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Abstract

In acute myeloid leukaemia (AML) the suppression of haematopoietic stem and progenitor
cell (HSPC) differentiation and proliferation is a major factor contributing to treatment
complications and mortality rates. Previous studies associated an altered microenvironment
with dysregulated haematopoiesis but the precise molecular mechanisms are still not fully

understood.

To mimic AML infiltrated human bone marrow (BM), we utilised our published humanised
3D BM model. Healthy donor MSCs were cultured on a 3D collagen scaffold, co-injected
with normal CD34" HSPCs with AML and transplanted into NSG-SGM3 mice. In analogue,
we co-cultured healthy BM MSCs with HSPCs and AML.

Both ex vivo and in vivo models replicated a suppression of normal haematopoiesis. Similar
to AML patients, cell death was affected minimally but the majority of HSPCs were
quiescent and showed an enrichment of serial colony-forming cells and LTC-ICs.

Ex vivo, HSPC suppression was largely dependent on the presence of MSCs but not in a
direct contact manner. Stroma secretome analysis identified the previously uncharacterized
stanniocalcin-1 (STC1). STC1 is exclusively expressed in MSCs and upregulated 2 to 30-fold
after AML contact. Supplemented recombinant STC1 significantly enriches for quiescent
HSPCs and helps to preserve their functionality, while the proliferation of AML was
unchanged. Neutralisation of STC1 in AML scaffolds improved HSPC cell number through
increased proliferation.

Further transcriptomic interrogation of the MSCs after AML exposure also identified an
upregulation of Hypoxia-inducible factor -1 alpha (HIF-1a) target genes and increased
stabilisation of HIF-1a. Knockdown of HIF-1a in MSCs not only abrogates secreted STC1
but also improves HSPC proliferation in the presence of AML.

In conclusion, the newly developed humanised ex vivo and in vivo models mimic the
suppression of HSPCs by AML but are dependent on an altered MSC niche and the HIF-1a-
STCI axis. Inhibition of niche remodelling may be an interesting new approach to improve

recovery after AML treatment.
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Chapter 1. Introduction

1.1 Normal Haematopoiesis

Since ancient times blood signifies the bearer of life. In Germanic and Greek mythology,
humans were created from the blood of gods and religions like Judaism, and Christianity treat
blood as the symbol of a person’s soul. Nowadays, charming and handsome vampires are

perpetuating the fascination for blood into the 21st century and probably beyond.

Today’s scientific perception of blood has come a long way, but our understanding is far
from complete. Blood is a genuinely multitasking tissue. To name a few of its many
functions, it transports nutrients and signalling molecules throughout the body, coagulation
factors and platelets to prevent haemorrhage, erythrocytes carrying oxygen (O2) and carbon
dioxide (CO.) allowing respiration and cells of the innate and adaptive immune system,
which circle the body scouting for pathogens. The average human adult has around 5 litres of
blood, of which each ml consists of 4.1-5.9x10° erythrocytes, 0.8-3.2x10° leukocytes and
150-400x10° platelets (Dean, 2005; Sharma and Sharma, 2018). More than 99,9999 % of
these cells are fully differentiated and except specific immune cells unable to re-initiated
proliferation. Additionally, studies of leukocyte kinetics and half-life determined that most
haematopoietic cells have a limited lifespan ranging from several months to a few hours
(Athens et al., 1961; Franco, 2012; Fulcher and Basten, 1997). This means that an estimated
1012 cells need to be replenished every day through a pyramid-shaped hierarchy of
haematopoietic stem and progenitor cells (HSPCs) (Doulatov et al., 2012). The top of the
pyramid is colonized by a small number of haematopoietic stem cells (HSCs) capable of
generating differentiated cells of all lineages and giving rise to other HSCs throughout a
lifetime (Bhatia et al., 1998; Eaves, 2015; Notta et al., 2011). However, the lion’s share of
regeneration is performed downstream of HSCs by a complex layer of rapidly dividing
progenitors whose multi-lineage potential and self-renewal capacity decrease as they

differentiate.

1.1.1 The origins of haematopoiesis

The first haematopoietic cells are formed at multiple locations during several haematopoietic
waves during mammalian development. Once the growing embryo becomes too large to rely
on oxygen diffusion, the first emergence called “primitive” wave of non-self-renewing

primitive erythrocytes, macrophages and megakaryocytes takes place in the blood islands of
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the extra-embryonic yolk sac (Palis et al., 1999; Tober et al., 2007). Subsequently, a second
pro-definitive wave of erythromyelo-progenitors (EMP) ensures further erythromyelopoiesis
and are the origin for an HSC-independent population of tissue-resident macrophages in the
adult (Dzierzak and Bigas, 2018; Gomez Perdiguero et al., 2015). The emergence of HSCs
termed the “definitive” wave, marks the onset of a haematopoietic system driven by self-
renewing HSCs (Pei et al., 2017). Specialised hemogenic endothelial cells give rise to the
first HSCs when they transition from an endothelial to a haematopoietic state in the dorsal
aorta of the aorta-gonad-mesonephros (AGM) region of the embryo (Medvinsky and
Dzierzak, 1996; Muller et al., 1994; Swiers et al., 2013). More HSCs are found in the
placenta and the umbilical arteries and from a wave of definitive haematopoiesis in the yolk
sac (Hirschi, 2012). Afterwards, these HSCs are combined as they lead a nomadic existence
migrating from their site of origin to the foetal liver (FL) before they ultimately settle in the
neonatal bone marrow (Orkin and Zon, 2008).

HSCs from different stages of ontogeny show distinct self-renewal, proliferation and lineage
bias which is governed by distinct transcriptional programs. From the FL stage to shortly
after birth, the HSC pool expands drastically and generates a complete HSPC hierarchy
(Bowie et al., 2007; Morrison et al., 1995). On the contrary, adult bone marrow (BM) HSCs
retain the ability to expand, but the majority lays dormant and cycles on average once every
175-350 day (Catlin et al., 2011; Wilson et al., 2008). Additionally, the proportion of HSCs
with predominantly myeloid lineage output (termed myeloid biased) is higher and further
increases with ageing (Gekas and Graf, 2013).

An intermediary HSC, which rose to primary clinical importance in recent year for bone
marrow transplantation, is found in the umbilical cord blood (CB). Furthermore, CB HSCs
are essential to study human HSCs since the minimally invasive collection of CB during
childbirth provides large numbers of HSCs. CB HSCs are similar to their BM counterparts
regarding quiescence and multipotency but enter cell cycle more readily in response to
cytokines ex vivo and reconstitute immune-deficient mice more potently

(da Silva et al., 2009; Hao et al., 1995; Lansdorp et al., 1993; Ueda et al., 2001).
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1.1.2 Adult haematopoiesis

1.1.2.1 Haematopoietic stem cells

The study of adult HSPCs took off as a consequence of the atomic age when Jacobson et al.
showed that transplantation of BM from a non-irradiated donor could rescue the lethal
myeloablation caused by radiation by regenerating and sustaining a chimeric haematopoietic
system (Ford et al., 1956; Jacobson et al., 1951). The first multipotent, self-renewing HSPCs
were observed in colonies which appeared 9-14 days after BM transplantation along the
spleens of the recipient mice, termed colony-forming unit — spleen or CFU-S (Siminovitch et
al., 1963; Till and Mc, 1961; Wu et al., 1968). In the following decades, more sensitive ex
vivo and in vivo repopulation assays were developed proving the existence of HSC down to
the single-cell level (Ito et al., 2002; Osawa et al., 1996; Waskow et al., 2009). This data
suggests that under steady-state conditions, HSCs reside in a quiescent, autophagy-
dependent, glycolytic state with reduced mitochondrial and protein translation activity
compared to its progeny to ensure long-term self-renewal (Laurenti and Gottgens, 2018).

In the mouse, several multi-lineage progenitor populations termed multipotent progenitor
cells (MPPs), and short-term HSC (ST-HSC) were characterized down-stream of HSCs.
These cell types are capable of multi-lineage repopulation but only spanning over a limited
time. To distinguish true HSCs with continuous self-renewal during serial repopulation, the
expression long-term HSCs (LT-HSCs) was coined (Doulatov et al., 2012; Morrison and
Weissman, 1994). However, even among this stringently selected population heterogeneity
exist. When measured under single-cell transplantation settings, LT-HSCs can vary
extensively in their lineage output, making them highly biased for lymphoid or myeloid
lineages (Oguro et al., 2013). When injected as a pool, the attribution of cells to individual
LT-HSCs also shows considerable differences in their overall contribution to haematopoiesis.
Interestingly, several studies demonstrated that heterogeneity is not a cause of random
differentiation events guided by extrinsic factors because the progeny of those individual LT-
HSCs carried the same biased behaviour as their parents (Dykstra et al., 2007; Muller-
Sieburg et al., 2002; Yu et al., 2017). Yu et al. suggests that a conserved epigenetic memory
in HSCs underlies the heterogenic clonal behaviour (Yu et al., 2017). Still, the origin for the
heterogeneity is only partially understood. For instance, myeloid-biased HSCs lack
expression of Interleukine-7 receptor (IL7R) making them irresponsive to lymphoid
differentiation signals, but the origin and causality of their existence are currently unknown

(Muller-Sieburg et al., 2004). A clue may come from the emergence of HSCs at different
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locations and times since the pool of those HSCs in the FL already shows heterogeneity

(Benz et al., 2012).
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Figure 1. The human haematopoietic hierarchy. Adapted from (Doulatov et al.,
2012) and (Laurenti and Gottgens, 2018)

(A) Classical model of haematopoietic lineage commitment and HSPC phenotype (B)
Current proposed model of continuous differentiation with early lineage commitment

The majority of evidence about adult HSCs is derived from transplantation studies but in a
steady-state system HSCs divide every 175-350 days (Catlin et al., 2011; Wilson et al., 2008)
and extensive proliferation exhausts HSCs (Baumgartner et al., 2018; Bernitz et al., 2016).
Hence the extent to which quiescent HSCs contribute to adult haematopoiesis is still
controversial. Several groups have addressed this question in the mouse haematopoietic
system with contradicting results by measuring the HSC-specific output through CRE-based
fluorescent or genetic barcoding under an HSC-specific promoter like Kr¢18, Fgd5, Pdzklipl
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or Tie2 promoters (Busch et al., 2015; Chapple et al., 2018; Sawai et al., 2016). The
fluorescent label from FGDJ5, Krt18 and Pdzklipl HSC could be detected after a few weeks
and were at equilibrium between HSC and downstream compartments 26 weeks after
recombination (Chapple et al., 2018; Sawai et al., 2016). On the contrary, while Tie2 driven
label was found extensively throughout the haematopoietic system when labelled at E10.5,
labelling in the adult resulted in far slower equilibration and would have exceeded the
lifetime of a mouse (Busch et al., 2015). Tie2 expression marks a subgroup of HSCs with
excellent repopulation capacity but which is mainly quiescent in the adult (Ito et al., 2016).
Other promoters like Figd5 or Krt18 may label different more active subsets among the
heterogeneous LT-HSCs.

Evidence against HSC-driven haematopoiesis also comes from the Camargo lab who clonally
traced the fate of HSPCs by tagging randomly integrated transposons (Rodriguez-Fraticelli et
al., 2018; Sun et al., 2014). Sun et al. and Rodriguez-Fraticelli et al. suggest that
haematopoiesis mainly originates from many transiently active clones of uni- and oligo-
lineage potent MPPs while LT-HSCs can bypass the MPP stage and predominantly produce
megakaryocytes progenitors (Rodriguez-Fraticelli et al., 2018; Sun et al., 2014). However,
one of the most striking observations comes from mice in which the ablation of over 90 % of
HSPCs in mice proved insufficient to affect haematopoietic parameters at steady-state. Even
though LT-HSCs remained depleted throughout the experiment, progenitors quickly
recovered to normal levels. In fact, haematopoietic stress conditions like anaemia and
infection but not severe myeloablation with 5-fluorouracil were well tolerated by the mice
(Schoedel et al., 2016).

Together these observations show that during steady-state clusters of activated HSCs/MPPs
retain extensive self-renewal when unchallenged and form the spearhead of adult
haematopoiesis. This allows a subset of HSCs to remain dormant and hence limiting their
contribution to naive haematopoiesis but providing a back-up system when severely

challenged.

1.1.2.2 MPPs and downstream progenitors

In the classical haematopoietic hierarchy, differentiation occurs along a progressive loss of
self-renewal and multilineage potential from multipotent HSCs to MPPs to oligopotent
progenitors. The two major branches, lymphoid and myeloid, diverge very early on and only

LT-HSCs and a few downstream progenitors called MPPs, are capable of dual-lineage output
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(Pei et al., 2017). Similar to LT-HSCs, MPPs are heterogeneous regarding lineage fate and
three subclasses of murine MPPs have been assigned via transplantation experiments. MPP2
and MPP3 comprise a class of myeloid-biased MPPs with additional megakaryocyte potential
in MPP2. Lastly, MPP4 can be distinguished from MPP2/3 through FIt3 expression and
initially gives rise to mixed lineage output and switches to exclusively lymphoid later on.
Interestingly, MPPs do hold some self-renewal potential in transplantation assays but were
shown to exhaust after 4-8 weeks (Pietras et al., 2015).

Shortly after MPPs the haematopoietic progenitors ultimately split into lymphoid and
myeloid systems. The common lymphoid progenitor is the earliest lymphoid progenitor and
further diverges into B- and T- cell-specific progenitor stages. The classical haematopoietic
hierarchy model further divides the myeloid side into a common myeloid progenitor (CMP)
downstream of MPPs, which branches into megakaryocyte-erythrocyte progenitors (MEP)
and granulocyte-monocyte progenitors (GMPs) (Doulatov et al., 2012) (Figure 1A).
However, several reports over recent years have put the classical model into question. Under
specific conditions, differentiation pathways outside the classical model may occur, and
HSCs can bypass the MPP stages to produce lineage-committed myeloid (Yamamoto et al.,
2013), erythroid (Singh et al., 2018) or megakaryocyte progenitors (Rodriguez-Fraticelli et
al., 2018). Interestingly, while in steady-state HSCs predominantly generate
megakaryocyte/platelet output, but after transplantation Rodriguez-Fraticelli et al. found that
HSCs revert to a multilineage output again (Rodriguez-Fraticelli et al., 2018).

Single-cell investigations highlight that not lymphoid-myeloid commitment represents the
first lineage commitment step but rather branches into megakaryocyte/erythrocyte and
lympho-myeloid differentiation. Myeloid/erythroid/megakaryocyte differentiation was
previously believed to originate from a common-myeloid progenitor but also experiments
with human HSPCs have shown that mixed-lineage output of single progenitors like CMPs,
GMPs and MEPs is merely present during foetal development. In adults multilineage output
and megakaryocyte production does not pass the MPP stage and downstream progenitors are
a pool of already strictly uni-lineage committed cells (Notta et al., 2016). This implies that
linage commitment and choice may already occur upstream of these progenitor populations at

very early stages of differentiation (Figure 1B) (Laurenti and Gottgens, 2018).
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1.1.2.3 Immunophenotypic HSCs

One problem that HSC research had to overcome was the scarcity of HSCs in the BM.
Similar to mature haematopoietic cells, which express different cell surface proteins
depending on their lineage, the expression or absence of specific cell surface proteins have
been utilised to create marker combinations that detect or at least enrich HSPCs. In humans,
cells immunophenotypically characterized as Lineage markerCD34"CD38 CD45RA"
CD90"CDA49f" are currently the most HSC enriched fraction with frequency of 1 HSC in 10
cells (Notta et al., 2011). The marker combinations are poorly conserved throughout
evolution, and therefore mouse HSCs are isolated with a different combination of Lineage
flowSca-1*¢c-Kit"CD34-CD150*CD487°% to a purity of 1 in 2 (Kiel et al., 2005; Yamamoto et
al., 2018). Interestingly, many cell surface markers do not contribute to the functional
properties of HSCs (Eaves, 2015). In the murine system, HSCs can be studied in special
genetic reporter mice that express a fluorescent protein from a genetic locus exclusively
expressed in HSCs. This approach drastically expands the repertoire of selection markers to
include markers with relevance to HSC functionality. Examples are Tie2, Fgd5 and Pdzklipl,
Hoxb5 and Krt18 (Chapple et al., 2018; Chen et al., 2016; Gazit et al., 2014; Ito et al., 2016;
Sawai et al., 2016).

1.2 Assays to analyse HSPCs
1.2.1 Mouse models

In order to study HSCs, one needs to determine what defines a stem cell. For HSCs this
means to reconstitute all lineage of the blood and show long-term self-renewal. By today’s
gold standard HSCs must generate myeloid and lymphoid output (multi-lineage potential) in
two consecutive transplantations into mice, each 16-week long (long-term self-renewal)
(Doulatov et al., 2012; Eaves, 2015). The most sensitive mouse recipient for human normal
and malignant HSPCs is the NOD-scid IL2Rynull (NSG) mouse because its severe
immunodeficiency renders it incapable of rejecting non-self-tissue (Ito et al., 2002). The NSG
mouse (Table 1) harbours several genetic mutations and polymorphisms and therefore lacks
functional T- and B-lymphocytes (PRKDC*“%), natural killer (NK) cells (IL2R y™! "),
compromised functionally of the complement system, macrophages and dendritic cells (NOD

polygenic background).
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In recent years two additional variants of the NSG model have been established and widened
its sensitivity. Firstly, the integration of a CMV-promoter driven overexpression of human
IL-3, GM-CSF and SCF in the NSG mouse named NSG-SGM3 to drive myeloid engraftment
at the expense of long-term self-renewal. This modification has been especially successful in
the field of myeloid leukaemias (Wunderlich et al., 2010).

The second variant emerged from the necessity to sub-lethally irradiate recipient mice to
remove endogenous HSPCs from their BM niches which facilitates human engraftment but
also severely impedes the supportiveness of the niche cells. This trade-off was recently
overcome in Kit mutant mice, which allow human HSPCs to engraft without the need of

conditioning the recipient mice (Mclntosh et al., 2015; Waskow et al., 2009).

Table 1. Overview of mutations in commonly used immunodeficient mouse models
Mouse Model MLLEL Y Function Immunodeficiency
Background
Polygenic, Polymorphism in Sirpa allows | Functional deficits of
binding to human CD47 and inhibition of | NK and APC, Absence
NOD/Lt . . .

phagocytosis of circulating
(Shultz et al., 1995; Takenaka et al., 2007) | complement
Protein kinase, DNA-activated, Loss of B and T cells
catalytic subunit: Defective V(D)J

NSG Prikdcs recombination and DNA double-stranded
break repair (Blunt et al., 1995; Bosma et
al., 1983)
Interleukine-2 Receptor common y Loss of B, T, and NK

[12rgm ! chain: critical component for IL-2, IL-4, cells
IL-7, IL-9, IL-15, and IL-21 signalling(Ito
et al., 2002)
NSG CMYV promoter driven overexpression of | None
background human Stem cell factor (SCF),
NSG-SGM3 with Interleukine-3 (IL-3) and granulocyte-
SCF/IL3/GM- | macrophage colony-stimulating factor
CSF Transgene | (GM-CSF) (Feuring-Buske et al., 2003)
NSG Missense mutation in kinase domain of | Competitive advantage
NSG- back 4 | cpi7 of wild-type HSCs,
W41/W41 ac gr.o;_‘} | (MclIntosh et al., 2015; Waskow et al., engraftment without
with Kit T

2009) irradiation

1.2.2 Exvivo models

Alongside the in vivo models, several ex-vivo assays exist; the long-term cell - initiation cell

assay (LTC-IC-Assay) and the colony-forming unit-assay (CFU-assay). In the CFU-assay

cells grow in a cytokine supplemented semi-solid media to determine clonal colony-forming

potential and lineage distribution along the erythromyelopoietic lineage after 7-14 days

(Bradley and Metcalf, 1966). The CFU-assay mainly reveals committed progenitors,
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especially during the first plating, but secondary and tertiary plating can determine more
immature progenitors. The LTC-IC is a two-part assay consisting of a long-term (> 5 weeks)
culture on an irradiated stroma support layer and a subsequent CFU-assay. This allows to
determine the frequency of immature progenitors, which, contrary to committed progenitors,

retain colony-forming potential even after long culture (Islam et al., 1989).

1.2.3 Humanised niche models

Humanised niche models have been developed to study niche development and interactions
with normal and malignant haematopoietic cells. Fresh bone tissue as graft can provide
osteogenic cells and osteoinductive signals to support bone-healing processes after injury.
Implanted outside of bone, bone structures, comprising mature bone tissue and remarkably
BM, are formed. Since the development of these so-called ossicles, several other
extramedullary niche versions were proposed and investigated. The most recent versions
contain human primary mesenchymal stroma cells (MSCs) alone, or together with endothelial
cells (EC). MSCs, undifferentiated or differentiated into osteoblasts, adipocytes or
chondrocytes establish a humanised niche to support healthy and malignant haematopoiesis.
Furthermore, MSCs induce the formation of sinusoidal vasculature to provide critical niche-
derived haematopoietic cytokines like angiopoietin-1, SDF1 and SCF.

Niche cells can either be pre-seeded on an extracellular-matrix carrier-material like collagen,
providing a scaffold to grow on and subcutaneously transplanted into immune-deficient mice
or co-injected alongside a gelatinous protein mixture generated by mouse sarcoma cells
called matrigel. Subsequently, further bone formation can, but not necessarily has to be
facilitated by administration of osteoinductive factors like bone-morphogenic protein 2
(BMP2) or parathyroid hormone (PTH). Similarly to mouse bone marrow, the humanised
niches provides sufficient support to allow human haematopoiesis and maintain HSPCs
capable of secondary engraftment (Abarrategi et al., 2017). Furthermore, malignant
haematopoiesis like AML or MDS can also be studied in extramedullary niches. Abarrategi
et al. and Reinisch et al. further developed this approach as tools to study AML samples with
low or delayed xenotransplantation ability. (Abarrategi et al., 2017; Antonelli et al., 2016;
Reinisch et al., 2016). The benefits of the humanised niche compared to the residual murine
BM niche is the avoidance of the mouse-human species, which proved to be advantages,

especially in cases of poorly engrafting leukaemic samples. Furthermore, the necessity of
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specific niche elements at the cellular and molecular levels can be interrogated more quickly

compared to knockout mice.

