-inflammatory changes are the result of HPSC programming
during fetal life, which subsequently undergo transformation to DS-ALL. Both of these
possibilities are supported by similar enrichments (IFNa response, IFN+y response and
TGFp signalling) in immunophenotypic HSC from DS-ALL patients when compared
to HSC from non-DS-ALL patients. My data analysis also shows that the cytogenetic
abnormalities present in DS-ALL have the biggest influence over the transcriptome
whether compared with non-DS-ALL or within the DS-ALL patient group. My results
are confirmed by 3 recent studies published during the course of my project which
also show that the same recurrent cytogenetic drivers of leukaemia in non-DS-ALL
also drive DS-ALL [Schwartzman et al., 2017] [Vesely et al., 2017] [Kubota et al., 2019).

Uniquely, these data have been compared to fetal B-lymphoid cells and represent the
first evidence linking perturbation of fetal lymphopoiesis by T21 to the pathogenesis
of DS-ALL. Specifically, these preliminary data point towards a role for T21-driven

pro-inflammatory signalling in haematopoiesis and leukaemia.
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6.5 Technical limitations

A major limitation to working with primary human cells is the size of the samples and
hence the number of cells available for analysis. In particular, the numbers of HSPC
both in normal and T21 samples is usually considerably lower in fetal BM compared
to FL, which makes isolation of the HSC, MPP and LMPP populations from fetal BM
especially challenging. This means that although I endeavoured to plan experiments
such that several assays could be performed on the same biological sample, this was
not always possible and some of my experiments used lower than optimal cell numbers,
or had a small number of biological replicates. Another limitation was in cell sorting
and laser availability. In optimising my sort panels, I could confidently sort up to 4
populations from each panel using 10-12 colours. It is exciting to hear of a new sorter
with five lasers and 6-way sorting being developed by BD Biosciences that would

enable further optimisation of my sort strategies and potentially reduce ‘wasted’ cells.

Finally, although biological variability certainly has a role to play in the variable
output from co-cultures, it is very likely that in the case of the MSC co-cultures this
variability was also the result of a heterogeneous population of MSC. At the start
of this project, I used the accepted immunophenotypic and morphological definition
of MSC to define the MSC used in co-culture [Dominici et al., 2006]. However, the
very recent single cell analysis in mice demonstrating heterogeneity in the murine
stromal BM microenvironment suggests that human MSC are also a mixed population
[Baryawno et al., 2019 [Tikhonova et al., 2019]. This is being addressed in the lab as
single cell transcriptomic studies on whole fetal BM (normal and T21) which includes

stromal cells is currently under way.

6.6 Future work

The work in my project has led to a number of interesting questions. Firstly, following
on from the identification of the normal fetal BM B-lymphopoiesis hierarchy, the
relationship between this hierarchy and the adult B-lymphopoiesis hierarchy has not
been fully addressed. I hypothesise that these pathways develop in parallel in the
fetal BM, and that this facilitates the relative recovery of ProB progenitors observed
in T21 fetal BM. Flow cytometry data from fetal BM suggests that an adult type
immunophenotypic CLP (Lin-CD344+CD38+CD10+) is present but its functional

and molecular signatures remain uncharacterised. To investigate the hypothesis of
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a parallel fetal and adult B-lymphoid pathway, further functional experiments at
the single cell level are required, as well as comprehensive transcriptomic analysis of

post-natal tissues in parallel with fetal tissues.

Secondly, to establish the role of inflammation in the B-lymphoid defect in T21
fetal BM and the role it plays in leukaemogenesis of DS-ALL, extensive further work
is required and this is currently underway. The expression of key genes identified
by the RNA-Seq analysis and involved in inflammation are currently being tested
by single cell RT-qPCR in normal and T21 fetal BM HSPC. As is evidenced by
the transcriptomic data presented in this thesis, chronic inflammation is unlikely to
exclusively affect haematopoiesis directly, and inflammation induced changes to the
microenvironment could also ultimately impact on haematopoiesis [Goedhart et al..
2018] |Greten and Grivennikov, 2019] [Forte et al., 2019]. To address this, single cell
RNA-Seq of whole BM is being performed and it is hoped that these data may be
used to tease apart the altered cross-talk between microenvironment and HSPC in
the same biological sample. Following on from this it would be interesting to see what
signalling pathways are active using CyTOF /mass cytometry; and finally functional

analyses either by attempting to rescue or replicate the B-lymphoid defect are essential.

Another interesting finding from the transcriptomic data analysis of T21 fetal BM was
the enrichment for chromatin silencing and nucleosome organisation gene sets in normal
HSC, suggesting a dysregulation of epigenetic silencing in T21 HSC. These findings are
interesting given others’ research linking chromosome 21 gene, HMGN1, to epigenomic
signatures associated with a DS-ALL mouse model [Lane et al., 2014] [Mowery et al..
2018]. Since there is an apparent global failure to silence in gene expression in T21
HSPC, it would be very interesting to look at activating (i.e. H3K27Ac) and repressive
(H3K27Me3) histone marks by ChIP-Seq.

6.7 Conclusions

This project has characterised human fetal B-lymphopoiesis in detail for the first time
[O’Byrne et al., 2019]. These data have important implications which may aid our
understanding of childhood leukaemia. Following on from this, I have shown that
fetal B-lymphopoiesis is significantly altered in T21 fetal BM. Much of the functional
and transcriptomic analysis points towards the role of the trisomic microenvironment

in these differences and particularly T21 driven pro-inflammatory pathways that are
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preserved in the DS-ALL setting. While these findings are unlikely to be the sole
contributor that explains the B-lymphoid defect in T21 fetal life, the link between
inflammatory signalling and leukaemogenesis points towards a significant role for these

pathways in T21 fetal B-lymphopoiesis and leukaemogenesis.
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