1.3 Acute myeloid leukaemia

Acute myeloid leukaemia (AML) is an aggressive cancer originating in the myeloid
compartment and comprises the majority of adult acute leukaemias (Yamamoto and
Goodman, 2008). The clinical manifestations of AML like fatigue, anaemia, bleeding
disorders and frequent infections are a consequence of the accumulation (>20 %) of a clonal
population of myeloid progenitors with abnormal proliferation and differentiation in the bone
marrow, blood, spleen and infrequently other non-haematopoietic organs like central nervous
system (De Kouchkovsky and Abdul-Hay, 2016; Viadana et al., 1978). Based on actiology,
AML may develop after exposure to chemo-radiotherapy (therapy-related AML), from a pre-
existing haematopoietic malignancy like myelodysplastic syndrome (MDS) (secondary
AML) or like the majority of AML, de novo (de novo AML) (Saultz and Garzon, 2016).
Morbidity rate and adverse outcome are strongly correlated with patient age. While 35-40 %
of AML patients with 60 or fewer years are cured, the cure rate in older patients above 60
years remains at a highly unsatisfactory level of 5-10% (Dohner et al., 2015; Saultz and
Garzon, 2016).
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Figure 2.
et al., 2017)

Table 2.
al., 2016)

Major molecular classes of AML

ENPM1 mutant

t(15,17)(922;921); PML-RARA
Wt(8;21)(g22;922.1); RUNX1-RUNX1T1
Winv(16)(p13.1g22); CBFB-MYH11
mt(v;11923.3); X-KMT2A
W Other

Chromatin-spliceosome

TP53 mutant - chromosomal aneuploidy
mE No class
@ biCEBPA mutant

@ No driver

Molecular classes of AML with frequency (>1 %); adapted from (Dohner

Detailed genomic classification of AML proposed by (Papaemmanuil et

Genomic Subgroup

Frequency in the study Most frequently mutated

splicing genes, or both

cohort (%) genes (%)
AML with NPM1 mutation 27 NPM1 (100), DNMT3A (54), FLT3'™" (39),
NRAS (19), TET2 (16), PTPN11 (15)
AML with mutated chromatin, RNA- 18 RUNXI (39), MLLP™P (25), SRSF2 (22),

DNMT3A (20), ASXLI (17), STAG2 (16),
NRAS (16), TET2 (15), FLT3"™ (15)

aneuploidy, or both

AML with TP53 mutation, chromosomal | 13

Complex karyotype (68), -5/5q (47), -7/7q
(44), TPS3 (44), -17/17p (31), -12/12p
(17), +8/8¢ (16)

AML with inv(16)(p13.1q22) or 5
t(16;16)(p13.1;q22); CBFB-MYH11

inv(16) (100), NRAS (53), +8/8¢ (16), +22
(16), KIT (15), FLT3™ (15)

AML with biallelic CEBPA mutations 4

CEBPAPI€lie (100), NRAS (30), WTI (1),
GATA2 (20)

RUNX1

AML with t(15;17)(q22;q22); RUNX1- | 4

#(8;21) (100), KIT (38), -Y (33), -99 (18)

t(x;11)(x;q23)

AML with MLL fusion genes; 3

1(x;11923) (100) NRAS (23)
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AML with inv(3)(q21q26.2) or 1 Inv(3) (100), -7 (85), KRAS (30), NRAS

1(3;3)(q21;q26.2); GATA2, (30), PTPN11 (30), ETV6 (15), PHF6 (15),
MECOM(EVI1) SF3BI (15)

AML with IDH2®™ mutation and no 1 IDH2"7 (100), DNMT34 (67), +8/3¢ (17)
other class-defining lesions

AML with t(6;9)p23;934); DEK- 1 7(6:9) (100), FLT3™ (30), KRAS (20)
NUP214

AML with driver mutations but no 1 FLT3"™ (39=, DNMT34 (16)

detected class-defining lesions

AML with no detected driver mutations 4

AML meeting criteria for 2 genomic 4

subgroups

1.3.1 Classification and outcome stratification

Formerly AML was classified based merely on morphology under the French-American-
British classification system. More recent classifications like the WHO classification system,
incorporate chromosomal and genetic abnormalities with morphology, immunophenotype
and clinical presentation of AMLs and related neoplasms. The combination of the cytogenetic
profile and molecular abnormalities further guide the stratification of AML patients into
favourable, intermediate and adverse prognosis classes and influences therapy decisions
(Table 2-3 and Figure 2) (Arber et al., 2016; Dohner et al., 2017; Papaemmanuil et al., 2016).
Non-random chromosomal abnormalities account for 52 % of AML cases and were early on
attributed as crucial disease initiation and driving factors. Chromosomal translocations or
inversions fuse the N- and C-terminal domains, of which one is always a DNA-binding motif,
of two independent genes to generate novel hybrid proteins. Inversions on chromosome 16,
AMLI/ETO and PML/RARA exemplify chromosomal rearrangements of favourable
prognostic value while translocations of 11q and complex karyotypes (>3 chromosomal

without genetic abnormalities) largely predicts adverse outcome (Saultz and Garzon, 2016).

Risk Profile Subset
Favourable t(8;21)(q22;q22.1); RUNXI-RUNXITI
inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-
MYHII
Mutated NPM1 without FLT3-ITD or with FLT3-
ITDlow
Biallelic mutated CEBPA
Intermediate Mutated NPM1 and FLT3-1TDhigh
Wild-type NPM1 without FLT3-ITD or with FLT3-
ITDlow (without adverse-risk genetic lesions)
t(9;11)(p21.3;q23.3); MLLT3-KMT2A
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Cytogenetic abnormalities not classified as
favourable or adverse

Adverse 1(6;9)(p23;q34.1); DEK-NUP214
t(v;11923.3); KMT2A rearranged
1(9;22)(q34.1;q11.2); BCR-ABLI
inv(3)(q21.3q26.2) or

t(3;3)(q21.3;q26.2); GATA2, MECOM(EVII)
=5 or del(5q); —7; —17/abn(17p)

Complex karyotype, monosomal karyotype|
Wild-type NPM1 and FLT3-1TDhigh
Mutated RUNX1

Mutated ASXL1

Mutated TP53

Table 3. Risk classifications from 2017 European LeukaemiaNet (ELN) based on
genetic and molecular abnormalities adapted from (Dohner et al., 2017)

A normal karyotype (CN) is present in nearly half of AML patients, but the advancement of
next-generation sequencing led to the discovery of several gene specific abnormalities
(Medinger et al., 2016; Tyner et al., 2018). On average, 13 mutations are found in AML with
CN, of which merely 5 are recurrent driver mutations (Saultz and Garzon, 2016). Mutations
occur in epigenetic regulators (DMNT3a, TET2, IDH1/2, ASXL1), nucleophosmin (NPM1)
signalling transducers (FLT3, NRAS, KRAS, JAK2, KIT), myeloid transcription factors
(RUNXI, CEBPA) and tumour suppressor genes (TP53, WT1) (Arber et al., 2016; Cancer
Genome Atlas Research et al., 2013). Furthermore, spliceosome (SF3B1, U2AF 1, SRSF?2)
and somatic cohesion complex (STAG2 and SMC3) mutations are observed frequently and

indicative of a pre-existing haematopoietic disorder like MDS (Saultz and Garzon, 2016).

1.3.2 Clonal haematopoiesis

Clonal haematopoiesis (CH) is an age-related haematopoietic condition which occurs when
individual HSCs clonally expand, and a significant proportion of mature haematopoietic cells
can be traced back to this single clonal source (Bowman et al., 2018). Often these HSCs carry
mutations in AML-related epigenetic regulators like DMNT3a, TET2 or ASXLI (Zink et al.,
2017). According to the two-hit model, AML develops from at least one mutations in two
classes of genes: pro-proliferative (I), haematopoietic regulators (II) or epigenetic regulators
(IIT) but since the mutation in class III is inflicted prior to AML development these HSCs
were termed pre-leukaemic HSCs (Gilliland and Griffin, 2002; Shlush et al., 2014). Shlush et
al. found pre-leukaemic HSCs to produce multilineage engraftment in NSG recipients and

remain in the BM after AML treatment (Shlush et al., 2014). Interestingly, recent evidence
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from Zink et al. using microsatellite clonal tracing indicates that CH as an almost inevitable
consequence of ageing and can also appears in the absence of AML-related mutations (Zink
et al., 2017). Specific selection pressures like ageing-related replication stress or AML-
unrelated exposure to chemotherapy allows pre-leukaemic HSCs to outcompete their wild-
type counterparts (Bowman et al., 2018; Coombs et al., 2017). In the mouse model, loss-of-
function mutations in TET2 and DMNT3a convey increased self-renewal in HSCs during
serial transplantation (Challen et al., 2011; Moran-Crusio et al., 2011). Additionally,
DMNT3a R882, a specific point mutation, and PPM 1D mutations increase the resistance of
murine HSCs to alkylating agents and cisplatin, respectively and are commonly found in
therapy-related AML (Guryanova et al., 2016; Hsu et al., 2018).

Individuals with CH only show limited alterations in haematopoietic parameters and often go
clinically unnoticed (Buscarlet et al., 2017). Statistically, CH elevates the mortality rate,
which includes haematopoietic disorder but with varying degree with respect to the specific
mutation (Jaiswal et al., 2014). Mutations in 7P53 or IDH1/2 are associated with much
higher risk than DMNT3 or TET2 (Desai et al., 2018). Surprisingly, haematopoietic disorders
are still relatively rare occurrences despite CH and cannot account fully for the increased
mortality rate (Coombs et al., 2017; Genovese et al., 2014; Jaiswal et al., 2014). Immune
cells especially macrophages from CH individuals were found to have deficiencies in anti-
inflammatory feedback mechanisms and favour a pro-inflammatory environment may explain
the increased morbidity of inflammation-dependent diseases like cardiovascular, pulmonary

and type 2 diabetes from CH (Zhang et al., 2015).

1.3.3 Therapeutic options and disease progression

After diagnosis, the treatment options depend on patient-associated factors (age and
performance status) and disease-related factors (risk stratification, WHO classification and
aetiology). The backbone of AML treatment consists of consecutive cytotoxic regiments. The
induction therapy or “7 + 3” regiment is designed to rapidly eliminate the majority of AML
cells via three days treatment with anthracyclines (daunorubicine, idarubicine) and seven
days treatment with cytarabine (Ara-C). Ultimately 60-80 % of patients will undergo
complete remission post-induction therapy (De Kouchkovsky and Abdul-Hay, 2016).
Depending on the patient’s condition, a consolidation treatment follows, which utilises a

smaller dose of cytarabine and is designed to prevent relapse and minimal residual disease.
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Younger patients, adverse risk groups and patients in relapse are recommended to receive
allogeneic stem cell transplants (ASCT), which remains the most effective long-term therapy.
ASCT allows extensive myeloablative preconditioning beyond otherwise dose-limiting bone
marrow toxicity. Additionally, slight HLA-mismatching of donor and recipient grants an anti-
leukaemic activity of the donor’s immune cells against any residual leukaemic cells (graft-
versus-leukaemia-effect) (De Kouchkovsky and Abdul-Hay, 2016; Dohner et al., 2015;
Saultz and Garzon, 2016).

In particular, the prognosis for patients above 65 is grim due to a higher chance of an adverse
cytogenetic risk profile and limited tolerance of the toxicity resulting from extensive
cytotoxic therapy and ASCT. Ultimately AML reoccurs in most patients three years post-
induction therapy. Genetic and functional studies of clonal evolution show that relapse is
triggered by major or minor clones present at diagnosis or from clones with newly acquired
mutations (Ding et al., 2012a). Relapse mutations are often enriched for point mutations
transforming purine to pyrimidine or vice versa called transversions and are a sign of

mutagen exposure most likely as a result of cytotoxic therapy (Shlush et al., 2017).

1.3.4 AML heterogeneity

Over the last few decades, a particular type of AML cells has received increased investigative
attention. Work by Lapidot et al. and Bonnet et al.in the 1990s demonstrated that in analogy
to normal HSCs only few specialised cells are capable of initiating AML de novo in immune-
deficient mice and were termed leukaemia initiating cells (LICs) (Bonnet and Dick, 1997,
Lapidot et al., 1994). Despite initially promising results, characterisation of LICs yielded
definitive phenotypic markers only with limited success. LICs are present at highly variable
frequencies in one or more populations of CD34"CD38 (Bonnet and Dick, 1997),
CD34°CD38" (Taussig et al., 2010) or CD34" (Sarry et al., 2011; Taussig et al., 2008).
Compared to the AML blast the LICs are different in terms of cell cycle, metabolism,
response to intrinsic- and extrinsic signalling pathways and expression of stem-like gene
signature (Lagadinou et al., 2013; Ng et al., 2016; Saito et al., 2010). Because cytotoxic
therapy relies on active DNA synthesis, any dormant LICs from major or minor clones

present before therapy will resist and eventually trigger relapse (Di Tullio et al., 2017).
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Indeed, higher abundance of LIC specific genes predicts adverse outcome in AML patients
and some instances LIC signature and frequency are increased in relapse samples (Ng et al.,
2016; Shlush et al., 2017). Hence, new investigative treatments focused on eradicating LICs
like BCL2 inhibitor venetoclax and well-tolerable treatments for the elderly like HDAC
inhibitors holds promising potential (Pollyea et al., 2018; Quintas-Cardama et al., 2011).
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1.4 The healthy bone marrow microenvironment

In 1978, Raymond Schoefield published a review in which he proposed that the stem cell
niche or microenvironment (SCN) forms a regulatory unit to maintain HSC quiescence. Any
HSC progeny would differentiate unless it can occupy a similar HSC niche (Schofield, 1978).
Over the last 40 years, as numerous non-haematopoietic and haematopoietic components of
the SCN have been discovered, the niche hypothesis was validated at its core, but also a more
complex reality was revealed (Boulais and Frenette, 2015).

The microenvironment governs HSC behaviour as early as HSC emergence in the AGM
region, the FL stage and in the adult bone marrow (Gao et al., 2018). In the adult, at least two
distinct SCN may exist (Kiel et al., 2005; Kunisaki et al., 2013) comprising numerous distinct
types of niche cells which influence not only HSCs but also their progeny and the SCN itself
(Ding and Morrison, 2013). Additionally, the HSC cell cycle is just one aspect of the SCN’s
regulatory spectrum which now includes recovery and protection from genotoxic or oxidative
stresses (Gur-Cohen et al., 2015; Himburg et al., 2017), regulation of inflammatory response
(Prendergast et al., 2017), HSC egress and homing (Sugiyama et al., 2006), circadian rhythm
(Mendez-Ferrer et al., 2008) and regulation of oxygen and metabolism (Kusumbe et al.,
2014). Besides regulating HSCs, specialised niche members display stem cell properties
themselves and continuously replenish other post-mitotic cell types (Park et al., 2012).
Lastly, niche dynamics and interconnectivity drastically change during ageing, and
haematopoietic malignancies to an extent that specific SCN modification alone are sufficient

to induce premature ageing or myeloproliferative disorders.

1.4.1 The anatomy of bone marrow

The primary site of adult haematopoiesis is the red bone marrow found in flat bones of the
skull, clavicles, vertebrae, ribs, sternum, pelvis and at the ends of long bones. The study of
mammalian haematopoiesis mainly focuses on the femur and tibia as examples of long bones
and the calvarium and sternum for flat bones. Of note, in non-mammalian vertebrates without
bone marrow like zebrafish, the kidney functions as the ultimate site of adult haematopoiesis
and contains the SCN (Kapp et al., 2018). In flat bone, the inner area is made of a network of
trabecular bone that forms a sponge-like structure called cancellous bone or spongy bone.
Compact bone surrounds and protects the inner cancellous bone. Long bones can be divided
into three areas with distinct cavity, bone and vascular features. Epiphysis are the rounded

ends which connect the bone to adjacent bones via joints. Like flat bones, these areas are
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cancellous bone. The bone shaft is called the diaphysis and is made of compact bone that
surrounds a large central medullary cavity. Lastly, the transitional zone between epiphysis
and diaphysis is the metaphysis. During childhood bone growth is confined to the
cartilaginous growth plate in the metaphysis, which ossifies in adulthood into solid bone

(Clarke, 2008).

Articular cartilage

Proximal —{
epiphysis

Metaphysis — Spongy bone
Epiphyseal line

| Red bone marrow
——+—— Endosteum

Compact bone

Medullary cavity
Diphysis —|

Periosteum

Compact
Nutrient artery bone

Metaphysis — ‘w’
/
—) Periosteum
7
Distal \

y
epiphysis \

Spongy
Articular cartilage bone

Figure 3. Anatomy of long and flat bones adapted from (Clarke, 2008)

The major non-haematopoietic cell types found in BM are endothelial cells, mesenchymal
cells, pericytes, adipocytes and cells of the peripheral nervous system like non-myelinating
Schwann cells and sympathetic neurons. Inside the medullary cavity, the bone surface is
covered by a membrane called endosteum which also consists of a thin layer of osteoblasts
and osteoclasts. Osteoblasts are of mesenchymal origin and form bone by firstly producing an
organic collagen matrix into which they deposit a calcium-phosphate mineral called
hydroxylapatite (Long, 2011). Osteoclasts, on the other hand derive from haematopoietic
cells and secrete acid and collagenases to resorb and remodel bone (Feng and Teitelbaum,

2013).

The BM is traversed by an extensive network of endothelial cells which may at first seem
surprising given the hypoxic nature of BM (Spencer et al., 2014). However, the BM
vasculature not only supplies nutrients and oxygen but ensures passage of circulating HSPCs

to egress and home in the BM (Itkin et al., 2016). The nutrient artery enters the bone marrow
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through an opening in the compact bone in the diaphysis or epiphysis. Inside, the arteries run
centrally along the diaphysis, emitting smaller branches which run laterally towards the
endosteum and gradually decrease in diameter (Nombela-Arrieta et al., 2013). In contrast,
Kusumbe et al. observed that arteries preferentially enter long bones relatively unbranched
through the epiphysis and are found as highly branched forms in the metaphysis or relatively
unbranched close to the endosteum (both termed Type H-capillaries). H-capillaries connect to
a vaster sinusoidal network in the medullary cavity called type L-capillaries close to the
endosteum in the diaphysis or at the interface of diaphysis and epiphysis. Overall the
sinusoidal vasculature covers a much larger volume than arterioles. Eventually, L-capillaries

drain into a central vein (Kusumbe et al., 2014; Sivaraj and Adams, 2016).

Perivascular niche

Endosteal niche

™ Osteoclast
Osteoblast
Adipocyte

Figure 4 The bone marrow niche for HSCs adapted from (Boulais and Frenette,
2015)

From the inside, blood vessels are composed of endothelial cells surrounded by perivascular
cells (pericytes) embedded into the subendothelial basement membrane. Arterial vessels have
an additional layer of a-SMA™ smooth muscle cells on the outside making them thick-walled
but with smaller diameter and higher blood flow than sinusoidal vessel (Sivaraj and Adams,

2016; Spencer et al., 2014).
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1.4.1.1 The endosteal niche

HSPCs are not randomly distributed in the BM. HSCs are significantly enriched in the
diaphysis compared to epiphysis and metaphysis. Within the medullary cavity of the femur,
the frequency of CFU-spleen, a mixture of HSCs and MPPs, steadily increases from the
central marrow axis towards the endosteum (Lord et al., 1975). C-kit" cells, mostly
progenitors, are equally distributed between metaphysis and diaphysis and CFUs are only
marginally enriched 50-200 um away from the endosteum (Lord et al., 1975; Nombela-
Arrieta et al., 2013). Osteoblast, as part of the endosteal lining, were among the first non-
haematopoietic cells classified as SCN. A high expression of haematopoietic cytokines and
their ability to maintain HSCs ex vivo long-term made them an excellent candidate
(Taichman and Emerson, 1994). Indeed, an expansion of osteoblastic cells in two
independent studies via parathyroid hormone receptor and bone morphogenic protein 2
(BMP2)-signalling drastically increased the HSC pool through Notch signalling and N-
cadherin-mediated adhesion, respectively (Calvi et al., 2003; Zhang et al., 2003). However,
subsequent studies found that other means of increasing the osteoblast pool like strontium or
knockout of N-cadherin showed no immediate effect on HSCs (Kiel et al., 2007; Lymperi et
al., 2008). However, osteoblasts may still form a niche since ablation of Col2.3" osteoblasts
or deletion of chemokine stroma derived factor 1 (SDF1) severely abrogates lymphopoiesis,
especially B-cell development (Ding and Morrison, 2013; Visnjic et al., 2004). Currently,
osteoblasts are no longer considered part of the SCN niche but rather a lymphocyte niche

capable of indirectly influencing HSCs via the SCN (Morrison and Scadden, 2014).

1.4.1.2 The perivascular niche

Until 2005, detection of HSCs required multiple phenotypic markers, and therefore
microscopic detection of the SCN via the HSC location was not possible. SLAM markers
CD150" and CD48" together with CD41" and Lin™ enriched HSCs to 1 in 2.2 cells, providing
microscopy-suitable two-color HSC (CD150 and CD41/CD48/Lin) detection. Approximately
60 % of HSCs were in contact with sinusoidal vasculature while merely 14 % located to the
endosteum (Kiel et al., 2005). The introduction of optical bone clearing and 3D deep imaging
together with Catenin a like 1 (Ctnnall), as an HSC specific genetic marker (1 in 3 cell
frequency), provided further evidence for the sinusoidal niche but also showed that 80 % of

randomly distributed cells are in proximity to the extensive sinusoidal vasculature (Acar et
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al., 2015). In contrast, Kunisaki et al. located HSCs preferentially in the highly vascularized
endosteum near scarcer SCA-1"Nestin®#" arterioles (Kunisaki et al., 2013). Of note, in these
studies, the endosteal niche spans a region from 0 to 100 pm away from the bone surface.
Live-imaging studies in flat and long bones and conventional imaging traced purified HSCs
up to 4 days post-injection and found that HSCs located significantly closer to the endosteum
than MPPs and progenitors (Lo Celso et al., 2009; Nilsson et al., 2001). One possible
explanation could be that in these studies, the irradiation before injection disrupts the
sinusoidal vasculature whose recovery is essential for long-term haematopoiesis (Hooper et
al., 2009). Indeed, HSCs home closer to the endosteal niche than in non-irradiated murine
recipients (Xie et al., 2009). Also, ex vivo endothelial cells were demonstrated to maintain
LT-HSCs and expand the HSC pool in vivo through cell contact-dependent Notch signalling
(Butler et al., 2010; Poulos et al., 2015). Currently, both arteriolar and sinusoidal niches are
conceived as SCN but potentially with different properties. The arteriolar niche may be home
to quiescent ROS'*" HSCs while the sinusoidal niche regulates HSC mobilisation (Itkin et al.,
2016).

1.4.1.3 Mesenchymal stroma cells (MSCs)

Mesenchymal stem cells possess ex vivo colony-forming ability and continuously replenish
mature osteoblasts and adipocytes (Omatsu et al., 2010; Park et al., 2012). MSCs have a
perivascular location but are a heterogeneous population. Arterial H-type vessel are
associated with Neuron-glial antigen 2 expressing (NG2") MSCs, also referred to as
pericytes, and express high levels of intermediary filament nestin (NG2*Nestin®ighthigh)
(Kunisaki et al., 2013) while L-type sinusoidal vessels co-localise with Leptin-receptor®
Nestin'o"/dim MSCs (Ding et al., 2012b). Despite these markers, pericytes may be a
heterogeneous population and a considerable amount of controversy exists regarding the
overlap of specific pericyte markers.

A reduction of HSCs accompanied the ablation of all pericyte types, but it remains unclear
whether this is a direct, specific consequence or the product of a general BM injury (Beerman
et al., 2017). Specific deletion of key haematopoietic chemokine SDF1 (also known as
CXCL12) or key haematopoietic cytokine, SCF by the Frenette and Morrison labs again
produced conflicting evidence. The Morrison lab found that exclusively SDF1 deletion in
LepR" pericytes and SCF deletion in LepR™ pericytes and endothelial cells to alter HSC

maintenance (Ding and Morrison, 2013). For Frenette and colleagues Nestin expression
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labels all pericytes hence, SDF1 and SCF knockout severely impact HSCs, but sinusoidal are
the primary providers of SCF while SDF1 is generated predominantly by arteriolar pericytes
(Asada et al., 2017).

In humans, perivascular mesenchymal cells expressing high levels of SDF1 have also been
identified and isolated from BM (Sacchetti et al., 2007) and labelled initially mesenchymal
stem cells. The defining properties are adherence to plastic, multilineage differentiation
potential (adipogenic, osteoblastic and chondrogenic differentiation) potential, CFU-F ability
and expression of CD105, CD73 and CD90 and lack expression of CD45, CD14, CD11b,
CD79, CD19 and HLA-DR (Dominici et al., 2006). Furthermore, marker heterogeneity of
MSC:s like nestin-GFP and leptin receptor” MSCs may also exist in the human context.
CD146 expression on MSCs has been associated with a perivascular localisation while lack
of expression marks an endosteal origin (Tormin et al., 2011).

In recent years the term stem cell was questioned because of extensive inter-donor, inter-
clone and intra-clonal heterogeneity. For example, CFU-F ability may be confined to specific
sub-fraction like CD271" (Tormin et al., 2011) or CD146" cells (Sacchetti et al., 2007) and
only ~50 % of MSCs undergo tri-lineage differentiation ability which is also present in
fibroblastic non-mesenchymal stem cells. Therefore, the term mesenchymal stroma cells as
an umbrella-term seems more appropriate unless specific MSC sub-fractions are studied (Li
et al., 2014).

MSCs have been extensively studied to model interactions between normal and malignant
HSPCs and the niche. Results from such approaches needs to be interpreted with caution
since the fundamental properties of MSCs might be altered by ex vivo culture conditions
which do not reflect the complex composition of the bone marrow niche. For example, the
properties of the plastic or other extracellular matrices, physiological parameters like oxygen
availability or culture dimensions (2D or 3D) and the number of passages impact the
behaviour of MSCs (McLeod and Mauck, 2017). To partially overcome these limitations,
transplantable 3D culture systems have been introduced in recent years as described in more
detailed above. These systems reflect more closely the physiological parameters of BM and
allow the generation of partially humanised niche models for the long-term maintenance of
HSPCs and AML (Abarrategi et al., 2017). However, these models still rely on the isolation
and expansion of BM MSCs, which might impact any potential finding.
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1.4.1.4 Other non-haematopoietic SCN members

Adipocytes are present at high numbers, especially in humans occupy increased marrow
space in older compared to young individuals. In the mouse, only tail vertebrae house an
adipogenic marrow which contains fewer but more quiescent HSCs than non-adipogenic
marrow. Blocking adipogenesis after irradiation promotes HSC reconstitution but potentially
only indirectly since other BM niche members like osteoblasts are affected as well (Naveiras
et al., 2009).

GFAP" non-myelinating Schwann cells are the primary converter of latent, inactive TGF-31
to active TGF-B1. TGF-B1 is a potent cell cycle inhibitor of HSCs making these cells
important regulators of HSC quiescence (Yamazaki et al., 2011). Other peripheral nervous
system cells like -adrenergic receptor’ nerve extensions directly modulate perivascular
mesenchymal cells and control osteogenic differentiation and the rhythmic fluctuations of
SDFI1. The latter determines the circadian nocturnal egress and daytime homing of HSCs

(Mendez-Ferrer et al., 2009).

1.4.1.5 Haematopoietic SCN members

Megakaryocytes localise in close to HSCs in the perivascular niche. Furthermore, by
secreting TGF-b and CXCL4 they directly govern HSC behaviour (Bruns et al., 2014; Zhao
et al., 2014). Another myeloid niche population are CD169" macrophages which facilitate
SDF1 production from Nestin® mesenchymal cells and hence, promote HSC retention. G-
CSF, a clinically used inducer of HSC mobilisation, functions by reducing SDF1 expression
in the SCN, which is counteracted by macrophages (Chow et al., 2011). Lastly, with the
recent addition of T-regulatory cells, a lymphoid component was also added to the SCN
(Hirata et al., 2018).
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1.5 The malighant bone marrow niche
1.5.1 AML interactions with the niche

The difficulty to maintain primary AML cells outside of the BM niche is indicative of non-
cell autonomous factors contributing to leukemogenesis. As previously mentioned, non-
haematopoietic BM populations like endothelial cells (Liesveld et al., 2005), adipocytes
(Shafat et al., 2017) and MSCs (Griessinger et al., 2014; Ito et al., 2015) can provide some of
these factors to enhance AML survival, proliferation and protect from chemotherapeutic
agents. However, this crosstalk is not unilateral. As haematopoietic malignancies progress,
the SCN is reshaped into a chemo-protective niche, which promotes the expansion of
malignant clones but suppresses normal haematopoiesis (Korn and Mendez-Ferrer, 2017;
Schroeder et al., 2016; Zhang et al., 2012). However, the location of LICs, the affected niche
components and the remodelling mechanisms vary among different haematopoietic disorder
like CML, AML and MPN (Korn and Mendez-Ferrer, 2017) but also depend within the same

haematopoietic disorder on specific leukaemic driver mutations (Jacamo et al., 2017).

Compelling evidence that a dysregulated niche could be a significant driver of
haematopoietic malignancies is derived from a series of murine knockout (KO) models with a
lethal myeloproliferative neoplasm (MPN) phenotype. Loss of Notch signalling (globally and
BM-specific) via RBPJk (Wang et al., 2014) and Mib1 (Kim et al., 2008), over activation of
NF-«B via KO of 7kBa (Rupec et al., 2005) and RARy (Walkley et al., 2007) or mesenchymal
cell-specific deletion of Pnptl1 (Dong et al., 2016), a regulator of RAS signalling, promotes
expansion and mobilisation of GMPs, granulocytes and neutrophils. Importantly, when these
mice received wildtype BM also MPN of donor origin developed, implying a non-cell
autonomous mechanism. Additionally, MDS and AML were reported in osteo-specific
ablation of Dicerl (Raaijmakers et al., 2010) and B-catenin (Kode et al., 2014), respectively.
Once exposed to the malignant niche, HSCs developed leukaemic mutations and could
propagate the disease upon transplantation into secondary wild type mice (Kode et al., 2014;
Raaijmakers et al., 2010). Except Ptpnl1 and Dicerl, for which germline mutations have
been reported (Slade et al., 2011; Tartaglia et al., 2001), niche-specific mutations are rare and
their clinical-importance uncertain. Also, the vast majority of MPN cases harbour JAK?2,
Calreticulin and MPL mutations in haematopoietic cells (Silvennoinen and Hubbard, 2015)
which were absent in these mouse models. However, these studies imply that a dysfunctional

niche may be beneficial for haematopoietic mutations to clinically manifest and develop a
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malignancy. For example, miR-155, regulated by in RBPJk KO mice, is also upregulated in
endothelial cells from MPN patients (Wang et al., 2014) and aberrant nuclear translocation of
[-catenin in osteoblasts occurs in 38 % of AML cases (Kode et al., 2014).

A dysregulated niche could also be involved in donor cell leukaemia (DCL), which describes
a rarely observed development of leukaemia after ASCT but of donor origin (Wiseman,
2011). Relapse from DCL has a more extended latency period than common relapse which
may indicate the necessity for additional leukaemic mutations, but a persistently altered niche
environment may select for already existent malignant or pre-malignant donor clones

(Gondek et al., 2016; Reichard et al., 2006; Wiseman, 2011).

1.5.2 The location of AML in the niche

Determining the precise location of normal HSCs within the BM cavity facilitated the
discovery of the SCN (Kiel et al., 2005; Kunisaki et al., 2013). Similar attempts for AML are
limited due to the variability among patient samples concerning the phenotype and frequency
of LICs (Sarry et al., 2011). In the murine model of MLL-AF9 driven AML, two GMP-like
populations of LICs with distinct disease latencies are well described. Pre-LICs composed of
early transduced GMPs, induce AML within 10-30 weeks in primary recipients while LICs of
primary leukaemic mice have a latency of 3-5 weeks (Yeung et al., 2010). Lane et al.
observed that pre-LICs, like HSCs, localise in close proximity to the endosteum but LICs are
located further away resembling the location of wt GMPs (Lane et al., 2011) and in another
study, focusing exclusively on AML samples with LICs in the CD34"CD38" compartment,
LICs from AML samples injected into sub-lethally irradiated NSG mice also preferentially
home to the endosteum where they mostly lack cell cycle activity and hence resist
chemotherapy (Ishikawa et al., 2007). Since irradiation significantly affects BM vasculature,
other perivascular niches may have been overlooked (Hooper et al., 2009). Indeed, injection
of AML into non-irradiated recipients revealed the both the epiphyseal endosteal the
perivascular region as sites for homing and proliferation (Ninomiya et al., 2007). Also, in the
liver, an under-recognized extramedullary infiltration site in 23 % of AML patients, AML
cells localise to the portal vein (Cogle et al., 2014). Residual cells after Ara-C treatment were
found with similar frequency in endosteal and perivascular niches in diaphysis and epiphysis

(Ninomiya et al., 2007).
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A perivascular localisation was also reported for lymphoblastic leukaemias like the B-ALL.
B-ALL cell line NALM-6 was observed perivascular on E-selectin'SDF1" endothelium
(Sipkins et al., 2005) while T-ALL, murine and patient samples, are highly exploratory and
stochastically distributed without a preferential niche (Hawkins et al., 2016).

1.5.3 AML remodels the niche

The infiltration of leukaemia into the SCN results in profound quantitative and qualitative
alterations of the niche components. Both acute and chronic haematopoietic malignancies
remodel the BM niche with both overlapping and distinct disease-specific mechanisms and
consequences for disease progression, chemoprotection and relapse (Boulais and Frenette,
2015; Tabe and Konopleva, 2015).

AML from the MLL-AF9 murine model, cell lines as well as patient samples in NSG induces
an expansion of mesenchymal cells (Nestin” (Hanoun et al., 2014) or CD146 CD166 Scal”
(Kumar et al., 2018)) at the expense of mature bone lining osteoblasts (Col2.3" (Duarte et al.,
2018) or CD146 CD166" (Kumar et al., 2018)). Using BCR-ABL chronic myeloid leukaemia
(CML) as a model for acute leukaemia, Schepers et al. described similar alterations of the
mesenchymal-osteoblastic niche (Schepers et al., 2013). In concordance, bone mineralisation,
trabecular and cortical bone volume and circulating osteocalcin levels are all compromised
(Frisch et al., 2012; Hanoun et al., 2014; Krevvata et al., 2014; Kumar et al., 2018). TRAP*
osteoclasts were found increased at an early but decreased at a late disease stage, ruling out
bone resorption by osteoclasts as a cause (Frisch et al., 2012; Hanoun et al., 2014; Krevvata
et al., 2014). Similarly, AML alone did not resorb bone matrix (Frisch et al., 2012). Duarte et
al. suggested that the destruction of specialised endosteal vasculature, capable of regulating
osteoblasts and bone formation (Kusumbe et al., 2014), predates and hence initiates
osteoblast loss (Duarte et al., 2018). Administration of a serotonin synthesis inhibitor to
alleviate the loss of osteoblasts and trabecular volume significantly delayed leukemogenesis
(Krevvata et al., 2014). Interestingly, treatment with osteoclast inhibitor zoledronic acid
(Frisch et al., 2012) or a selective RANKL inhibitor (Krevvata et al., 2014) also rescued
trabecular bone loss but without measurable impact on disease progression and LIC
frequency. This indicates that osteoblastic functions other than bone formation are

responsible for AML suppression.
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Mature osteoblasts are post-mitotic cells which need constant replenishment by Osterix”
osteoprogenitor cells and Mx1" MSCs (Park et al., 2012). To address the osteogenic
dysfunction of AML BM, several studies investigated the MSC differentiation potential with
conflicting results. Surprisingly, an increase of osteoblastic differentiation potential was
observed by Hanoun et al.in Nestin® MSCs isolated from AML bearing mice (Hanoun et al.,
2014) and by Lokesh Battula et al. and Boyd et al.in AML patient BM-derived MSCs
(Battula et al., 2017; Boyd et al., 2017). In contrast, Frisch et al. and Geyh et al. described a
dysfunctional osteoblastic differentiation capacity in MSCs from Nup98/HoxA9 driven
murine leukaemia and AML patient-derived MSCs, respectively (Frisch et al., 2012; Geyh et
al., 2016).

On the other hand, Perilipin® adipocytes are strongly depleted in number and have reduced
lipid content (Boyd et al., 2017; Hanoun et al., 2014), which correlates negatively with
patient survival (Lu et al., 2018). MSCs isolated from AML patients have severely impeded
adipogenic differentiation potential (Battula et al., 2017; Boyd et al., 2017) but another study
with a larger cohort found no significant difference (Geyh et al., 2016). A potential
explanation could be increased hypoxia signalling (Boyd et al., 2017) or increased Smad
signalling via BMP (Battula et al., 2017) or TGF-B1 (Boyd et al., 2017), all known
antagonists of adipogenesis (Zhou et al., 2005). Another explanation could be AML-induced
lipolysis. Fatty acid (FA) transporters CD36 (Farge et al., 2017) and FABP4 (Shafat et al.,
2017) are generally overexpressed by AML cells to acquire additional fatty acids from the
environment. FA driven oxidative metabolism supports AML proliferation and
chemoresistance (Shafat et al., 2017). Indeed, chemotherapy-resistant blast crisis CML cells
are preferentially located in adipocyte-rich gonadal adipose tissue (Ye et al., 2016).
Increased angiogenesis and expression of angiogenesis promoting factors like VEGF-A have
long been recognized in AML (Hussong et al., 2000) and MDS (Korkolopoulou et al., 2001)
but recent evidence suggests widespread vascular dysfunction. Accordingly, Hanoun et al.
recorded an increased number of CD317Scal" sinusoidal endothelial cells from AML bearing
bones (Hanoun et al., 2014). The CD31"Scal™ arteriolar vasculature, on the other hand, was
severely disrupted, especially in the endosteal regions of the metaphysis as opposed to the
diaphysis (Duarte et al., 2018). In contrast, Passaro et al. reported an overall increase of
arteriolar vessels at the expense of sinusoidal vessels in NSG mice engrafted with AML

patient samples (Passaro et al., 2017b).

45



Not only numerical but also functional perturbations are found in the AML vasculature.
Vascular permeability determines nutrient availability, redox state and homing/egress of
HSPCs (Itkin et al., 2016). Passaro et al. observed an increased vascular permeability in
AML patient-derived xenografts (PDX) and BM biopsy as a consequence of aberrant nitric
oxide (NO) signalling. Restoration of arteriolar vasculature or inhibition of NO-signalling
improved chemotherapeutic clearing of the bone marrow (Passaro et al., 2017b).
Furthermore, an impaired endothelial network may also explain the reduced levels of oxygen
in the AML BM (Jensen et al., 2000; Konopleva et al., 2015) and increased hypoxic
signalling in AML MSCs (Boyd et al., 2017).

AML progression is also associated with a severe reduction of tyrosine hydroxylase™ (TH)
sympathetic nerve fibres. -adrenergic signalling directly regulates Nestin® MSC quiescence
and HSPC homing via SDF1 (Hanoun et al., 2015). Furthermore, artificial induction of BM
neuropathy via ablation with neurotoxic chemotherapeutics or oxidopamine accelerated
leukemogenesis and impeded HSPC regeneration in the BM (Hanoun et al., 2014; Lucas et
al., 2013).

Besides AML, other haematopoietic malignancies are known to remodel the BM niche as
well but with clear distinctions as well as overlaps to the AML niche. In BCR-ABL mutant
murine MPN, osteoblastic cells but not MSCs expand under the influence of chemokine
CCL3 and inflammatory signalling pathways IL1 and TNF-a (Schepers et al., 2013). In
contrast, MPN harbouring JAK2 V617F diminishes Nestin® MSCs, sympathetic nervous
fibres and non-myelinating Schwann cells to escape the tumour-suppressive effect of these
niche cells (Arranz et al., 2014). B-ALL disrupts the osteoblastic and vascular niche and in
response to chemotherapy rebuilds a chemoprotective microenvironment by attracting
Nestin” MSCs through CCL3. Further release of TGF-f1 transforms the MSCs into FAP -
SMA" cancer-associated fibroblast (CAF), which express chemoprotective factor GDF15
(Duan et al., 2014).

1.5.4 The niche remodels AML

Functional interplay between the BM niche and AML is not unilateral. Cell surface and
secreted proteins from a naive or remodelled niche modulate AML metabolism, drug
resistance, proliferation, and facilitate niche remodelling (Tabe and Konopleva, 2015).
Proteomic interrogation has shown that AML, co-cultured with MSCs, activate MAPK-

kinase signalling including ERK1/2, mTOR and AKT, inflammatory response signalling
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STATS3 and NF-kB leading to upregulation of pro-survival signalling pathways and increased
resistance to Ara-C (Jacamo et al., 2014; Zeng et al., 2012). AML samples extracted from
BM aspirates showed higher mTOR and S6K 1 phosphorylation as compared to the peripheral
blood samples (Braun et al., 2016). Similarly, adhesion of AML cells to stroma-deposited
extracellular matrix components like hyaluronic acid and fibronectin enhances survival via

CD44 and VLA-4, respectively (Charrad et al., 1999; Matsunaga et al., 2003).

The stroma also overrides the pre-existing metabolic pathways and stimulates increased
lactate secretion, oxidative phosphorylation and fatty acid-based B-oxidation, commonly
known as Warburg effect (Samudio et al., 2009). Adipocytes (Shafat et al., 2017), BM MSCs
and cell lines (Braun et al., 2016; Samudio et al., 2008) and endothelial cells (Nobrega-
Pereira et al., 2018) stimulate AML metabolism via distinct pathways. Samudo et al.
suggested that through an unknown stimulant AML increases lactate secretion and oxygen
consumption rate (OCR). Surprisingly, the OCR was not accompanied by an increase of
mitochondrial ATP production due to a transmembrane H+ carrier in the mitochondria called
uncoupling protein 2 (UCP2). UCP2 eliminates the mitochondrial proton gradient and
therefore, also the gradient dependent adenosine triphosphate (ATP) production via
mitochondrial ATP-synthase (Samudio et al., 2008). Of note, similar work by Braun et al.
using a human stroma cell line identified an involvement of SDF1 (Braun et al., 2016) and
work by Jitschin et al. on chronic lymphoid leukaemia (CLL) suggests a Notch-Myc driven
mechanism (Jitschin et al., 2015).

The surge of metabolic activity is not fuelled by glucose since glucose uptake remains
unaltered in MSC co-culture. If not glucose, fatty acids (FA) may be the fuel-source. In
adipocyte-rich tissue and ex vivo AML and blast crisis CML initiate a release of FA from
adipocytes. Inhibition leads to reduced proliferation and increased sensitivity to Ara-C
(Shafat et al., 2017). Owing to their central role in metabolism and apoptosis, mitochondria
have received increased attention. Two recent studies present evidence that functional
mitochondria can be transferred from the microenvironment to healthy and malignant
haematopoietic progenitors (Moschoi et al., 2016). Mitochondria were transferred to AML
via long-ranged plasma membrane protrusions called tunnelling nanotubes (Marlein et al.,
2017). This process was shown to contribute the metabolic switch and to chemoresistance of

AML.
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1.6 Normal haematopoiesis in AML
1.6.1 Clinical perspective

Metastasis, defined as the spread of cancer cell from the primary tumour to surrounding and
distant tissues, accounts for 90 % of cancer-inflicted mortality (Chaffer and Weinberg, 2011).
In AML, metastasis to non-haematopoietic organs like the liver and central nervous system is
relatively uncommon (Viadana et al., 1978). Nonetheless, if left untreated, AML patients
quickly succumb to infection, haemorrhage and organ failure (Chang et al., 1976). Severe
lack of functional haematopoietic cells (cytopenia) are commonly present in AML (Huck et
al., 2015). Clinical manifestations include anaemia from erythrocytopenia, low platelet count
and haemorrhage from thrombocytopenia and bacterial, fungal and viral infections due to
neutropenia and lymphopenia (Huck et al., 2015; Rauch et al., 2016). Patients with cytopenia
are older and often meet cytogenetic criteria for secondary AML (Huck et al., 2015).
Intermediary risk group patients with thrombocytopenia and severe neutropenia have
significantly worse event-free survival (EFS) and overall survival (OS) independent of
treatment approach, age and karyotype risk (Huck et al., 2015; Madiha Igbal, 2016) and
delayed time to neutrophil recovery after chemotherapy (Buckley et al., 2014). Even in
complete remission (CR) around 25-34 % of patient do not fully recover neutrophil and
platelet counts and are termed complete remission with incomplete blood count (CRi). CRi is
a sign of minimal residual disease (MRS) and associated with significantly reduced OS and
EFS but also increases non-relapse mortality and early infection after ASCT (Cheng et al.,

2018; Walter et al., 2010).

Pancytopenia is often treated as a consequence of the excessive expansion and infiltration of
blast cells. However, in other malignancies like CLL cytopenias are less frequent even at
blast percentages exceeding 50 % (Rauch et al., 2016). Acute leukaemias and MDS are
among the significant causes of pancytopenias (Jalaeikhoo et al., 2017). In AML, cytopenia
are reported at less than 50 % blast count, and the severity does not correlate with blast
percentage, which argues for additional causes (Rauch et al., 2016). Extensive apoptosis of
BM cells resulting in BM necrosis has been reported in AML at diagnosis but with respect to
the frequency of pancytopenias very rarely (Paydas et al., 2002).
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1.6.2 HSPCs in acute leukaemias

Investigations on human and murine residual HSPCs in acute leukaemias and
myeloproliferative neoplasm found extensive loss of differentiated cells and progenitor cells,
especially during advanced stages. Several highly related mechanisms have been proposed
which involve the destruction and remodelling of the BM niche leading to displacement and
egress of HSPCs, reduced SCN support for HSPCs and reduced differentiation and
proliferation of HSPCs.

Time-course analysis of AML progression in NSG and murine leukaemia and co-injection of
patient AML samples with CB HSPCs highlights three distinct phases with respect to AML
infiltration, cytopenia and HSPCs: early (<20 % AML in BM), mid (20 -80 % AML in BM)
and late-stage (>80 % AML in BM) (Akinduro et al., 2018; Cheng et al., 2015; Miraki-Moud
et al., 2013).

During the early phase, haematopoietic populations and parameters are mostly unaffected.
Total leukocyte count, progenitors and HSCs counts remain stable. Spleen weight is not
increased yet, and AML infiltration of peripheral blood and spleen is shallow (Cheng et al.,
2015). Merely total WBC count in the peripheral blood may be slightly increased already at
this stage (Cheng et al., 2015). CFU- and reconstitution potential of HSPCs is also not
affected (Cheng et al., 2015; Miraki-Moud et al., 2013).

During the mid-phase, AML engraftment in the bone marrow reaches 20-80 %. AML cells
are present in PB, and spleen but compared to BM with delayed kinetics (<20 % of total
leukocyte) (Cheng et al., 2015; Miraki-Moud et al., 2013). Total mononucleated cell counts
are sharply reduced in the BM and increased in peripheral blood and spleen (Akinduro et al.,
2018). Especially mature myeloid lineages are reduced while lymphoid lineages with longer
half-life time are not affected (Boyd et al., 2017). Red blood cell count and platelet counts are
slightly decreased in PB and the mice may display first disease symptoms (Cheng et al.,
2015; Wang et al., 2016). Progenitor cells also decrease in the BM but with distinct kinetics
from mature normal CB leukocytes resulting in a relative enrichment of CMPs, stable
proportions of GMPs and a reduction of MEPs. Similarly, LT-HSCs, ST-HSCs are relatively
enriched among total leukocytes while MPPs proportions remain stable (Akinduro et al.,
2018; Boyd et al., 2017; Cheng et al., 2015; Miraki-Moud et al., 2013). When equal numbers

of human non-leukaemic HSPCs from AML patients and healthy donors are injected into
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primary and secondary mice or plated in methylcellulose, an increased reconstitution and
CFU-potential has been reported, respectively. Agreeing, non-leukaemic CD45 cells from
MLL-AF9 murine leukaemic mice also generate higher reconstitution and display increased
CFU-ability (Cheng et al., 2015; Miraki-Moud et al., 2013). Since all progenitors, MPPs and
HSCs contain fewer cells in S-phase before transplantation, the lower proliferation rate has
been proposed as cause (Cheng et al., 2015; Jensen et al., 2000; Miraki-Moud et al., 2013).
Additionally, the preferential egress/apoptosis of less primitive HSPCs may selectively enrich
for quiescent, self-renewing CD48  HSCs in the non-leukaemic CD45" cells and could
present another non-mutually exclusive explanation (Akinduro et al., 2018).

In the spleen, a surge of HSPCs with increased cell cycle activity is present to compensate for
reduced BM output (Cheng et al., 2015). Of note, no increase of apoptosis was reported
except for ST-HSCs during late-phase (Akinduro et al., 2018).

The late-stage comprises all engraftment above 80 %. Further loss of MNCs and HSPCs from
the bone marrow occurs. AML chimerism in the PB and spleen reaches above 50 %, and
MNCs and HSPCs are drastically reduced in the spleen. Red blood cell and especially platelet
counts are strongly reduced, and the mice develop splenomegaly (Akinduro et al., 2018;
Cheng et al., 2015; Miraki-Moud et al., 2013). Despite further enrichment of HSPCs among
MNCs, the CFU- and reconstitution-ability is sharply reduced (Cheng et al., 2015).
Accordingly, functional analysis of phenotypic HSCs associated a significantly worse
outcome for AML patients with compromised multilineage reconstitution ability of HSCs

(Wang et al., 2017).

1.6.3 Mechanistic perspective

1.6.3.1 Displacement of HSPCs from the niche

During mid and late-phase non-malignant MNCs are displaced from the BM and later from
the spleen and even within leukaemic BM, HSC localise further away from their arteriolar
and endosteal niches compared to non-leukaemic BM (Hanoun et al., 2014; Miraki-Moud et
al., 2013). Furthermore, BM homing of HSCs injected into leukaemic mice is significantly
impaired (Duarte et al., 2018).

The chemokine SDF1 is the primary regulator of HSPC homing and mainly expressed in BM
Nestin” MSCs, endothelial cells and osteoblastic cells (Asada et al., 2017). The receptor
CXCR4 is widely expressed on HSPCs and influences adhesion, BM retention and
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proliferation (Sugiyama et al., 2006). Nestin® mesenchymal cells from MLL-AF9 murine
AML, JAK2 V617F MPN and BCR-ABL CML express significantly less SDF1 (Arranz et
al., 2014; Ge et al., 2011; Hanoun et al., 2014; Zhang et al., 2012). Sympathetic nerve
extensions regulate SDF1 expression in the BM during homeostasis. Hence reported loss of
sympathetic nerve extensions in AML (Hanoun et al., 2014) and the increased expression of
G-CSF (Schepers et al., 2013; Zhang et al., 2012), a clinically used HSPC mobiliser and

negative regulator of SDF1, may be a crucial component for the reduced expression of SDF1.

HSPCs migrating towards a CXCL12 gradient must transverse the endothelial barrier.
Vascular permeability allows transendothelial migration and HSPC trafficking (Itkin et al.,
2016). NO concentrations, a potent agonist of vascular permeability (Gur-Cohen et al., 2015),
are increased in murine and patient AML BM. Interestingly, inhibition not only improved
cytotoxic clearance of AML but also drastically increased residual HSPCs in BM of
leukaemic mice (Passaro et al., 2017b). Besides changes in chemical nature, Akinduro et al.
hypothesize that the lack of space in the BM could result in the dislodgment of HSPCs.
Indeed, MLL-AF9 AML blasts are significantly more massive than normal HSPCs, but direct
evidence has not been reported yet (Akinduro et al., 2018).

1.6.3.2 Cell cycle

The continuous loss of mature haematopoietic cells from apoptosis and resorption in the
spleen requires constant replenishment through highly proliferative progenitor cells. Hence
severe impairment of HSPC proliferation could rapidly induce cytopenias, especially in
myeloid lineages with shorter half-life. The measurement of DNA content with a DNA
intercalating dye like DAPI is the simplest form of cell cycle analysis of normal HSPCs. A
more dynamic approach is the injection of a thymidine analogue like BrdU or EAU, which
will be incorporated into DNA during S phase. A secondary antibody or a click-chemistry
reaction will then fluorescently mark any cell which entered S-phase between the time of
injection and sacrifice/cell fixation. Ki67 expression, a marker associated with ribosomal
RNA transcription, presents another mean of cell cycle analysis. Opposed to S-, G1-, G2- and
M-phase, the quiescent cells in GO phase of the cell cycle do not express Ki67. Normal
HSPCs from leukaemic rat (Jensen et al., 2000), mice (Cheng et al., 2015) and humans
(Miraki-Moud et al., 2013) contain proportionally fewer BrdU" or EQU™ cells indicating a
smaller proportion of actively cycling cells. Human CD34"CD38 HSPCs from patients with
CD34- AML, strongly associated with NPM1 mutations (Taussig et al., 2010), contain six
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times more Ki67"DAPI" quiescent cells (Miraki-Moud et al., 2013). The timely separated
injection of BrdU followed by EdU allows to measure the proportion of cells entering S-
phase per hour and a proliferation measurement independent of S-phase duration. Data from
Akinduro et al. who used this method also suggests decreased proliferation of MPPs and ST-
HSCs, especially during mid-late phase, while the proliferation rate of AML remains constant
throughout phases. Owing to the short duration between EdU and BrdU injections, the HSC
proliferation could not be measured omitting any conclusions (Akinduro et al., 2018).

The precise mechanisms behind the reduction of HSPC proliferation is still mostly unknown.
Isolated HSCs from leukaemic mice express higher levels of cell cycle inhibitors p7 97!, p21
and Egrl-3 and lower levels of cyclins and cyclin-dependent kinases, essential for initiation
and traverse of cell cycle phases, which could explain the reduced proliferation rates.
Furthermore, elevated expression of Hes/ and Heyl indicated dysregulated Notch activity but
was not further explored (Cheng et al., 2015). A follow-up study by Gong et al. reported Egr3
as a downstream effector of TGF-[1 signalling, a potent secreted HSPC cell cycle inhibitor
found at elevated concentrations in AML BM interstitial fluid (Gong et al., 2018).

1.6.3.3 Microenvironment

Several lines of evidence support the hypothesis that niche remodelling facilitates the
expansion of malignant cells by reducing niche support for normal HSPCs. Compared to
aged-matched healthy donor MSCs (N-MSCs), Leukaemic MSCs have reduced capacity to
expand and maintain normal HSCs (Geyh et al., 2016). Interestingly, BCR-ABL expressing
CML HSCs preferentially expand on leukaemic MSCs implying niche reprogramming as a
strategy for malignant clone selection (Zhang et al., 2012). Secreted factors such as TNF-a
and Adiponectin present in BM interstitial fluid mice strongly inhibit the CFU-ability of
normal HSPCs directly (Broxmeyer et al., 1978; Hornick et al., 2016; Iversen and Wiig,
2005) and also indirectly via remodelling of N-MSCs (Mead et al., 2017). Conversely, AML
patient MSCs express lower levels of haematopoiesis regulating factors such as c-Kit-ligand
SCF and Notch-ligand Jagged-1 (Geyh et al., 2016; Kumar et al., 2018). Besides HSPCs
support, detailed characterisation by Geyh et al. and Kornblau et al. revealed that AML
MSC:s contain fewer CFU-F, cycle slower and become senescent faster due to overexpressed
pS3/p21 axis. In contrast, Diaz de la Guardia et al. found more CFU-F and no significantly
altered proliferation but did not culture further than passage 5 (Diaz de la Guardia et al.,
2017). Interestingly, MSCs isolated from patients in CR regain HSC maintenance ability
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(Geyh et al., 2016), but MSCs expanded over several passages remain dysfunctional owing to

altered SMAD signalling (Geyh et al., 2018).

Other signalling pathways affected by AML are inflammatory pathways in particular NF-kB
and STAT (TNF-a, IL-1B) (Jacamo et al., 2014; Mead et al., 2017), Smad-pathway (TGF-p1,
BMP) (Battula et al., 2017; Geyh et al., 2018) and hypoxia response signalling (HIF-1a)
(Boyd et al., 2017). These well-studied pathways play key roles to regulate niche and HSC
homeostasis, but dysregulation may give AML a competitive advantage by blocking normal
HSPCs. For example, inflammatory signals via TNF-a are often elevated in BM interstitial
fluid of AML patients. Recently TNF-a was shown to deplete both wildtype and FLT-ITD
knock-in HSCs, but the latter to a less extent (Iversen and Wiig, 2005; Mead et al., 2017).
IL1-B induces proliferation in AML but inhibits CFU-potential of normal HSPCs (Carey et
al., 2017). Recent work by the Kurre and Chen lab identified vesicular transport, including
exosomes as a potent mechanism for AML to transform the BM niche and dysregulate
normal haematopoiesis. Exosomes can be either directly up-taken by murine HSPCs or
indirectly via the mesenchymal and vascular microenvironment. Mir-150 and Mir-155
overexpressed in AML exosomes or Wnt-pathway inhibitor DKK1 caused dysfunctional
HSPC expansion and reprogrammed the BM niche into a leukaemia-permissive environment
(Hornick et al., 2016; Kumar et al., 2018). However, in contrast to AML infiltrated mice,

AML exosome preconditioning of healthy mice increased HSPC proliferation.

For individual niche elements remodelling may go beyond a regulatory dysregulation. Post-
mitotic osteoblasts, adipocytes and arteriolar vessels are greatly diminished from AML BM.
Boyd et al. reported that AML abrogates mature adipocytes from BM and inhibits
adipogenesis in MSCs. Adipogenic stimulation with PPAR-y agonist not only restored
adipocyte levels but also partially ameliorated the differentiation blockage of HSPCs. Co-
culture experiments with healthy HSPCs indicate that mature niche cells like osteoblasts and
adipocyte are far more supportive for erythro-myelo differentiation than undifferentiated
MSCs (Boyd et al., 2017). Lastly, Duarte et al. observed that in late-phase AML deteriorates
mature osteoblasts and arteriolar vessels, especially in the metaphysis. During homeostasis,
the metaphysis is well supplied with oxygen and metabolites via highly branched arteriolar

vessels and hosts highly proliferative HSPCs. Stimulation of arteriolar angiogenesis via
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Notch activation or HIF-1a stabilisation ameliorated loss of vessels and HSCs in the

metaphysis (Duarte et al., 2018).
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1.7 Hypoxia in BM during normal and malignant haematopoiesis
1.7.1 Oxygen distribution in the BM

Oxidative phosphorylation (OXPHOS) is the most substrate-efficient means of ATP
generation. Firstly, electrons are transferred to cofactors like NAD" when substrates like
glucose or fatty acids are metabolised to lactate or CO,. Secondly, reduced NAD, called
NADH, drives a proton efflux pump system called electron transport chain, in the
mitochondria during which O is converted to H>O. Lastly, the proton gradient literally
propels ATP-synthetase to regenerate ATP from ADP (Lodish H, 2000; RN., 2011). Hence
oxygen supply via a vascular network is a rate-limiting factor. Tissue oxygenation is
dependent on consumption and supply. Oxygen is carried via haemoglobin in erythrocytes
and diffuses into tissue from arterial blood supply which drops from 75-100 mmHg in arterial
to 30-40 mmHg in venous blood. Oxygen tension in tissues ranges from 27-31 mmHg in
muscular tissue, 34-42 mmHg in liver to over 50 mmHg in intestine and cortex (Sharma S,
2018). Despite extensive vascularisation, the BM of flat bones contains a low extravascular
and intravascular oxygen tension of 15 mmHg and 20 mmHg (2-3 % O>), respectively.
Furthermore, endosteal arteriolar areas are significantly more oxygenated than central
sinusoidal niches which is driven by a lower oxygen consumption rather than differences in

oxygen supply (Spencer et al., 2014).

1.7.2 The HIF family of transcription factors

Hypoxia-inducible factors (HIFs) are major regulators of the cellular response to hypoxia.
The oxygen-sensitive a subunit heterodimerize with the 8 subunit HIF-1p via the HLH and
PAS domains. While HIF-1f is expressed ubiquitously, the three mammalian o subunits
HIF-1a, HIF-2a, HIF-3a are expressed tissue-specific. The complex then binds to hypoxia
response elements (HRE) in the genome and regulates the transcription of HIF-target genes.
In well-oxygenated environments, the a subunits are constantly degraded. Prolyl
hydroxylases (PHDs) utilise a ferrous iron cofactor and oxygen and a-ketoglutarate as
substrate to hydroxylate conserved proline residues on HIFs. The hydroxylation is recognized
by an E3 ubiquitin ligase called von Hippel-Lindau protein complex (VHL) and initiates
proteasomal destruction. Another O>-dependent regulator is factor-inhibiting HIF-1o (FIH)
which disrupts binding to transcriptional coactivators P300/CBP. PHD/FIH-dependent
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regulators of HIF include citric-acid metabolites (fumarate, succinate and o-ketoglutarate)
and reactive oxygen species (ROS), an umbrella term for oxygen radicals produced as side-
products during OXPHOS. PHD/FIH-independent negative regulators are deacetylase
Sirtuinl and aryl hydrocarbon receptor (AhR) while AMP-activated protein kinase (AMPK)
activation promotes HIF-1a stabilisation. Many HIF-target genes are involved in
angiogenesis (Vascular endothelial growth factor (VEGF)), anaerobic glycolysis (glucose
transporters and glycolytic enzymes/regulators like GLUTI, PDKI and LDHA), redox
homeostasis (antioxidant enzyme SOD2 and HMOX1) and cell migration (SDFI and its
receptor CXCR4) (Irigoyen et al., 2017; Majmundar et al., 2010).

1.7.3 Role of hypoxia for normal haematopoiesis

Hypoxia and HIFs are essential regulators of normal and malignant haematopoiesis. Ex vivo,
culture of both HSPCs and AML under hypoxic conditions improves the long-term
maintenance of HSCs and LICs (Danet et al., 2003; Griessinger et al., 2014; Ivanovic et al.,
2002; Mantel et al., 2015). Human HSPCs express both HIF-1a and HIF-2a to regulate
metabolism and redox state (Rouault-Pierre et al., 2013; Takubo et al., 2010), niche-
localisation (Forristal et al., 2015; Miharada et al., 2011) and quiescence (Takubo et al.,
2010). HIFs, especially HIF-2a., also play an important role in erythropoiesis. HIF-2a
knockout mice lack erythropoiesis stimulation factor erythropoietin (EPO) and develop
severe anaemia but can be rescued by EPO administration (Scortegagna et al., 2005). Murine
HSCs lacking HIF-1a (Rouault-Pierre et al., 2013; Takubo et al., 2010) or its transcriptional
regulator MEIS1 (Kocabas et al., 2012; Unnisa et al., 2012), show diminished self-renewal in
a ROS-dependent manner. In human HSCs depletion of HIF-2a. and HIF-1§ but not HIF-1a
compromised reconstitution potential also owing to accumulation of ROS (KEVIN
Reference). However, in two recent murine studies abrogating HIF-1o and HIF-2a could not
repeat previous results. Since HSPCs were extracted shorter after knockdown than previous
studies (2 weeks versus 1-2 months) the authors also speculate that the differences could be
due to shorter exposure to a HIF-1a defective microenvironment (Guitart et al., 2013;
Vukovic et al., 2016). Indeed, for HIF-2a, a non-cell autonomous role of HIF-2a in the BM
microenvironment has been reported (Scortegagna et al., 2003). Another explanation could
be that these studies only deleted exon 2 containing the HIF-1 binding domain, but HIF-1§ -

independent mechanisms have been reported.
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1.7.4 Role of hypoxia for malignant haematopoiesis

The role of hypoxia and HIF in AML is also quite disputed. AML and other haematopoietic
malignancies decrease oxygen pressure in the bone marrow of rats (Jensen et al., 2000), mice
(Passaro et al., 2017b) and humans (Konopleva et al., 2015) especially in close proximity to
AML cells (Passaro et al., 2017b). Hypoxia enhances LIC maintenance and Ara-C resistance
owing to the quiescence promoting effects of hypoxia but also increased differentiation of
AML cells through HIF-1a accumulation have been reported. HIF-1a stabilisation and
upregulation of various HIF target genes in AML is associated with an adverse disease
progression (Deeb et al., 2011; Song et al., 2014; Xu et al., 2017). Conversely, inhibition of
HRE-binding by echinomycine and HIF-1a and HIF-2a. knockdown in patient AML
samples induces apoptosis and impairs their CFU and serial transplantation ability (Abdul-
Aziz et al., 2018; Gao et al., 2015; Rouault-Pierre et al., 2013; Wang et al., 2011). Abdul-
Aziz et al. demonstrated that HIF-1a stabilisation in AML induced expression of macrophage
inhibitory factor (MIF), which supported AML proliferation via MSC-derived Interleukine-8
(IL-8) (Abdul-Aziz et al., 2018). In contrast, Velasco-Hernandez et al. and Vukovic et al.
reported conflicting data. In murine AML1/ETO AML lacking HIF-1a, leukemogenesis was
accelerated while for MLL-AF9 and Meis1-Hox9, no significant impact was observed. HIF-
2o ablation accelerated leukemogenesis in MLL-AF9 driven AML (Vukovic et al., 2015).
Interestingly, HIF-1a ablation resulted in different ROS, apoptosis and mitochondrial
biogenesis phenotypes among the three AML models indicating that HIF-1o has a mutation-
specific role which may partially explain variations among AML model systems (Velasco-

Hernandez et al., 2014).

1.7.5 HIFin the BM microenvironment

Another explanation for the controversy regarding HIFs in AML could stem from the role of
HIF-1a in the microenvironment, which is poorly understood. HIF-1a knockout models were
mostly Mx1-cre driven, thus deletion of HIF-1a will have occurred in the microenvironment
as well (Park et al., 2012; Takubo et al., 2010). Indicative of the hypoxic BM
microenvironment, human and murine MSCs also express high levels of both HIF-1a and
HIF-2a to promote anaerobic glycolysis, self-renewal and differentiation. Furthermore,

MSCs reduce HIF-1a stabilisation to stimulate HSPC expansion both ex vivo and in vivo
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highlighting a non-cell autonomous role of HIFs in HSPC regulation (Guarnerio et al., 2014;
Palomaki et al., 2013). Conversely, AML MSCs were reported to be enriched with HIF-1a.-
target genes compared to N-MSCs (Boyd et al., 2017; Dong-Feng et al., 2012) and AML can
induce increased expression of HIF-1a target genes ex vivo. HIF-1a knockdown in MSCs
reduces AML engraftment in a matrigel-based in vivo niche model (Chen et al., 2012) and
reduces the chemoprotective ability of MSCs by downregulation of SDF1 (Kojima et al.,
2011).
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1.8 The Stanniocalcin family of secreted proteins

1.8.1 STCin fish and mammals

Stanniocalcin (STC) is a family of secreted glycoproteins of which STC1 was first described
in the corpuscles of stannous (CS) in the kidneys of bony fish. Elevated serum levels of
calcium (hypercalcemia) are recognized by the calcium-sensing receptor (CaR) which then
stimulates the release of STC1 from the CS to enter the circulation. STC1 or CS extract
responds to hypercalcemia by decreasing the environmental net calcium uptake by the
branchial arches of the gills and the upper intestine. Phosphate levels, a calcium chelator and
regulator of serum calcium, are increased due to elevated net phosphate uptake/reabsorption
in the gills and kidney (Wagner and Dimattia, 2006). The corresponding receptor for STCI
and the exact target cells have not been identified but Lu et al. and Tseng et al. suggest that
calcium uptake is inhibited via reduced calcium channel mRNA expression owing to active
cyclic adenosine monophosphate (cAMP)-Protein Kinase A (PKA) signalling (Lu et al.,
1994; Tseng et al., 2009). The fish STC1 gene is unique among known proteins and has only
one known relative STC2 with which it shares 39 % homology and potentially a common
ancestor (Roch and Sherwood, 2011; Wagner and Dimattia, 2006). STC1 consist of two
identical glycosylated 223 kDa polypeptide chains connected through a disulphide bridge
(Cys169) to form a homodimer. STC1 has a high content of a-helices and 11 conserved
cysteine residues of which 10 form intra-chain disulphide links, however a detailed tertiary

structure of STC1 is still missing from the literature (Trindade et al., 2009).

In the 1990s, the two vertebrate orthologs of STC were discovered. STC1 has 61 % and
STC2 about 30 % amino acid homology to fish STC1. Cysteine residues, glycosylation sites
and exon-intron boundaries are strongly conserved. In mammals STC1 is broadly expressed
in heart, lung, liver, adrenal gland, kidney, prostate and ovary and STC2 in pancreas, spleen,
kidney and skeletal muscle (Yeung et al., 2012). Secreted STC has been shown to be
sequestered by cells lacking STC mRNA like luteal cells (Paciga et al., 2003) and
macrophages (Wang et al., 2009). Studies on the subcellular location of STC and its receptors
utilising an STC-alkaline phosphatase fusion protein revealed that STC and its receptors are
located on mitochondriae, in particular, the inner membrane, and the surface of lipid droplets

(McCudden et al., 2002; Paciga et al., 2003).
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1.8.2 The roles of STC

The role of STCs for mammalian calcium/phosphate homeostasis is disputed. Injection of
human kidney extract containing STC1 into fish mimicked the calcium regulating function of
fish STC1 (Wagner et al., 1995). In vitro studies with recombinant human STC1 on swine
and rat intestine and initially also supported an involvement in calcium/phosphate transport
(Madsen et al., 1998; Wagner et al., 1997). However, Stc1”~, Stc2”~, Stc17-Stc2”~ nor STC2
transgenic mice show any changes in serum phosphate or calcium (Chang et al., 2005; Chang
et al., 2008; Johnston et al., 2010). Opposed to fish serum, mammalian serum is entirely
devoid of STC, and pharmacokinetic analysis suggests that STC in circulation is quickly
modified and losses its reactivity (De Niu et al., 2000). This indicates that in mammals, STCs
may instead act as a paracrine/autocrine factor but does not exclude that STCs are involved in
cell-intrinsic calcium regulation. Stc2”- mouse embryonic fibroblasts (MEF) accumulate
higher levels of cellular calcium following endoplasmic reticulum (ER) Ca?* store depletion.
STC2 localises to the ER and interacts with the ER Ca?" sensor STIM 1, which activates
store-operated Ca?" channels (Zeiger et al., 2011). Similarly, local calcium regulatory
functions for STC1 were postulated for macrophages (Kanellis et al., 2004), terminally
differentiated neurons (Serlachius et al., 2004) and cardiomyocytes (Sheikh-Hamad et al.,
2003).

To date, two STC transgenic mouse models with STC under the control of myosin light
chain-2 promoter and metallothionein I minimal promoter have been generated. In both
models, STC induces substantial skeletal and muscular defects, dwarfism and altered fertility
(Filvaroff et al., 2002; Johnston et al., 2010; Varghese et al., 2002). However, again, Stcl”
mice failed to produce any consistent phenotypes (Chang et al., 2005). On the other hand,
Stc2-/- are bigger than wild type littermates (Chang et al., 2008). Olsen and colleagues
showed that STCs could inhibit the enzyme pregnancy-associated plasma protein — a (PAPP-
A) which frees Insulin-like growth factor (IGF) from IGF-binding proteins (IGF-BP) by
enzymatically cleaving the latter. Mice expressing a mutant variant of STC2, STC2(C120A),
which lacks PAPP-A inhibitory action, reversed the dwarfism phenotype of STC2 transgenic
mice (Jepsen et al., 2015).

The high affinity of STC1 to lipid droplets and mitochondria provoked investigations into

metabolism-regulating functions. Inhibitory actions of STC1 and STC2 on progesterone
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synthesis were reported in rat granulosa and bovine luteal cells. The effect was conducted via
the PKA pathway and subsequent downregulation of critical steroidogenic enzymes (Paciga
et al., 2003). Furthermore, experiments with isolated mitochondria showed that high
concentrations of STC1 (>1pug/mL) increased oxygen consumption at the expense of ATP
production. This counterintuitive relation was caused by an uncoupling of ATP generation
from oxygen consumption via UCP (McCudden et al., 2002). Ohkouchi et al. showed that the
addition of STCI to epithelial cell line A549 induced stabilisation of UCP2 and replicates the
effects observed with isolated mitochondriae. As a consequence of the mitochondrial
uncoupling, levels of ROS and mitochondrial superoxide declined (Ohkouchi et al., 2012). In
line with an antioxidative function, STC1 transgenic mice are more resilient to kidney and
lung injury inflicted by ischemia and bleomycin, in part by downregulation of ROS (Huang et
al., 2015; Pan et al., 2015).

1.8.3 STC1in cancer

STCs are significantly upregulated in various solid tumours and patient serum, making it
attractive biomarkers (Chan et al., 2017; Fang et al., 2014). Stratification of STC expression
determined an adverse outcome for patients with high expression of either STC1 or STC2 in
renal cancer, gastric cancer and head and neck cancer. Additionally, STC1 alone is
prognostic in cervical cancer (unfavourable), lung cancer (unfavourable), breast cancer
(unfavourable) and glioma (unfavourable) and STC2 alone for liver cancer (unfavourable)
and breast cancer (favourable) (Uhlen et al., 2015). In normal and malignant haematopoietic
cells STC1 and STC2 are not/low expressed although two reports suggest an adverse
outcome in AML patients with high STC1 expression (Abaza et al., 2016) and that the
detection of STC1 mRNA in blood predicts relapse (Tohmiya et al., 2004).

STCI1 expression can be induced through multiple pathways. A few examples are oxidative
stress (Block et al., 2009), IL-1 (Bartosh et al., 2013) , TGF- (Ono et al., 2015) , HIF-1a
(Yang et al., 2015; Yeung et al., 2005) and p53 (Lai et al., 2007). Overexpression of STCI
has a positive role for proliferation and tumorigenesis in cellular models of breast, ovarian,
gastric and lung cancer, but cell cycle inhibitory functions in cervical cancer. The adverse
effect of STC1 expression in some models may also be due to an altered cancer
microenvironment. STC1 promotes angiogenesis when administered to endothelial cells

directly (Law and Wong, 2013) or indirectly by promoting VEGF expression from cancer
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cells (He et al., 2011). However, not only neoplastic cells express STC1 but also cancer-
associated fibroblasts (CAFs) and MSCs. In a model of colorectal cancer, platelet-derived
growth factor (PDGF) activated STC1 expression from CAFs to drive migration and lymph
node metastasis (Pena et al., 2013) and in MSCs, secreted STC1 remodelled the cancer
metabolism which protected from chemotherapeutic agents and irradiation (Block et al.,
2009; Ohkouchi et al., 2012). In these reports, several downstream mechanisms of STC1 with
well-known implications for cancer were proposed ranging from antioxidative effect via
UCP2, to MAP-kinase signalling and anti-apoptotic factors like BCL-2 (Chu et al., 2015;
Yeung et al., 2012). However, since the receptor or any direct interaction partners of STC1
have not been identified the causality of these proposed mechanisms remain unknown, and
additional discrepancies exist whether these effects are due to intracellular or extracellular

STCs.
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1.9 Objective of study

The BM microenvironment is an essential regulator of hematopoiesis by controlling the
quiescence, homing and maintenance of HSPC in homeostasis and stress. Myeloid
malignancies like AML have been shown to disrupt healthy niche architecture on the
phenotypic, transcriptomic and functional level. Furthermore, in murine AML models and
human AML patients, the residual normal HSPCs are unable to enter the cell cycle and
supply sufficient mature hematopoietic cells which coincides with cytopenias as well as an
extensive remodelling of the perivascular and endothelial BM niches. I propose that the
dissection of the crosstalk between AML, the microenvironment and the normal
hematopoietic stem and progenitor system may provide insight into either therapeutically

targetable mechanisms or undiscovered regulators of HSPC quiescence and stemness.

Hypothesis

MSC:s play a critical role in the remodelling of the BM niche by AML, disrupting normal
HSPC proliferation and leading to the development of cytopenias.

Aims

1. To generate a simplistic fully-humanised model system of the bone marrow niche
using bone marrow MSCs and HSPCs, which recapitulate the ability of AML to
inhibit HSPC cell cycling and preserve stemness in HSPCs.

2. To investigate the secretome of MSCs and how this changes in response to AML, and
thereby identify potential proteins that inhibit HSPC proliferation.

3. To examine the impact of AML on MSCs at the transcriptional level.

4. To use the transcriptional data to identify the molecular mechanisms regulating
changes in the MSC secretome in response to AML.

5. To perform in vivo experiments to determine whether mechanisms identified in vitro

can be recapitulated in vivo.
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Chapter 2 Materials and Methods

2.1 Cell culture

All cells were routinely cultured at 37° C and in a humidified atmosphere of 5 % CO», 17 %
O and 78 % N3, which is referred to as normoxic culture conditions. Hypoxic culture
conditions refer to 5 % CO», 1-3 % O> and 92-94 % N,. All media and supplements were
purchased from ThermoFisher Scientific. All cell lines were originally obtained from ATCC
(distributor LGC standards, UK) and were grown by in-house cell services. All cell lines
were routinely mycoplasma tested and STR authenticated prior to commencing experiments.
All haematopoietic cytokines were purchased from Peprotech unless when pre-supplemented

in methylcellulose medium from Stem Cell Technologies.

AML cell lines were passaged every 3-4 days to maintain them at optimal cell density (0.1-
1x10%mL). Adherent cell lines and primary cells were passaged by trypsinisation and

maintained at sub-confluency.

Table 4. Cell line/Primary cells and culture conditions

Name Cell Type Species | Media Supplement(s)

HL60 AML Cell Line | Human | RPMI 1640 | 10 % FBS + 100 U/ml
P/S

MLI1 AML Cell Line | Human | RPMI 1640 | 10 % FBS + 100 U/ml
P/S

U937 AML Cell Line | Human | RPMI 1640 | 10 % FBS + 100 U/ml
P/S

KGIA AML Cell Line | Human | RPMI 1640 | 10 % FBS + 100 U/ml
P/S

NB4 AML Cell Line | Human | RPMI 1640 | 10 % FBS + 100 U/ml
P/S

MOLMI13 AML Cell Line | Human | RPMI 1640 | 10 % FBS + 100 U/ml
P/S

OCI-AML3 AML Cell Line | Human | RPMI 1640 | 10 % FBS + 100 U/ml
P/S
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HEK 293 Cell Line Human | DMEM 10 % FBS + 100 U/ml
P/S

HEK 293TX Cell Line Human | DMEM 10 % FBS + 100 U/ml
P/S

MS5 Stroma Cell Line | Mouse a-MEM 10 % FBS + 100 U/ml
P/S

MSC Primary Human | a-MEM 10 % MSC-qualified FBS
+ 100 U/ml P/S

2.2 Primary Samples
2.2.1 Mesenchymal Stroma Cells

Primary human mesenchymal stroma cells (hMSCs) were purchased (Lonza) obtained from
bone marrow aspiration (male, 19-years of age) or kindly provided by Dr. Dosquet (Universite
Paris Diderot, Paris) from human bone marrow obtained during orthopaedic surgery from male

and female donors above 50 years of age under ethical approval 10-038 from IRB00006477.

MSCs were expanded in a-MEM supplemented with 10 % MSC-qualified FBS and 100 U/mL
P/S. All assays were performed with MSCs between passage 3 and 6.

2.2.2 Umbilical Cord Blood Cells

Umbilical cord blood was collected from mothers giving birth at the Royal London Hospital,
in accordance with a protocol approved by the East London and Research Ethics Committee.

Informed and written consent was obtained prior to collection of samples.

2.2.2.1 Separation of mononuclear cells by Ficoll density centrifugation

Cord blood samples were pooled and diluted with PBS at a 1:2 ratio. Diluted cord blood was
slowly transferred onto 15 ml of Ficoll (GE Healthcare), dispensed into 50 ml Falcon tubes.
After centrifugation at 1600 RPM for 30 minutes at RT with slow deceleration, the buffy coat
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layer of mononuclear (MNC) cells was carefully removed, and remaining erythrocytes were
lysed with ammonium chloride (in-house) for 10 minutes at room. Lysis was stopped with

FBS, and the MNCs resuspended in 2 % FBS/PBS.

2.2.2.2 CD34 Positive Purification of HSPCs

MNCs were selected for CD34" cells using EasySep Human CD34 Positive Selection Kit
(Stem Cell Technologies) according to manufacturer’s instructions. All steps were performed
using 2 % FBS/PBS. Briefly, MNCs were first incubated for 15 minutes with EasySep
Positive Selection Cocktail at RT, then EasySep Magnetic nanoparticles were added for
another round of incubation at RT for 10 minutes. CD34" cells were immune-magnetically
isolated over at least five consecutive selection rounds, and purity was checked using

compatible CD34 antibody clones on flow cytometry.

2.2.3 Acute Myeloid Leukaemia Samples

AML cells were obtained after informed consent from patients attending St Bartholomew’s

Hospital, London, under a protocol approved by the East London and City Research Ethics

Committee.

Table 5. Genetic abnormalities in AML patient cohort
AMLID Karyotype FAB NPM FLT3 Risk Group
AML5 Normal n.d. n.d. ITD Intermediate
AML1 n.d. n.d. n.d. n.d. n.d.
AML2 Trisomy 8,21 n.d. n.d. n.d. Poor
AML3 n.d. M1 Mut n.d. n.d.
AML4 n.d. M5 Mut WT n.d.
AML6 Complex n.d. n.d. n.d. poor
AML7 normal M2 Mut WT intermediate
AMLS8 Normal M1 Mut ITD intermediate
AML9 n.d. n.d. n.d. n.d. poor
AML10 Inv(3)(Q21Q26)/t(8;13)(p21) MO n.d. n.d. n.d.
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2.3 Lentivirus production

All lentivirus particles were produced using a 2" generation lentivirus packaging system
obtained from Addgene (originally deposited by Didier Trono)

Day 0 HEK 293TX are plated at 6x10*cm? in a 15 cm plate and incubated ON in DMEM
supplemented with 10 % FBS and 100 U/mL P/S.

Day 1 At 70 % confluency the media is carefully replaced with 22 mL of fresh media and
incubated for another two hours. For each 15 cm plate, 32 ug of plasmid DNA, 20 ug
pCMVdRS.74 (contains tet, pol, gag, rev) and 9 ug pMD2.G (contains VSV-G) are mixed with
dH>O to a total of 1125ul. 125 pul of 2.5 M CaCl; is added dropwise and mixed thoroughly.
After 5 min incubation 1250 pul of 2x HEPES (pH 7.2) is added drop by drop while the solution
is vortexed at maximum speed. After another 15 min incubation, the solution is added to the
15 cm plate and incubated ON.

Day 2 All media is replaced by 15 ml of fresh media and incubated for 24h.

Day 3 All media is collected and filtered with a 0.45 pm Nalgene syringe filter (ThermoFisher
Scientific) and stored ON at 4° C. 15 mL of fresh media are added to the plate and incubated
for another final 24h.

Day 4 Again all media is collected and filtered and together with the media from the previous
day centrifuged in an ultracentrifuge (Beckman Coultier) on a SW32Ti swinging bucket rotor
at 22000 RPM for 2h with deceleration at 7/10. The supernatant is completely discarded and
the bucket inserts are incubated on an orbital shaker at 4° C for min 2h. The concentrated virus

is pooled, aliquoted and stored at -80° C.

2.3.1 Determination of virus titre

A frozen aliquot of the concentrated virus is diluted 1/400 in fresh media. 2x10* HEK
293TX/cm? are seeded in a 24-Well plate with 500 pl of fresh media and supplemented with a
range of the diluted virus between 1-128 pl/well and incubated for 4 days. The GFP* population
is measured by flow cytometry for each virus dilution and the virion per pl are calculated with

the formula:

Virions per pl = (Percentage of GFP" Cells/100)*Dilution Factor*(1/ul of diluted
virus)*number of 293TX
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2.3.2 Lentivirus transduction

23.2.1 MSC

MSCs are seeded at 2.5x10%cm2 in a 12-well dish in 400 pL of media at a multiplicity of
infection (MOI) of 10 and incubated at 37° C. After 16h the virus is removed and the MSCs
are trypsinized and seeded. All co-cultured and scaffolds were started 4 days after MSC

transduction.

2.3.2.2 HSPCs

CD34* HSPCs are resuspended at 0.2-0.5x10%mL Stem span SFEM II containing SCF 100
ng/ml, FIt3L 100 ng/ml, IL6 10 ng/ml, IL3 10 ng/ml, G-CSF 25 ng/ml (all cytokines from
Peprotech, UK) and 100 U/ml P/S and pre-stimulated for 8h before adding lentivirus at MOI
of 30. After 16h the cells are washed with PBS containing 2 % FBS and resuspended in Stem
span SFEM II containing SCF 300 ng/ml, FIt3L 300 ng/ml and TPO 20 ng/ml. After another 2
days the GFP* HSPCs are FACS-sorted.

2.4 Invitro assays

2.4.1 Culture of MSCs with primary CB CD34*HSPCs/AML patient samples and AML
cell lines

All culture of HSPCs/AML patient samples was carried out on MSCs unless stated otherwise.
Day 0 Seeding of 2x10* MSCs in tissue culture-treated plastics.

Day 2 HSPCs alone or together with AML cell lines are resuspended in Myelocult H5100
(Stem cell technologies) supplemented with 100 U/mL P/S at densities of 0.4-1x10°
HSPCs/mL or 1-8x10°> AML patient samples/mL and 2x10°> AML/mL and a 100 % media top-
up is performed after 4 days.

When HSPCs or AML patient samples had to be isolated for functional analysis 0.4 um

polycarbonate transwell inserts (Corning) were used to separate AML cell lines from MSCs

and CD34", Cells in the well were grown in 500 ul media and in the transwell in 200 pl.
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For the comparison of direct contact and transwell CD34" cells were grown in the transwell
and MSCs and AML in the well for 4 days.

For neutralisation experiments 1 pg/mL of blocking antibody or equivalent species
Immunoglobulin G were added at the beginning of the experiment. STC1 measurements in the
media were conducted according to the manufacturer’s instructions using the STC1 ELISA kit

(R&D Systems).

2.4.2 Culture of MSCs with primary HSPCs and primary AML cells.

Day 0 Seeding of 2x10* MSCs in tissue culture-treated plastics.

Day 2 AML cells are resuspended in Myelocult H5100 (Stem cell technologies) supplemented
IL-3, G-CSF and TPO (each 20 ng/mL) and 100 U/mL P/S at densities of 0.5-2x10® AML/mL.
Day 4 The media is replaced with Myelocult H5100 (Stem cell technologies) containing 20
ng/mL SCF and 100 U/mL P/S. CD34" HSPCs are seeded at 0.4-1x10° HSPCs/mL and a 50%

media top-up is performed after 4 days.

2.4.3 Culture comparing feeder-free CD34* with AML and MSC co-cultured CD34*
with AML

CD34" were cultured for 4 days in feeder-free conditions in stem span SFEM II (stem cell
technology) containing SCF, FLT3L and TPO (all from PeproTech) at 100 ng/ml, 100 ng/ml
and 20 ng/mL + 10 % FBS + 100 U/ml P/S. AML-HSPCs with MSCs were prepared as
described above and cultured in the same media as the feeder-free condition. 50% media top-

up is performed after 4 days.

2.5 Cell division tracking

Cells are resuspended at 1x10%/mL in PBS with 5 uM CellTrace Violet or CFSE (ThermoFisher
Scientific) and incubated for 10 minutes at 37° C. Add 5 times the original staining volume of
culture medium and centrifuge. Repeat the washing step 2 times and resuspend the pellet in the

desired medium.
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2.6 Preconditioning of MSCs
2.6.1 Generation of AML expressing inducible caspase 9 fragment

A plasmid with the MSCV.IRES.GFP retrovirus backbone expressing a product of FKBP1A
fused with a Ser-Gly-Gly-Gly-Ser linker to the small and large subunit of the caspase 9 gene
(originally deposited by David Spencer) was obtained from Addgene. Retrovirus production
was carried out identically to the lentivirus production with the exception that retrovirus
packaging constructs pHIT60 (expressing gag-pol) and pVSV-g (expressing VSV-G) were
used (both a generous gift from Jonathan Stoye). AML cell lines were transduced at MOI 10
and sorted for GFP" cells (named AML iCasp9) 4 days afterwards.

2.6.2 Preconditioning with AML

MSCs were co-cultured for 5 days with AML iCasp9 cell lines then treated with 10 nM of
AP1903 (Insight Biotechnology). 24h after the addition of AP1903 all apoptotic and dead AML
cells were carefully washed away and CD34* HSPCs were seeded at 0.04-0.1x10°/ml.

2.6.3 Preconditioning with hypoxia

After 5 days of MSC culture under hypoxic conditions at 3 % O the media was discarded and
replaced with Myelocult H5100. CD34* HSPCs were seeded at 0.04-0.1x10°/ml.

2.7 Analysis of reactive oxygen species and mitochondrial membrane potential

TMRE (mitochondrial membrane potential) or cellrox deep red (reactive oxygen species) (both
from ThermoFisher Scientific) were added 30 minutes before cells were harvested at 40 nM
and 5 uM, respectively. MMP and ROS were measured via flow cytometry on 561 nm/594 nm
and 640 nm/647 nm, respectively.

70



2.8 Colony-forming assay
2.8.1 Primary CFU-assay

220 CD34" HSPCs are resuspended in 1.1 mL methylcellulose (Methocult H4434 Stem Cell
Technologies) containing SCF, GM-CSF, IL3 and EPO at manufacturer’s concentration. 1 mL
of the suspension is transferred one of the 6 inner wells a 12-well dish. The outer wells are
filled with dH20 to prevent the methylcellulose from drying. Colonies are scored after 14 days
by cell morphology, colony shape and colour into CFU-granulocyte (CFU-G), CFU-
macrophage (CFU-M), CFU-granulocyte/macrophage (CFU-GM), burst-forming unit -
erythrocyte (BFU-E) and CFU-granulocyte, erythrocyte, monocyte, megakaryocyte (CFU-
GEMM).

2.8.2 Secondary CFU-assay

After the primary CFU-assay the methylcellulose is diluted with PBS and the colonies are
dispersed with a pipette and transferred to a 15 ml falcon tube. After centrifugation at 300G for
7 minutes the supernatant is discarded and the pellet resuspended in 2 % FBS/PBS. 1.1x10°
cells are resuspended in 1.1 mL of fresh methylcellulose with cytokines (Methocult H4434,
Stem Cell Technologies). 1 mL of the suspension is transferred one of the 6 inner wells a 12-
well dish. The outer wells are filled with dH20 to prevent the methylcellulose from drying.
Colonies are scored after 14 days. The number of colonies from 1x10° cells is multiplied by

the total number of cells obtained after the primary CFU-assay.

2.9 Long term colony initiation cell — Assay (LTC-IC)

2.9.1 Limiting dilution LTC-IC

As a feeder-layer MS-5 are seeded at 2x10*cm2 on day 0 in a 96-Well plate in 8 rows of 5
columns. On day 1 the plate is irradiated at 7.5 grey. CD34" HSPCs are serially diluted ranging
from 640 — 5 cells/well and resuspended Myelocult H5100 (Stem cell technologies). All media
is removed from the 96-well plate and the serially-diluted cell suspension is added to the plate.
Half medium exchanges are carried out weekly. After 5 or more weeks, the media is carefully
removed and the wells are filled with 100 pL of methylcellulose (Methocult H4434 Stem Cell
Technologies) containing SCF, GM-CSF, IL3 and EPO at an undisclosed concentration. The
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wells are scored for colonies after 14 days. Positive wells contain one or more colonies while

negative colonies contain no colonies.

2.9.2 Bulk Culture LTC-IC

Once the number of colonies per LTC-IC is determined with the limiting dilution LTC-IC a
bulk culture LTC-IC can be performed.

As a feeder-layer MS-5 are seeded at 2x10%/cm2 on day 0 in a 12-well dish. On day 2 the plate
is irradiated at 7.5 grey. 4000 CD34" HSPCs are resuspended in 1 ml of Myelocult H5100
(Stem cell technologies). The media from the irradiated feeder-layer plate is removed and
replaced with 1 ml of the HSPC suspension per Well. 500 pul of media is exchanged twice a
week. After 5 or more weeks, all cells are collected and FACS sorted using a surface marker
staining for human CD45 and murine SCA-1 to discriminate MS-5 (Sca-1"CD45%) and
haematopoietic cells (Sca-1"CD45"). 2.2x10* of haematopoietic cells are resuspended in 1.1 ml
of methylcellulose (Methocult H4434 Stem Cell Technologies) containing SCF, GM-CSF, 1L3
and EPO at manufacturer’s concentration. 1 mL of the suspension is transferred one of the 6
inner wells a 12-well dish. The outer wells are filled with dH2O to prevent the methylcellulose
from drying. Colonies are scored after 14 days. The number of colonies from 2x10* cells is
used to calculate the total number of colonies from the progeny of 4000 HSPCs. The total
colony number is then divided by the average colony output per LTC-IC which determines the

number of LTC-IC per 4000 HSPCs.

2.10 In vivo assays

2.10.1 Mice

All animal experiments were performed under the project license (PPL 70/8904) approved by
the Home Office of UK and in accordance to The Francis Crick institute animal ethics
committee guidelines. NOD.Cg-Prkdcscid I12rgtm1Wjl/Sz] (NOD/SCID/IL2 receptor 2
gamma chain null, NSG) and  NOD.Cg-Prkdcscid I12rgtm1Wjl Tg(CMV-
IL3,CSF2,KITLG)1Eav/MloySzJ (NOD/SCID/IL2 receptor 2 gamma chain null -SCF GM-
CSF IL3, NSG-SGM3) mice were obtained from Jackson Laboratory (Bar Harbour, Maine,
USA) and bred at the Francis Crick Institute.
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2.10.2 Human Xenografts

7 days prior to transplantation mice were put on acidified water. 24 hours prior to
transplantation 8-12-week-old mice were sublethally irradiated with 3.75 Gy from a
137Caesium source (IBL 637 Gamma Irradiator). The mice were administered prophylactic
antibiotics (Baytril 2.5% via drinking water) three times per week for two weeks after
irradiation.

In the primary engraftment purified CD34" cells, 30000 - 45000 cells per mouse, were injected
per mouse in a volume of 150 pl 2 % FBS/PBS. For secondary engraftment 4x10° purified
hCD45" cells (Isolated with human/mouse chimaera isolation kit from Stem cell Technologies)

in a volume of 150 ul were injected per mouse.

Mice were first warmed in a heat box to 38°C to dilate the tail vein and cells were injected

intravenously with a 30 G needle and 0.5 ml syringe.

2.10.2.1 Analysis of human engraftment (12 weeks)

Engraftment of human cells in the murine bone marrow was assessed 12 weeks post-injection.
Mice were sacrificed by cervical dislocation and tibia, femur and ilium dissected bilaterally.
Bone marrow was harvested by flushing the bone cavity with 2% FBS/PBS using a 30 G needle
and 1 ml syringe or by crushing with pestle and mortar, each mouse was processed individually.
Remaining erythrocytes were lysed with 2-3 ml of ammonium chloride for 3 minutes at room
temperature. The reaction was stopped by addition of an equal volume of FBS and cell were

pelleted. The sample was then processed for FACs analysis as described in the next section.

2.10.2.2 Bone marrow aspiration (8 weeks)

Bone marrow cells were sampled from the tibia of anaesthetized mice with a 30 G needle and
0.5 ml syringe 8 weeks post-transplantation. The aspirated cells were resuspended in 0.5 ml of

2% FBS/PBS.

2.11 Scaffold

2.11.1 Scaffold preparation
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All the experimental procedures were performed according to aseptic operating conditions.
Gelfoam gelatine sponges (2 cm x 6 cm x 7mm) (Pfizer, Kalamazoo, MI, USA) were cut into
24 equally sized squares, washed once with ethanol 70% and two times with PBS. MSCs were
resuspended in o-MEM with 10 % FBS at 1x10° cells/ml and 100l (1x10° cells) were carefully
injected into each scaffold. The scaffolds were cultured in polystyrene ultra-low attachment 24
well plates and MSCs allowed to adhere for 3-5 hours prior to addition of media. Scaffolds
were then cultured for 3 to 5 days to allow MSCs to expand. HSPCs (1x10° CD34"), AML Cell
lines (0.1x10°) and AML Patient samples (1-5x10° MNC) were injected in these MSC-seeded
scaffolds and media was replaced to Myelocult H5100 (Stem Cell Technologies). Myelocult
H5100 (Stem Cell Technologies) was supplemented with cytokines (20ng/ml G-CSF, 20ng/ml
IL-3 and 20ng/ml TPO from PeproTech, London, UK) when AML patient samples were used.

2.11.2 Surgery and pre- and post-surgery care

All animal experiments were performed in accordance to Home Office and Crick guidelines.
Anti-inflammatory and pain-killer drugs Caprofren (Rimadyl, Zoetis) or Metacam (Boehringer
Ingelheim) were administrated 24 hours before surgical procedure to each animal in the
drinking water or mixed with egg custard, respectively. Anaesthesia was induced with 2-2.5%
isoflurane (Abbott Vet Isoflurane) and O» at 2-4%. 24h before surgery the fur on the back of
the animal was shaved and immediately prior to surgery sterilised with 0.8 % chlorhexidine in
H>O. Along the spine two 0.5 cm incisions spaced 3 cm from each other were made.
Subcutaneous pockets along the sides of the animals were formed with scissors and scaffolds
placed inside (1 per pocket) and the incision was closed with staples. Up to six scaffolds were
implanted per mouse. Buprenorphine (Vetergesic, Alstoe) and Metacam (Boehringer
Ingelheim) was subcutaneously injected and animals were allowed to recover from anaesthesia
in a prewarmed cage. After surgery, animals were checked frequently for their well-being.
Rimadyl in the drinking water or Metacam in baby egg custard was provided daily until 48
hours after surgery. At endpoint, all scaffolds were harvested and then digested in a HBSS
digestion solution containing 2% FBS, DNase I (10 pg/ml), Collagenase (1 mg/ml), Dispase 11
(5 mg/ml) and Heparin (20 U/ml) at 37°C for 1.5h. The reaction was stopped with 3 volumes
of MSC media.
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2.12 Flow Cytometry

2.12.1 Extracellular Staining and Analysis Parameters

Cells were incubated with antibodies at room temperature for 15 minutes, or 4°C for 30-60
minutes, in the dark in 100 pl 2 % FBS/PBS. Samples were subsequently washed and
suspended in DAPI (4’, 6’-diamidino-2-phenylindole) at concentration 100 ng/ml in 2 %
FBS/PBS and analysed on a flow cytometer (LSR Fortessa or LSRII from BD Biosciences or
MACSQuant Analyser 10 from Miltenyi Biotec).

Single colour controls were prepared with OneComp compensation beads (eBiosciences).
Gates were set to exclude non-viable cells, debris and doublets during analysis. For absolute
quantification, CountBright™ Absolute Count beads (Life Technologies) were used at 5000-
10000 beads per sample.

2.12.2 AnnexinV Staining

Cells were resuspended in 100 pL 1x AnnexinV staining buffer (BD Pharmigen,
BMS306PE/100) containing 5 uL of anti-AnnexinV antibody together with other cell surface
staining antibodies. The suspension was allowed to incubate for 15-30 minutes at RT in the
dark and washed and resuspended with AnnexinV staining buffer. 100 ng/mL DAPI was added
to label dead cells and debris. Live cells undergoing apoptosis were identified as DAPI negative

and AnnexinV positive. DAPI and AnnexinV double-positive cells were classed as dead.

2.12.3 Intracellular Staining

Cells were first stained for extracellular markers, washed with PBS and fixed and
permeabilisation using the cytofix/cytoperm kit (BD biosciences) according to the
manufacturer’s instructions. The cells are fixed with PFA (Para-formaldehyde) containing
fixation buffer at 4°C for 20 minutes. Cells were washed in with permeabilisation-wash buffer
containing saponin and resuspended in 100 pl staining solution consisting of the antibodies and
permeabilisation-wash buffer. Primary and secondary antibody staining was carried out over
1h at 4°C. Cells were washed with permeabilisation-wash buffer and resuspended in DAPI 1
pg/ml with 2% FBS/PBS and analysed.
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2.12.4 Ki67 and EdU staining

For cell cycle analysis cells were fixed and permeabilised as described and stained with 2 pl of
anti-Ki67- APC. Staining was performed for ON at 4°C. Cells were washed in 2 % FBS/PBS
and resuspended in 300 pl 2 % FBS/PBS with DAPI 1 pg/ml.

For EdU analysis 200 ul of 10 mM EdU PBS solution was injected intraperitoneal (IP) 16h
before the mice were culled. After scaffold harvest and digestion, the cells were fixed and
permeabilised according to Click-it plus EAU Alexa 647 flow cytometry assay kit instructions
(Thermo Scientific). After fixation the cells were stored ON at 4°C for any remaining PFA to
evaporate. On the next day the cells were stained in Alexa 647 click-it staining cocktail for 30
min at RT and subsequently flow cytometry analysed. As negative control an aliquot of cells

was stained with click-it staining cocktail without Alexa 647 picolyl azide.

2.12.5 Cell Sorting

Cells were stained as previously described and as appropriate for the assay. Samples were
resuspended in 1 ml DAPI 100 ng/ml in 2% FBS/PBS and filtered through a 40 um mesh filter
(BD Biosciences) to remove clumps and samples kept on ice. Sorting was performed on either
MoFlo XDP (Beckman Coulter), BD FACS Aria or BD Influx sorters using a 100 um nozzle.
Collection tubes contained 2% FCS/PBS and purity checks were performed to check sort

quality.

2.13 Molecular Biology
2.13.1 RNA Extraction

The direct-zol RNA purification kit (Zymo Research) was used for samples <I1x10° cells and
the RNeasy Mini kit (Qiagen RNeasy) for samples between 1x10° - 1x107 cells. RNA was
extracted using the according to manufacturer’s protocol. RNA was eluted in RNase-free
distilled water. The RNA concentration and purity were quantified on the Nanodrop 2000c
Spectrophotometer (Thermo Scientific) by measuring absorbance at 230 nm, 260 nm and 280

nm. Samples were stored at -80°C.
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2.13.2 Reverse Transcription

RNA was reverse transcribed to cDNA using Superscript I[II M-MLV reverse transcriptase
(Invitrogen), according to manufacturer’s protocol. A maximum of 1 pg of total RNA and oligo
dT20 primers were used per 20 pl reaction. The reaction was incubated for 30-60 minutes at

50°C, and then inactivated at 70°C for 15 minutes. cDNA was stored at -20°C.

2.13.3 Quantitative real-time PCR

All quantitative PCR (QPCR) was performed with SybrGreen. Reactions were performed in
10 pl reactions in 384-well plates with the following components: 3-20 ng cDNA, forward and
reverse primers at 300 nM each, 5 pl of SYBR® Green Mastermix (Applied Biosystems) and
distilled water to 10 pl. Reactions were always run at least in duplicate. GAPDH (for HSPCs)
and Ribosomal Protein L18A (RPL18A) (MSC) was used as housekeeping gene controls.
Thermal cycling was performed on a QuantStudio™ 5/7 (Applied Biosystems) using the
standard manufacturer’s settings and mRNA expression was quantified with the Comparative

CT Method.

2.13.4 Western blotting

Cells were lysed in RIPA buffer containing a protease and phosphatase inhibitor cocktail (all
from Sigma). The protein concentration was measured with a Lowry protein assay (DC Protein
Assay from BioRad). Total protein extracts (20-30 pg) were mixed with 4x Nupage Loading
buffer (ThermoFisher Scientific) and boiled at 96° C for 5 min. The samples were run on a
denaturing precast 8-12 % bis-tris Nupage gel (ThermoFisher Scientific) and transferred by
wet transfer to nitrocellulose membranes. Primary antibodies were incubated ON at 4° C and
secondary antibodies lh at RT. Protein bands were visualised using an enhanced

chemiluminescence visualisation system (ECL Plus, Amersham Life Sciences).

2.14 Statistical Analysis

The results are shown as mean +/- SEM unless stated otherwise. All statistical analyses were
performed using GraphPad Prism software. The unpaired or paired Student’s t-test was used

unless indicated otherwise. A p-value <0.05 was considered significant.
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Table 6. Antibodies
Antigen Species Clone Manufacturer Catalogue
number
B—Actin Human AC-15 Sigma A1978
CD135 Human 4G8 BD 583494
CDI19 Human HIB19 BD 555412
CD3 Human UCHT1 BD 555333
CD33 Human WMS53 BD 551378
CD34 Human 4H11 eBioscience 25-0349-42
CD34 Human 8G12 BD 347222
CD34 Human 581 BD 555824
CD38 Human HB7 eBioscience 25-0388-42
CD45 Human HI30 eBioscience 25-0459-42
CD45 Mouse 30-F11 eBioscience 45-0451-82
CD45RA Human HI100 eBioscience 47-0458-42
CD49f Human GoH3 BD 555736
CD51 Mouse RMV-7 eBioscience 12-0512-83
CD73 Human AD2 BD 563199
CD90 Human eBio5E10 eBioscience 17-0909-42
HIF-1a Human 54/HIF-1a BD 610959
HLA-A2 Human BB7.2 BD 558570
Ki67 Human 20RAJ1 eBioscience 50-5699-82
CD3 (clone SK7),
CD16 (clone 3G8),
Lineage CD19 (clone
. Human SJ25C1), CD20 BD 340546
cocktail (clone L27), CD14
(clone M@P9), CD56
(clone NCAM16.2)
STC1 Human N-15 Santa Cruz sc-14346
Table 7. shRNA sequences
Target Sequence
shCTL(dsRed) GCTCCAAGGTGTACGTGAATTCAAGAGATTCACGTACACCTTGGAGC
HIF-1a. GATGTTAGCTCCCTATATCCCTTCAAGAGAGGGATATAGGGAGCTAACATC
shCTL (lacZ) GTCGGCTTACGGCGGTGATTTCTCGAGAAATCACCGCCGTAAGCCGAC
STC-1 #1 GCATGTCTTAAATGCTCATAACTCGAGTTATGAGCATTTAAGACATGC
STC-1#2 GTACTGTGCCTGGTTTGATTTCTCGAGAAATCAAACCAGGCACAGTAC
Table 8. RT-PCR primer sequences
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Gene Species 5’ sequence 3’ sequence
STC-1 Human TGAGGCGGAGCAGAATGACT CAGGTGGAGTTTTCCAGGCAT
STC-2 Human GGTGGACAGAACCAAGCTCTC CGTTTGGGTGGCTCTTGCTA
VEGF-A Human ATGAACTTTCTGCTGTCTTGGGT | TGGCCTTGGTGAGGTTTGATCC
RPLI8A Human GGAGAGCACGCCATGAAG AAGATTCGCATGCGGTAGAG
IGF-BPI Human TCAAAAAATGGAAGGAGCCCT | AATCCATTCTTGTTGCAGTTT
IGF-BP2 Human CACCGGCACATGGGCAA GAAGGCGCATGGTGGAGAT
PDK1 Human CGGATCAGAAACCGACACA ACTGAACATTCTGGCTGGTGA
GLUTI Human AACTCTTCAGCCAGGGTCCAC CACAGTGAAGATGATGAAGAC
IFN-« Human GACTCCATCTTGGCTGTGA TGATTTCTGCTCTGACAACCT

HIF- 1o (mut): (eSS

ATGGAGGGCGCCGGCGGCGCGAACGACAAGAAAAAGATAAGTTCTGAACGTCGAAAAGAAAAGTCTCGAG
ATGCAGCCAGATCTCGGCGAAGTAAAGAATCTGAAGTTTTTTATGAGCTTGCTCATCAGTTGCCACTTCC
ACATAATGTGAGTTCGCATCTTGATAAGGCCTCTGTGATGAGGCTTACCATCAGCTATTTGCGTGTGAGG
AAACTTCTGGATGCTGGTGATTTGGATATTGAAGATGACATGAAAGCACAGATGAATTGCTTTTATTTGA
AAGCCTTGGATGGTTTTGTTATGGTTCTCACAGATGATGGTGACATGATTTACATTTCTGATAATGTGAA
CAAATACATGGGATTAACTCAGTTTGAACTAACTGGACACAGTGTGTTTGATTTTACTCATCCATGTGAC
CATGAGGAAATGAGAGAAATGCTTACACACAGAAATGGCCTTGTGAAAAAGGGTAAAGAACAAAACACAC
AGCGAAGCTTTTTTCTCAGAATGAAGTGTACCCTAACTAGCCGAGGAAGAACTATGAACATAAAGTCTGC
AACATGGAAGGTATTGCACTGCACAGGCCACATTCACGTATATGATACCAACAGTAACCAACCTCAGTGT
GGGTATAAGAAACCACCTATGACCTGCTTGGTGCTGATTTGTGAACCCATTCCTCACCCATCAAATATTG
AAATTCCTTTAGATAGCAAGACTTTCCTCAGTCGACACAGCCTGGATATGAAATTTTCTTATTGTGATGA
AAGAATTACCGAATTGATGGGATATGAGCCAGAAGAACTTTTAGGCCGCTCAATTTATGAATATTATCAT
GCTTTGGACTCTGATCATCTGACCAAAACTCATCATGATATGTTTACTAAAGGACAAGTCACCACAGGAC
AGTACAGGATGCTTGCCAAAAGAGGTGGATATGTCTGGGTTGAAACTCAAGCAACTGTCATATATAACAC
CAAGAATTCTCAACCACAGTGCATTGTATGTGTGAATTACGTTGTGAGTGGTATTATTCAGCACGACTTG
ATTTTCTCCCTTCAACAAACAGAATGTGTCCTTAAACCGGTTGAATCTTCAGATATGAAAATGACTCAGC
TATTCACCAAAGTTGAATCAGAAGATACAAGTAGCCTCTTTGACAAACTTAAGAAGGAACCTGATGCTTT
AACTTTGCTGGCC-GCCGCTGGAGACACAATCATATCTTTAGATTTTGGCAGCAACGACACAGAAACT
GATGACCAGCAACTTGAGGAAGTACCATTATATAATGATGTAATGCTCCCCTCACCCAACGAAAAATTAC
AGAATATAAATTTGGCAATGTCTCCATTACCCACCGCTGAAACGCCAAAGCCACTTCGAAGTAGTGCTGA
CCCTGCACTCAATCAAGAAGTTGCATTAAAATTAGAACCAAATCCAGAGTCACTGGAACTTTCTTTTACC
ATGCCCCAGATTCAGGATCAGACACCTAGTCCTTCCGATGGAAGCACTAGACAAAGTTCACCTGAGCCTA
ATAGTCCCAGTGAATATTGTTTTTATGTGGATAGTGATATGGTCAATGAATTCAAGTTGGAATTGGTAGA
AAAACTTTTTGCTGAAGACACAGAAGCAAAGAACCCATTTTCTACTCAGGACACAGATTTAGACTTGGAG
ATGTTAGCT-TATATCCCAATGGATGATGACTTCCAGTTACGTTCCTTCGATCAGTTGTCACCATTAG
AAAGCAGTTCCGCAAGCCCTGAAAGCGCAAGTCCTCAAAGCACAGTTACAGTATTCCAGCAGACTCAAAT
ACAAGAACCTACTGCTAATGCCACCACTACCACTGCCACCACTGATGAATTAAAAACAGTGACAAAAGAC
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CGTATGGAAGACATTAAAATATTGATTGCATCTCCATCTCCTACCCACATACATAAAGAAACTACTAGTG
CCACATCATCACCATATAGAGATACTCAAAGTCGGACAGCCTCACCAAACAGAGCAGGAAAAGGAGTCAT
AGAACAGACAGAAAAATCTCATCCAAGAAGCCCTAACGTGTTATCTGTCGCTTTGAGTCAAAGAACTACA
GTTCCTGAGGAAGAACTAAATCCAAAGATACTAGCTTTGCAGAATGCTCAGAGAAAGCGAAAAATGGAAC
ATGATGGTTCACTTTTTCAAGCAGTAGGAATTGGAACATTATTACAGCAGCCAGACGATCATGCAGCTAC
TACATCACTTTCTTGGAAACGTGTAAAAGGATGCAAATCTAGTGAACAGAATGGAATGGAGCAAAAGACA
ATTATTTTAATACCCTCTGATTTAGCATGTAGACTGCTGGGGCAATCAATGGATGAAAGTGGATTACCAC
AGCTGACCAGTTATGATTGTGAAGTT-GCTCCTATACAAGGCAGCAGAAACCTACTGCAGGGTGAAGA
ATTACTCAGAGCTTTGGATCAAGTTAACTGA
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Chapter 3. Ex vivo modelling the AML crosstalk with microenvironment and
normal haematopoietic HSPCs

3.1 Introduction

The mechanics of how AML utilises and reshapes the BM microenvironment has received
increased scientific interest in recent years. In particular, the non-haematopoietic niche
components have seen extensive approaches to weight their contribution to the SCN and
measure quantitative and qualitative changes during AML. At the same time, normal HSPCs
from murine and human AML patients show increased quiescence and egress from the BM
niche and several groups successfully implicated the AML niche for this phenotype (Duarte et
al., 2018; Gong et al., 2018; Hanoun et al., 2014).

During the progression of AML, mature haematopoietic cells are increasingly replaced by
AML blast. HSPCs are also numerically sharply reduced but at different rates, enriching
specific populations in the remaining normal haematopoietic compartment. Restricted
progenitors (HPCs), like MEPs, are equally lost relative to the number of total normal
mononucleated cells (MNCs), but also in absolute numbers. MPPs and HSCs are numerically
reduced as well but are more resilient and relatively enriched among MNCs (Cheng et al., 2015;

Miraki-Moud et al., 2013).

Precise mechanistic studies, especially involving human specimens, are still rare owing to the
complexity of the niche and often scarcity of samples. The current literature covers mostly
murine HSPCs from the murine MLL-AF9 fusion gene model (Akinduro et al., 2018; Cheng
et al., 2015; Duarte et al., 2018; Gong et al., 2018) and the AML xenotransplant into NSG mice
(Miraki-Moud et al., 2013). Human CD34" HSPCs from AML patients have been exclusively
studied in CD34" NPM1 mutated AML due to phenotypic distinction between HSPCs and
AML (Miraki-Moud et al., 2013). In recent years, aldehyde dehydrogenase activity (ALDH)
has emerged as promising new markers to distinguish normal from leukaemic HSPCs.
However, selection pressures from pre-existing conditions like MDS or clonal haematopoiesis
may complicate a direct comparison of non-leukaemic HSCs from AML patients with aged-
matched HSPCs (Hoang et al., 2015; Wang et al., 2017). Lastly, Boyd et al.co-transplanted
normal CB HSPCs with AML patient samples in NSG mice and observed a lack of myeloid-

erythroid differentiation owing to a deteriorated adipocyte niche. However, it is unclear to what
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extent their data reflects an AML-HSPC crosstalk or a competition for the SCN between LICs
and HSCs (Boyd et al., 2017).

In summary, the complex non-haematopoietic and haematopoietic BM environment are
extensively impacted by AML. The BM niche provides a suitable environment for AML
proliferation, but it is not clear to what extent a complex BM niche is necessary to provoke
defective HSPC expansion. Our objective was to develop an ex vivo and in vivo niche system
to capture AML — HSPC interactions directly and indirectly via the mesenchymal stroma niche.
A fully humanised environment may be of particular importance for AML and allows
interactions without species barrier limitations (Abarrategi et al., 2017). In this system, the
interactions could be precisely quantified, functionally investigated and modulated.

BM MSCs can be easily isolated, expanded and cultured ex vivo and facilitate the maintenance
of normal and malignant cells making them excellent representatives of the bone marrow niche
(Griessinger et al., 2014; Rouault-Pierre et al., 2017; Walenda et al., 2010). Additionally,
MSCs co-cultured with AML or directly isolated from AML patients are distinct from their
normal BM MSCs implying extensive remodelling of the mesenchymal niche (Battula et al.,
2017; Geyh et al., 2018; Jacamo et al., 2014). CB CD34" HSPCs cells were chosen as normal
haematopoietic component due to availability, higher ex vivo performance compared to their

adult BM counterparts (da Silva et al., 2009).
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3.2 Results

3.2.1 Quantitative analysis of normal CB HSPCs co-cultured of with BM MSCs and
AML

The two known impacts of AML on HSPCs are numeric reduction and egress from BM. While
homing could be mimicked via an SDF1 migration/homing assay, egress poses difficulties to
mimic in a culture dish. Hence, we first measured quantitative changes of phenotypically
defined total haematopoietic cells (CD45%), HPCs (CD34'CD38" or +/+) and HSPCs
(CD34CD38 or +/-) by flow cytometry.
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Figure 5. Schematic of in vitro culture protocol and cell separation

(A) MSCs were plated on culture dish 48h prior to seeding of CB HSPCs and AML. After 4
days all cells were collected and processed accordingly for downstream analysis. (B) Non-
leukaemic HSPCs were separated from AML and MSCs via expression CD45 and absence of
GFP, CD73/CD90 expression. Normal HSPCs were further separated into CD34-, HPCs
(CD34°CD38") and HSPCs (CD34°CD38).

Since MSCs highly express CD73 and CD90 and are devoid of CD45, we used these markers
to separate haematopoietic cells (CD907°% or CD73" and CD45") from MSCs. AML cell lines
were transduced with a lentivirus vector to express green fluorescent protein (GFP) to

discriminate normal HSPCs from AML (Figure 5). When AML patient samples were tested,
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we used human leukocyte antigen — A2 (HLA-A2) mismatched between AML and normal CB
HSPCs to separate the respective cells using an HLA-A2 specific fluorophore-conjugated
antibody.

3.2.1.1 Time course analysis with AML cell line

Firstly, we performed a time-course analysis to determine the growth kinetics of HSPC co-
cultured with AML cell line U937. As comparison, CB HSPCs cultured without AML under
identical culture conditions, termed CD34" alone, were used as controls throughout all ex vivo
work. Since cryopreserved CB HSPCs were used, which necessitate a 48h recovery period, no
measurements were taken during the first 48h. The ratio of AML:normal HSPCs at day 0 was

3:1 for AML cell lines to mimic extensive BM infiltration.
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Figure 6. 4-day time course analysis of HSPC cultured with and without AML cell
line U937

(A) Cell counts of total non-leukaemic haematopoietic cells (hCD45) and undifferentiated
CD34" (Lin'CD34") and CD34 (Lin"CD34") from CD34" alone (black line/CTL) and together
with AML cell line U937 (red line/U937) (B) Cell counts of CD34" sub-fractions HPCs +/+
and HSPCs +/- were divided by total CD34" cells to obtain the distribution among CD34";
CTL — Control; Error bars are +/- SEM (standard deviation of the mean) (n=2 technical
replicates)

Without AML cell line U937, normal HSPCs (black lines) expanded quickly between 2-4 days
and a population doubling of total non-leukaemic haematopoietic cells (CD45") was estimated
every 78h. As the CD34" exit their mostly quiescent state from day 0, the CD34" cells give rise
to more differentiated cells lacking CD34 and yet also distinct lineage marker expression
(Figure 5A). Within the remaining CD34" cells, the +/- fraction progressively acquires CD38
expression and becomes +/+ progenitors (Figure 6B). In the presence of AML cell line U937

(red line), no expansion of total and CD34" haematopoietic cells were observed at time points
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between 2 to 4 days (Figure 6A). Furthermore, +/- HSPCs were proportionally and even
numerically enriched among the total haematopoietic cells at the expanse of +/+ progenitors
(Figure 6B). Of note, U937 population doubling was estimated at 34h and 36h for day 3 and
day 4, respectively, indicating that AML proliferation remained mostly unperturbed (Figure
6A). This data shows that AML cell lines U937 is capable of selectively impeding HSPC

expansion ex vivo.

3.2.1.2 Screen with AML cell lines and AML patient samples

To make sure that the effect seen was not specific to the cell line used, we carried out a larger
screen on HSPCs with a range of AML cell lines (HL60, ML1, U937, KG1A, NB4, MOLM13
and OCI-AML3) and patient samples to cover multiple genetic abnormalities recurrent in
AML. Each cell line and patient were assigned a specific symbol which is kept consistent

throughout this report (Table 1)

Table 9. AML cell lines and patient samples and their respective symbols in graphs
' AML Patient Sample
AML Cell Line Symbol S Symbol
alone

MOLM-13 v AMLI D
KGI1A o AML?2 A
ML1 G AML3 O
U937 A AML4 o
KGlI E AMLS ‘
HL60 e AMLS v
OCI-AML3 0 AMLI0 o
NB4 * CD34" alone .
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AML patient samples were given a 48h pre-culture recovery phase and a higher ratio of at least
10:1 to compensate for apoptosis which often initially occurs during AML ex vivo cultures. We
also added a second control by adding normal CB mononucleated cells at a 3:1 ratio to mimic
the conditions of healthy bone marrow, called + normal CB mononucleated cells. Normal CB
mononucleated cells consist mainly of CD3" T-lymphocytes and to a lesser extent CD33"
myeloid and CD19" B-cells (Figure 7). In comparison, BM mononucleated cells contain
comparable compositions consisting of around 22 % CD3" T-cells, 4 % B-cells and 32 %

myeloid cells (Hassan et al., 1996; Yang et al., 2013).
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Figure 7. Lineage Distribution of normal CB MNCs
Normal CB mononucleated cells were analysed for expression of B-cell marker CD19, pan-
myeloid marker CD33 and T-cell marker CD3. (n=1)
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Consistent with the previous results, after 4 days, all cultures containing AML, (+ AML cell
lines and + AML patient samples), contained between 24-38 % fewer total haematopoietic cells
(CD45") and 13-60 % less +/+ progenitor than CD34" alone or + normal CB MNCs controls
(Figure 8A). Furthermore, within CD34" cells, we observed a 2 to 4-fold higher proportion of

+/- at the expense of +/+ progenitors (Figure 8B).
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Figure 8. Relative cell counts and phenotypic distributions of non-leukaemic

haematopoietic cells after 4 days

(A) Representative flow cytometry plots of non-leukaemic HSPCs and cell counts of total non-
leukaemic haematopoietic cells (hCD45) and HPCs +/+ and HSPCs +/- from CD34" alone, +
normal CB MNCs, + AML cell lines and + AML patients. (B) Cell counts of CD34" sub-
fractions were divided by total CD34" cells to obtain the distribution among CD34"; for + AML
cell lines and + AML patients each dot represents a different cell line or patient sample from
three different experiments (n = 3). *p<0.05. Error bars are +/- SEM

Interestingly, + normal CB MNCs controls accelerate the expansion of HSPCs as opposed to
AML and CD34" alone ruling out non-specific effects from normal haematopoietic cells
(Figure 8A/B). Additionally, the extent by which HSPC expansion was suppressed depended
on the AML cell line or patient samples but did not significantly correlate with AML cell
numbers (Figure 9). In a separate experiment normal CB MNCs were FACS-sorted into CD3*
T-cells, CD19" B-Cells and CD33" myeloid cells and co-cultured with CB HSPCs. Again, the

recovery of total and CD34" haematopoietic cells was not affected by non-malignant B-, T-
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and myeloid lineage cells (Figure 10). This indicates that mutationally diverse AML cell lines
and patient samples suppress HSPCs and since non-malignant BM cells could not reduce HSPC

expansion, this effect is AML-specific.
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Figure 9. Relationship between numbers of AML cells and total non-leukaemic

haematopoietic cells
Best curve fit (solid line) and 95 % confidence intervals (dotted lines) of total non-leukaemic
haematopoietic cells and AML cells; representative data from 3 independent experiments.
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Figure 10.  Cell counts of HSPCs and sub-populations after co-culture with purified
normal CB MNC:s fractions.

B-cells, T-cells and myeloid cells were sorted from normal CB MNCs and co-cultured with
HSPCs. After 4 days cell counts of total non-leukaemic haematopoietic cells (hCD45) and
HPCs +/+ and HSPCs +/- were taken and compared to CD34" alone (n=1); Error bars are +/-
SEM
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3.2.1.3 HSPC Viability

To explain the reduction of HSPC expansion, either cell cycle activity or viability should be
reduced. Viability was measured either by absorption of an DNA inter-calleting dye like ',6-
Diamidin-2-phenylindol (DAPI) or propidium iodine (PI) alone or in combination with annexin
V, a marker of early apoptosis. Neither approaches revealed a considerable reduction of cell
viability of +/+ or +/- which was above 90 % in most cases (Figure 11A-B). Only more mature
CD34" cells were enriched for AnnexinV/DAPI" apoptotic-dead cells (Figure 11C). This
indicates that cell death does not account for the reduction of HSPC expansion at least within

the CD34" compartment.
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Figure 11.  Viability of HSPCs alone or co-cultured with AML

(A) PI/DAPI" +/+ HPCs or +/- HSPCs normalised to CD34" alone (n=3) (B) Representative
plots of CD34" alone or + AML to measure cell viability using PI for dead cell discrimination
and AnnexinV'PI" for early apoptotic cells; quantifications of viability of CD34" cells (C)
Quantification of viability of CD34; each dot representing a different cell line or AML patient
sample for + AML cell lines or + AML Patients (n=2); *p<0.05, non-significant p > 0.05. Error
bars are +/- SEM

3.2.1.4 Cell cycle and proliferation assay

Right after isolation from CB, HSPCs are almost exclusively in GO/G1 phase of the cell cycle.
Upon cell cycle activation, HSPCs express Ki67, a component of ribosomal RNA synthesis, in

all phases of the cell cycle. Additionally, the cellular DNA content, measured by DNA inter-
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calleting dyes increases with the onset of S-phase and throughout G2 and M-phase. Hence
quiescent cells are strictly Ki67"DAPT". To examine the status of cell cycle activation, the fixed
and permeabilised HSPCs were analysed for Ki67 expression and DNA replication. In
agreement with the reduction of HSPC expansion, total, +/+ and +/- cells from AML cultures
were significantly enriched between 1 to 4-fold in Ki67" DAPI" quiescent cells at the expense
of S, G2 and M-phase Ki67"DAPI" cells (Figure 12A-C). The reduction of cell cycle activation
at 48h predates any measurable changes in cell number, which may indicate the lack of HSPC

expansion is due to a diminished cell cycle activity (Figure 12B).
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Figure 12.  Cell cycle analysis of HSPCs and sub-populations alone or co-cultured
with AML

(A) Representative plots displaying the cell cycle analysis based on Ki67 expression and
DNA/DAPI content of HPCs +/+ and HSPCs +/- cultured alone or with AML cell line U937
(B) 7- day time course analysis of CD34" showing the proportions of quiescent cells (Ki67-
DAPI-) (solid line) and DNA-replicating/dividing cells (Ki67'DAPI’) (C) Quantification of
proportions of quiescent cells normalised by CD34" alone cultured with AML cell lines (n=3)
or AML patients (n=2), each dot representing a different cell line or AML patient sample for +
AML cell lines or + AML Patients; *p<0.05, n.s. p > 0.05. Error bars are +/- SEM

Because the cell cycle status is a static measurement, we opted for a more dynamic approach
involving cell division tracking dyes. Cells of interest are shortly stained with cell-permeable
fluorescent esters like Carboxyfluorescein succinimidyl ester (CFSE) or derivatives like
CellTrace Violet (CTV) which covalently bind to intracellular amine residues and thereafter
lose cell permeability. With every division, the signal per cell divides by half and proliferation
events can be accumulatively measured over long periods and multiple cell divisions. Over a
4 -day time course differences in retention of proliferation dye between CD34" alone and +
AML commenced after 48h and further intensified on day 3 and 4 as HSPCs failed to expand
(Figure 13).
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Figure 13.  4-day time course analysis of cell divisions of CD34"

CB CD34" cells were stained with a semipermeable cell division tracker on day 0 and co-
cultured with AML cell line U937 or alone to measure cell divisions over 4 days. Division 1
and 2 (1-2), 3 and 4 (3-4) and 5 or more (5+) were pooled; Error bars are +/- SEM (n=2
technical replicates)

In analogy with Histone H2B-GFP or BrdU pulse-chase experiments, we quantified the
percentage of cells with a high concentration of proliferation dye (termed CTV") for the HSPCs
screened with a range of AML samples. Between 25-50 % and 10-40 % more cells with high
concentrations of proliferation dye were observed in the +/+ and +/-, respectively (Figure 14).
Furthermore, the percentage of CTV"™ and CD34" cell numbers were strongly inversely
correlated. This further consolidates that the lower recovery of HSPCs from AML co-cultures

is a consequence of impeded proliferation.
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Figure 14.  Tracking of HSPC divisions cultured alone or co-cultured with AML

(A) Representative plot showing the CellTrace Violet signal intensity of CD34" before culture
(dotted line), alone (CD34" alone, black) or cultured with AML cell line NB4 (+AML, red),
the purple gate displays the gating strategy to obtain CTV" population (B) Quantification of
CTV" normalised by CD34" alone of +/+ HPCs and +/- HSPCs (n=3) (C) Best curve fit (solid
line) and 95 % confidence intervals (dotted lines) of CD34" cell count and corresponding CTV!
(%) (n=1); each dot representing a different cell line or AML patient sample for + AML cell
lines or + AML Patients; *p<0.05, n.s. p > 0.05. Error bars are +/- SEM

3.2.2 Qualitative analysis of normal CB HSPCs co-cultured of with BM MSCs and AML
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In agreement with results from Miraki-Moud et al. and Cheng et al., we observed that AML
impairs the proliferation but not the survival of normal HSPCs ex vivo (Cheng et al., 2015;
Miraki-Moud et al.,, 2013). Next, we addressed whether the reduced proliferation was
associated with reduced differentiation and enhanced stemness (Cheng et al., 2015; Miraki-
Moud et al., 2013). To test this, we isolated normal CD34" from AML co-cultures and
performed functional ex vivo and in vivo analysis. CD34 cells were sorted once but did not
produce any CFUs. Ex vivo analysis comprised a serial CFU-assay to determine immediate and
sustained progenitor cell function and LTC-IC Assay to assess the frequency of long-term
colony-forming cells (a mixture of MPPs and HSCs). To specifically address HSC potency, we
followed the current gold standard of two sequential 12-week transplantation assay into

immune-deficient mice (Figure 15).
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Figure 15.  Schematic depicting the functional analysis of CD34" cells isolated from
HSPCs cultured alone or with AML for 4 days

HSPCs were cultured for 4 days alone, with HLA-A2 mismatched AML patients or transwell
separated AML cell lines. FACS-sorted CD34" cells were plated in methylcellulose at 200
cells/ml for primary and 103/ml for secondary CFU-assay. Colonies were scored after 14 days.
4000 CD34" cells were cultured on irradiated MS-5 stroma cells for 5 weeks and CFU-
frequency was scored with a primary CFU-assay. 3-4.5x10* CD34" cells were injected into
primary NSG mice and after 12 weeks 1-2x10® hCD45" cells were injected into secondary
recipients or 5x10* hCD45" cells were cultured and scored for CFU-ability.

Of note, despite employing a strict gating strategy, FACS-sorted HSPCs from AML cell line
co-culture were repeatedly contaminated with rare AML cells which over time outcompeted

HSPCs in LTC-IC and secondary CFU-assays. Therefore, for all qualitative analysis, AML
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cell lines (HL60, ML1, U937, KG1A, NB4, MOLMI13 and OCI-AML3) were physically
separated from MSCs and HSPCs via a 0.4 um pore-sized transwell insert (Figure 16A). AML
patient samples were cultured in direct contact with HSPCs without any AML contaminations
probably owing to LICs being more infrequent. Importantly, AML cell lines in transwell
cultures still impaired HSPC proliferation and differentiation. However, to an around 50 %

lesser extent regarding phenotypic differentiation blockage than AML in direct contact with

HSPCs and MSCs (Figure 16B).
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Figure 16.  Comparison of transwell versus direct contact exposure of AML to CB
HSPCs and MSCs

(A) AML were co-cultured with HSPCs and MSCs as described above or separated from
HSPCs and MSCs by 0.4 um pore-size transwell inserts (B) Proportions of HPCs +/+ and
HSPCs +/- within CD34" and quiescent cells (Ki67" DAPI")within CD34" normalised to CD34"
alone from CD34" alone, + AML cell lines (direct contact) and + AML cell lines (transwell),
data for AML was obtained from cell lines NB4, OCI-AML3 and U937 and displays
representative data from experiment performed in duplicate; *p<0.05, n.s. p > 0.05. Error bars
are +/- SEM
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Figure 17.  Results from serial CFU-assay and LTC-IC assay of sorted CD34" cells
from HSPC-AML co-cultures

(A) CFU-type and CFU-numbers of primary CFU-assay from CD34" cells isolated from
HSPCs after 4 days of culture alone or with AML. Results are normalised by numbers of CD34"*
alone (n=4) (B) Ratio of myeloid CFUs (combined CFU-G, CFU-M and CFU-GM)) to erythroid
CFUs from primary CFU-assay (n=4) (C) Total secondary CFUs per primary CD34" cells
normalised by values from CD34" alone (n=4) (D) LTC-ICs relative to LTC-ICs from CD34"
alone, +AML cell lines (n=4), +AML patients (n=2); each dot representing a different cell line
or AML patient sample for +AML cell lines or +AML Patients; *p<0.05, n.s. p > 0.05. Error
bars are +/- SEM

3.2.2.1 Serial CFU-assay

From the primary CFU-assay we obtained 42 +/- 15.6 colonies from 200 isolated HSPCs from
CD34" alone. In comparison + normal CB MNCs, + AML cell lines and + AML patients
HSPCs produced a 2-fold increased CFU output (Figure 17A). Interestingly, the increased CFU
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output for both + AML were mainly of granulocyte and monocyte lineage morphology in
contrast to +normal CB MNCs which preferentially produced erythrocyte colonies. The altered
lineage distribution of +normal CB MNCs and +AML HSPCs became clearer when the ratio
of myeloid to erythroid cultures was calculated. +AML HSPCs produce between 1.2 and 1.7
CFU-granulocyte (CFU-G), CFU-granulocyte/monocyte (CFU-GM) or CFU-monocyte (CFU-
M) for every CFU-erythrocyte (CFU-E). On the other hand, CD34" alone and +normal CB
MNCs HSPCs produced a ratio of 0.7 to 0.4, respectively (Figure 17B).

After re-plating of a fraction of cells from primary CFU-assay, only self-renewing cells can
give rise to CFUs, called secondary CFUs. Again, + AML HSPCs contained a 3 to 10-fold
higher secondary colony frequency per CD34" than HSPCs from CD34" Alone or + normal
CB MNCs (Figure 17C).

3.2.2.2 LTC-IC Assay

Lastly, the LTC-IC Assay utilises a 5-week culture on irradiated mouse stroma cell line MS-5
prior to the CFU-assay to eradicate cells with limited self-renewal and distinguish immature
progenitors from short-term progenitors. In agreement with the CFU-assay, the LTC-IC
frequency of 1 in 22-45 CD34" from CD34" alone was elevated by 1.5 — 2-fold from + AML
cell lines and + AML patients, respectively (Figure 17D). + normal CB MNCs failed for most
replicates to contain any considerable number of LTC-ICs which is consistent with the
hypothesis that HSPC expansion and long-term self-renewal are inversely correlated. Together
this data from the ex vivo assays show that suppression of HSPC expansion results in an
enrichment of less differentiated progenitors indicative of a temporary, reversible

differentiation blockage in the presence of AML at least on the progenitor level.

3.2.2.3 Serial transplantation Assay

To measure differences in HSC potency around 3-4.5x10* CD34" cells were injected per mouse
and engraftment was determined after 12 weeks. Primary recipients showed a human
chimerism between 30-80 % of total haematopoietic cells. Lymphoid and myeloid lineage
distribution was not significantly affected by AML co-culture (Figure 18A-B). Furthermore,
total human engraftment after 12 weeks and the frequency of HSCs between the three groups,
CD34" alone, + AML cell lines and + AML patients, was not significantly different (Figure 19

A-C). Human CD45" cells from primary mice were isolated for further in vivo analysis in
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secondary recipients (1-2x10"6/mouse) and ex vivo serial CFU-assay. Human CD45" from +
AML patients generated 50-60 % more primary CFUs, but secondary colonies showed no
significant difference (Figure 19D). Since the results from the secondary engraftment were not
available at this time, the data so far does not support that HSC activity is significantly altered
by AML co-culture.
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Figure 18.  Lymphoid and myeloid lineage distribution of human CD45 from
primary recipients

(A) Gating strategy to detect human chimerism in BM of primary recipients and to detect
CDI19" B-cells, CD33" myeloid cells and CD3" T-cells (B) Quantification of lincage
distributions from 35 mice from three independent experiments represented as percentage of
human CD45" cells;*p<0.05, n.s. p > 0.05. Error bars are +/- SEM
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Figure 19.  Engraftment and phenotypic HSC frequencies of primary recipients

(A) Gating strategy to measure human chimerism on BM and phenotypic HSCs (B)
Quantifications of human chimerism in BM after 12 weeks from 35 mice from three
independent experiments normalised to engraftment percentages of CD34" alone (C)
Frequencies of hCD45°CD34"CD38 CD45RACD90"'CD49f" among 106 hCD45" cells
normalised to proportions of CD34" alone (D) Primary and secondary colonies from 5*10"4
and 1075 cells, respectively. Total colony counts were normalised by counts from CD34"
alone;*p<0.05, n.s. p > 0.05. Error bars are +/- SEM
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3.2.3 Impact of an AML-remodelled microenvironment on AML proliferation

During the initial 4-day time course the proliferation of the AML cell line remained
undisturbed, but from this experiment, no solid conclusions can be drawn about the impact of
an AML-remodelled microenvironment on AML proliferation. Therefore, we cultured either
AML patient samples or normal HSPCs on MSCs alone or together with AML cell lines
separated via transwell (Figure 20A). Surprisingly, when we normalised the cell count alone
to + AML we found that AML cells were either affected to a lesser extent than HSPCs or, like
in most cases, had proliferated between 1.2 to 3.5-fold more (Figure 20C). To ensure that AML
patients samples had proliferated, we stained them with CellTrace violet and measured the
retention of dye. Indeed, compared to the mean fluorescence intensity of CTV from uncultured
AML (Sample day 0), the cultured AML cells contained considerably less proliferation dye
confirming that AML divided. Additionally, AML cells cultured with AML cell lines
outperformed their alone culture counterparts indicated by a smaller fraction of CTV! cells
(Figure 20B). After co-culture, FACS-sorted AML plated in methylcellulose generated CFU
from two of the three AML samples. + AML samples generated between 2 to 3-fold more CFU
than AML cultured alone on MSCs (Figure 20D). This indicates that AML produces an
environment which favours the expansion of malignant cells over normal HSPCs without

compromising LICs.
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Figure 20.  AML patient samples and HSPCs co-cultured with AML cell lines

(A) Schematic representation of experimental setup. CB CD34" HSPCs or 3 AML patient
samples were cultured with AML cell lines (U937, KG1A, NB4 and MOLM-13) separated by
a transwell insert. After 7 days cell counts were measured and AML samples sorted for
subsequent a CFU-assay (B) Representative plots showing the retention of proliferation dye by
HSPCs and AML patient samples after 7 days and before conducting culture (C) Cell counts
after 7 days normalised to cell counts from HSPCs/AML patient samples cultured alone (dotted
line) (n=3) (D) Representative results of primary CFU-assay of AML patient samples cultured
alone or with AML cell lines performed in duplicate; each dot representing a different cell line
*p<0.05, n.s. p > 0.05. Error bars are +/- SEM
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3.3 Discussion

In a simplified ex vivo, niche model AML cell lines and AML patients are capable of
suppressing the expansion and phenotypic differentiation of normal CB HSPCs. The time
course analysis demonstrated that AML requires around 48h to transform its environment to
suppress HSPCs. If we had allowed the MSCs to pre-incubated with AML in order to transform
the environment before the HSPCs are added, the HSPC’s phenotypic differentiation and
proliferation might have been blocked prior to 72h. Additional to timing, the ratio of AML
cells to normal HSPCs might also detrimental to generate sufficient cytokine/metabolite
concentration. Across the repertoire of AML cell lines used in this study, the cell numbers of
AML did not significantly correlate with HSPC inhibition. However, preliminary data has
shown that within the same cell line a ratio as small as 1:4 could reduce HSPC expansion in a
ratio-dependent manner. Hence, one may speculate that the suppression of HSPC proliferation
is a product of AML cell numbers multiplied by each cell’s capacity to remodel the
environment. A slowly growing AML sample may still impede normal HSPCs proliferation
owing to a high remodelling index. This would fit with the observation that cytopenias in AML
are not correlated with BM infiltration, but disease progression worsens cytopenia on an

individual patient basis (Rauch et al., 2016).

Akinduro et al. observed that ST-HSC underwent apoptosis at an advanced disease state
(Akinduro et al., 2018). In contrast, Miraki-Moud et al. and Cheng et al. did not observe any
impacts on cell viability of HSPCs but lacked a detailed phenotypic discrimination like
Akinduro et al. (Cheng et al., 2015; Miraki-Moud et al., 2013). From a clinical perspective,
necrotic BM has been reported in AML but with a much lower prevalence than cytopenias
(Badar et al., 2015). In agreement, in our ex vivo niche model, HSPCs were not significantly
affected by AML as a whole and neither when we discriminated +/+ and +/-. On the other hand,
CD34" cells did contain more apoptotic cells which was particularly pronounced with AML
cell lines OCI-AMLS3. This could be a consequence of the proliferation blockage, lack of
specific niche requirements for these cells or an unknown independent effect. HSPCs may be
more resilient as cell cycle inhibition represents a natural mechanism to regulate
haematopoietic output (Baumgartner et al., 2018). AML, which consist of differentiation
inhibited progenitors, may transform the niche into a progenitor propagating niche. On that

note, Boyd et al. observed a depletion of adipocytes and osteoblasts in AML BM, which were
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more stimulating for haematopoietic cell differentiation than MSCs which themselves might

select for more immature HSPCs (Boyd et al., 2017).

Akinduro et al. hypothesized that immature HSPCs are most resilient to AML displacement
and that the lack of proliferation and differentiation measured by serial transplantation assays
is simply a consequence of selection pressure from displacement (Akinduro et al., 2018). In an
ex vivo system, egress from the niche does not occur, but the proliferation of HSPCs was
reduced. The increased apoptosis of CD34" cells may slightly select for more immature HSPCs,
but even within CD34" both +/- and +/+ cell cycle activity was significantly reduced. These
observations argue against the hypothesis by Akinduro et al.as the differentiation blockage and
reduced proliferation single-handedly arise from selective pressure from HSPC displacement,
which enriches for quiescent, self-renewing cells. The data instead supports the report from
Cheng et al. and Gong et al. that AML creates an anti-proliferative environment for normal
HSPCs (Cheng et al., 2015; Gong et al., 2018). However, in an in vivo situation, these two
scenarios are not mutually exclusive and the displacement selection pressure may contribute

additionally.

The expansion of HSPCs is believed to impede their functionality. /n vivo HSCs which have
divided fewer times are more potent in serial transplantation assays (Bernitz et al., 2016).
However, cell cycle inhibition may not automatically dictate the preservation of self-renewal
potential. For example, treatment of HSCs with the potent cell cycle inhibitor TGF-1 impedes
self-renewal although HSCs remain quiescent. TGF-B1 does not suppress the cell cycle activity
of already quiescent cells but rather impedes the divisions of continuously dividing cells (Wang
et al., 2018). The proportions of HSPCs which had remained entirely quiescent throughout was
not significantly affected during all 4 time points and AML HSPCs were most enriched
between division 1-2. HSPCs co-cultured with AML had undergone at least one cell division
within the first 48h similar to their CD34" alone counterparts. Rather the percentage of cells
which had undergone at least 2 or more divisions was disproportionately reduced. Therefore,
it may not seem so surprising that AML HSPCs were more potent in serial CFU-assay and
LTC-IC which provide measurement of progenitors, MPPs and to a lesser extent HSCs, but not
during the predominantly HSC challenging serial transplantation assay. Cheng et al. and Gong
et al. observed that increased TGF-B1 and the expression of TGF-f1 downstream target Egr3

contribute to HSPC quiescence in leukaemic mice but neither HSC overexpression of Egr3 nor
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treatment of TGF-B1 enhanced their engraftment and did not recapitulate the increased
reconstitution potential of HSC from leukaemic mice (Cheng et al., 2015; Wang et al., 2018).
Potentially, regarding the LT-HSC phenotype, enrichment by selective displacement as
suggested by Akinduro et al. may be a better explanation than the suppression of proliferation.
Indeed, Wang et al. isolated HSC from leukaemia patients based on ALDH activity and
observed that reduced engraftment capacity correlated with adverse survival. Because the
reduction of HSCs occurred prior to relapse, it suggests competition of LICs and HSCs for the
same niche as cause. Interestingly, while HSCs were defective, the +/+ progenitor cells
demonstrated an increased frequency of LTC-ICs, suggesting reduced differentiation of
progenitor compartments downstream of LT-HSCs (Wang et al., 2017). LT-HSC are
predominantly quiescent at steady-state (Wilson et al., 2008) and in recent years several reports
questioned their contribution to unchallenged haematopoiesis. Work from Camargo and
colleagues suggests that haematopoiesis is mainly driven by short-lived clones of MPPs and
progenitors and selective abrogation of > 90 % of HSCs did not induce lasting haematopoietic
effects (Rodriguez-Fraticelli et al., 2018; Sun et al., 2014). Therefore, impairment of
proliferation and differentiation of several progenitor types may be sufficient to induce severe

cytopenias.

AML patients commonly develop anaemia and haematocrit levels are reduced in leukaemic
mice during mid-late phase. A reduced erythrocyte potential of HSPCs has also been reported
by Cheng et al, Boyd et al. and Wang et al.(Boyd et al., 2017; Cheng et al., 2015; Wang et al.,
2016). We find that HSPCs from + AML displayed a linecage biased toward
granulocytes/monocytes in the CFU-assay, however, the absolute numbers of BFU-Es are not
changed between + AML and CD34" alone. Phenotypic analysis of myeloid progenitors, like
CMP, GMP and MEP demonstrated that AML HSCPs contained 70 % increased proportions
of CMPs while GMP proportions were largely unchanged. On the other hand, MEP proportions
were slightly decreased in AML HSPCs. Together this may explain the increased
granulocyte/monocyte CFU-output of AML HSPCs. The increased expression of flt3 receptor
marking CMPs and GMPs may be a consequence of inflammatory signalling. Increased
activation of NF-kB in MSC co-cultured with AML has been reported and in HSPCs flt3
receptor expression is also upregulated by inflammatory signals (Jacamo et al., 2014; Singh et

al., 2012).
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In summary, the simplified ex vivo niche system recapitulates the inhibition of differentiation
and proliferation of normal HSPCs establishing that for this phenotype AML cell lines and
patient samples do not require a complex in vivo niche. Since AML HSPCs have undergone
fewer cell divisions, they are more potent than HSPCs cultured alone in terms of CFU- and
LTC-IC capacities. The preliminary data on HSCs suggests so far that these mostly quiescent
population of cells is not significantly enriched after AML culture. While disadvantageous for
non-leukaemic HSPC expansion, the environment created by AML favours the expansion of
malignant cells which are either more resilient to proliferation inhibition or proliferate faster.
An inhibition of normal versus malignant cells may provide additional space and nutrients for

the expansion of AML.
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Chapter 4. Development of an in vivo fully humanised scaffold model

4.1 Results

To expand the mesenchymal niche model to a more complex environment, we opted to
establish a transplantable 3D scaffold model containing the same components, BM MSCs, CB
HSPCs and AML. The model was adapted from Abarrategi et al., who used a gelatine sponge
as scaffold for healthy BM MSCs to adhere and form an extramedullary niche (Abarrategi et
al., 2017). BM MSCs have previously been shown to establish an extramedullary BM niche
alone or supported by extracellular matrix-based scaffold (Antonelli et al., 2016; Sacchetti et
al., 2007). Abarrategi et al. established this model in our lab and proved the feasibility to
maintain either CB HSPCs or a wide range of patient AML samples. The benefits of this model
are that it recapitulates a complex niche environment with a stable murine vascular and human
mesenchymal niche. The latter is derived from BM MSCs which can easily be manipulated by
lentivirus-mediated delivery of overexpression of knockdown plasmids. Recipients for these
scaffolds need to be immuno-deficient NSG or NSG-SGM3 mice. The latter overexpress
human SCF, IL-3 and GM-CSF under the CMV promoter allowing enhanced normal myeloid
and AML engraftment (Nicolini et al., 2004; Wunderlich et al., 2010). The cytokine driven
myeloid differentiation exhaust HSPCs and therefore presents an ideal model to test whether

AML blocks differentiation and proliferation of normal HSPCs to delay exhaustion.

The process to develop a humanised niche starts by cutting the gelatine sponge into sterile 4
mm? cubes (Figure 21A). These cubes are incubated with a concentrated suspension of BM
MSCs, which quickly adhere to the scaffolds within 24h (Figure 21B). These scaffolds are
allowed to recover for 48h-5 days after seeding with MSCs. Subsequently, a mixture of HSPCs
and AML cell are directly injected into the scaffolds and cultured for another 24h ex vivo prior
to subcutaneous transplantation. For AML cell lines (called +AML cell lines) a ratio of
AML:HSCPs of 1:10 was chosen to compensate for the faster proliferation of AML to normal
HSPCs. AML patients proliferated much slower than AML cell lines and contained
proportionally fewer LICs. Therefore, a ratio of 10-4:1 was chosen, and the mixture was termed
+ AML patients. Scaffolds with AML cell lines were analysed between 2-3 weeks after
transplantation and scaffolds with AML patients 6-8 weeks. To distinguish AML and normal
HSPCs, the HSPCs or, in case of experiments with cell lines, the AML cell lines were

transduced with lentivirus vector containing GFP as selection marker.
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Figure 21.  Schematic presentation of experimental design and fundamental scaffold
properties

(A) Experimental design outline (B) After dead cell and duplet exclusion mCD45hCD45
Ter119 cells were plotted for human CD90/CD73 and mouse CD31 which delineate human
MSCs and murine endothelial cells, respectively. (C) Images of scaffolds seeded with and
without lentiviral transduced MSCs to express GFP showing dense MSC adherence (white
arrows) along the scaffold surface (D) Representative images of scaffolds retrieved after at
various time points initially seeded with CD34" alone or together with AML cell line U937

4.1.1 Time course analysis

Abarrategi et al. retrieved the scaffolds 8-12 weeks after transplantation. AML cell lines
proliferate quicker than AML patient samples, and some cell lines like U937 can generate
myeloid sarcomas. Therefore, we performed another time course analysis similar to our ex vivo
culture to develop an understanding of the system. We retrieved the scaffolds weekly up to 3
weeks after transplantation. Already after 1 week both CD34" alone and + AML scaffolds

showed vascularisation in proximity to the scaffold and from another experiment flow
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cytometry analysis of the non-haematopoietic fraction (CD45" cells) established the presence
of CD45-mCD31" phenotypic endothelial cells already after 1 week (Figure 21B and 1D). In
CD34" alone scaffolds total human haematopoietic cells (hCD45/black line), identified by
expression of human CD45 (hCD45), doubled weekly from around 7*10* at week 1 to 1.4x10°
and 2.8x10° at week 2 and week 3, respectively. The transplanted CD34" HSPCs (CD34"/black
line) quickly downregulated CD34 expression by a magnitude of 10 per week, starting at 20%
at week 1 and then dropping to 1 % and 0.1 % at week 2 and week 3, respectively (Figure 22B).
In scaffolds co-transplanted with AML cell line U937, the total normal engraftment, absolute
(Figure 22A) or expressed as chimerism among total non-leukaemic cells (Figure 22B), were
reduced by 4-fold (hCD45/red line) at 2-week and 3-week time points, respectively. Based on
the cell numbers, we estimated the doubling time of total normal haematopoietic cells between
week 2 and 3 at 16.5 days as opposed to 7 days for total hCD45" from CD34" alone. CD34"
HSPCs (CD34"/red line) were reduced in absolute numbers per scaffold but proportionally
enriched among non-leukaemic CD45" by 2 to 3-fold compared to CD34" alone after 2 and 3
weeks, respectively (Figure 22B).
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Figure 22.  Kinetics of AML and normal haematopoietic cells over a 3-week time
course

(A) Cell numbers per scaffold of total non-leukaemic human haematopoietic (Total hCD45"),
non-leukaemic HSPCs (CD34") and AML cells over a 3-week time course of CD34" alone
scaffolds (black line) or + AML cell line U937 (red line/blue line for AML); at the 1-week time
point only CD34" cell of + AML were analysed but total hCD45" could not be distinguished
from AML (n=1) (B) Percentage of normal CD34" among non-leukaemic CD45" (CD34") in
scaffolds with CD34" alone or +AML cell line U937; percentage of total non-leukaemic CD45*
among all non-leukaemic cell (including mouse haematopoietic and mouse stroma cells) (n=1);
Error bars are +/- SEM

4.1.2 Screen of AML cell lines and AML patient samples

To consolidate our observation with AML cell line U937, we again expanded our AML

repertoire to cover several AML recurrent mutations with AML cell lines and AML patient
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samples. Since not all experiments were performed at the same time and slight variations
regarding scaffold retrieval occurred, we homogenized the results by normalising to CD34"
alone control which was part of every experiment. Additionally, to homogenize the
heterogeneous engraftment of the AML patient samples we stratified into a low (>20 %
engraftment) (AML2, AMLS5 and AML3a) and a high engrafting patient group (20-80 %
engraftment) (AML1, AML4 and AML3b) (Figure 23A-C). AML patient 3 generated
ambivalent engraftment (owing to different numbers injected into the scaffolds) and was
therefore placed in both groups depending on the engraftment levels. The cause may be that
initially a re-frozen AML sample was used and during the second attempt, a different
previously un-used cryovial was used. AML cell lines always generated an engraftment of at
least 75 % despite the injection of much fewer AML cells per scaffold.
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Figure 23.  Engraftment of AML patient samples + normal CB CD34" in scaffolds
(A-B) Normal human CD45 were HLA-A2 mismatched with AML prior to injection into
scaffolds and could be separated based on HLA-A2 staining after 5-8 weeks, HLA-A2 intensity
was not homogeneous within the normal CD45 population owing to the high autofluorescence
of granulocytes (A) Normal CB HSPCs were HLA-A2" and matched with HLA-A2- AML (B)
HLA-A2" HSPCs were matched with HLA-A2* AML (C) Prior to scaffold injection CB
HSPCs were transduced with a lentivirus vector to establish GFP expression and distinguish
normal CD45 (GFP") from AML (GFP")

Around 40-50 % fewer total non-leukaemic human haematopoietic cells from scaffolds with
high engraftment AML patients (+AML high) or AML cell lines were retrieved as compared
to CD34" alone controls. In contrast, cell counts from low engrafting AML patients (+ AML
low) were not significantly altered. In addition, we also quantified the engraftment as

chimerism among all non-leukaemic scaffold cells. With this method, we observed less intra-
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group variation among scaffolds because it normalises small variations of scaffold size and
HSPC seeding numbers. In CD34" alone, scaffolds normal hCD45" cells account for around
50 % of all cells. + AML high and +AML cell lines suppressed normal engraftment from 50
% to 30 % and from 30 % to 10 %, respectively. Similar to the absolute quantifications, the

+AML low patients had no significant impact on chimerism (Figure 24C).
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Figure 24.  Engraftment of normal HSPCs alone or + AML patient samples/cell lines
(A) Representative plots regarding the gating strategy to identify human CD45" (left), non-
leukaemic CD45" (mid) and CD34" HSPCs (right) (B) Quantification of total non-leukaemic
human haematopoietic cells per scaffold normalised by cell counts from CD34" alone scaffolds
(+AML cell lines n=5, +AML patients n=4) (C) Engraftment of non-leukaemic human CD45+
quantified as percentage of all non-leukaemic mouse and human cells (+AML cell lines n=5,
+AML patients n=4); each dot represents a scaffolds and symbols represent the specific AML
patient samples/cell line; *p<0.05, n.s p > 0.05. Error bars are +/- SEM
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In a few cases the engraftment of AML and normal human haematopoietic cells was analysed
in the BM and spleen but in the majority of experiments either no haematopoietic cells were
observed (N/D), or the engraftment was below the threshold of 0.1 % (Figure 25A-B). Only
AMLA4 migrated to the spleen to generate a smaller engraftment (<2 %) (Figure 25B).
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Figure 25.  Engraftment of non-leukaemic and leukaemic human CD45 in spleen and
BM of mice

(A) Quantification of engraftment of non-leukaemic human haematopoietic cells in BM and
spleen of CD34" alone scaffolds or + AML patients/cell lines (B) Quantification of engraftment
of AML cells in BM and spleen of CD34" alone scaffolds or + AML patients/cell lines; Error
bars are +/- SEM; dotted line at 0.1 % presents the minimum percentage to be considered
engraftment; non-detected (N/D)

4.1.3 Viability of non-leukaemic haematopoietic cells in scaffolds

Similar to the ex vivo human niche model, we first excluded the possibility that suppression of
HSPC expansion in the scaffolds was a consequence of apoptosis. Viable cells from total non-
leukaemic human CD45" cells and CD34" HSPCs were quantified owing to the excretion of
DNA intercalating substances DAPI or PI. On average more than 85 % in both population from
CD34" alone, +AML patients and + AML cell lines were viable. Paired statistical analysis

confirms no consistent impact on viability except CD34" HSPCs from AML patients which
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were marginally reduced between 2 to 5 % (Figure 26B).
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Figure 26.  Viability of non-leukaemic human haematopoietic cells

(A) Representative plots of gating strategy to distinguish viable from dead cells using DAPI/PI
exclusion (B) Quantification of viability of all non-leukaemic human haematopoietic cells
(CD45%) and CD34" HSPCs from 3 independent experiments; n=*p<0.05, n.s. p > 0.05
determined using paired student T-test. Error bars are +/- SEM

4.1.4 Proliferation of non-leukaemic haematopoietic cells

The proliferation of HSPCs in vivo was measured utilising two independent techniques. The
first technique is based on the injection of the thymidine analogue EdU 16h prior to scaffold
retrieval and digest. EAU is incorporated in the replicating DNA strands by cells in S-phase,
and the proportion of EAU" cells determine the percentage of cells in S-phase at any point
during the 16h between injection and retrieval. For scaffolds devoid of AML around 15-25 %
of non-leukaemic hCD45™ cells contained EdU but +AML high and + AML cell lines showed
on average 50 % fewer EQU" cells (Representative example: Figure 27A). Surprisingly, normal
hCD45" from +AML low scaffold also contained 25 % fewer EAU™" cells (Figure 27B). EAU
analysis requires fixation and permeabilisation after staining for surface antigens. This and the
relatively small number of CD34" cells prevented a meaningful analysis of EdU incorporation
in CD34" HSPCs in + AML patient scaffold. +AML cell lines scaffold were retrieved 2-5
weeks earlier, allowing an analysis of Edu incorporation in HSPCs. In agreement with total

haematopoietic cells, also the proportion of EQU" cells were reduced to a similar extent in +
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AML  cell lines scaffolds (mean  decrease: 50 %) (Figure 27C).
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Figure 27.  Analysis of cycling non-leukaemic human haematopoietic cells via EAU
incorporation

EdU was injected 16h prior to scaffold retrieval interperitoneally (IP) (A) Representative plots
showing the gating strategy to determine EdU-Alexa647" cells from CD34" alone (mid) and +
AMLI1 (right) using an Alexa647 negative control (left) (B) Quantifications of EAU" non-
leukaemic human haematopoietic cells relative to CD34" alone (n= min. 3) (C) Quantifications
of EAU" non-leukaemic human CD34" HSPCs from + AML cell lines relative to CD34" alone
(n=5); each dot represents a scaffolds and symbols represent the specific AML patient
samples/cell line *p<0.05, n.s p > 0.05; Error bars are +/- SEM

For the second technique to compare proliferation, we performed another pulse-chase
experiment with normal HSPCs stained with CellTrace Violet shortly before injection into
scaffolds. Because cells containing CellTrace Violet were found up to 2 weeks post-
transplantation, we conducted only experiments with AML cell lines (Figure 28A). In CD34"

alone scaffolds the CellTrace Violet" population (termed CTV" in analogue with the ex vivo
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model) was enriched with CD34" cells highlighting the generally more quiescent state of
haematopoietic HSPCs compared to more differentiated CD34" progenitors (Figure 28B left).
In + AML cell line scaffolds both normal hCD45" and CD34" HSPCs were on average 2.1-

fold more enriched with CTV" cells which confirms the suppression of HSPC proliferation

(Figure 28C).
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Figure 28.  Tracking of proliferation using pulse-chase cell tracer experiments

(A) Representative plots showing the retention of CellTrace violet after 7 days in human non-
leukaemic CD45" cells (right) compared to an unstained control (left) (B) Representative plots
showing the gating strategy to obtain CTV! populations of non-leukaemic human CD45" cells
from scaffolds retrieved after 10 days with CD34" alone (left) or +AML cell line U937 (right)
(C) Quantification of CTV! population relative to CD34" alone (n=5); each dot represents a
scaffolds and symbols represent the specific cell line*p<0.05, n.s p > 0.05; Error bars are +/-
SEM

Lastly, we quantified the proportions of CD34" among normal hCD45" to establish whether
the lack of proliferation also delays the differentiation of CD34". Indeed, the addition of AML
patients or AML cell lines in scaffolds, induced an enrichment of CD34" HSPCs between 1.5
to 2-fold (Figure 29A). To test the functionally of the HSPCs at least as CFU-generating
progenitors 10° FACS-sorted normal hCD45"* was plated in methylcellulose supplemented with
haematopoietic cytokines. After 21 days, wells with hCD45" cells from + AML high and +
AML cell lines scaffolds had generated between 3 and 1.8-fold more CFUs (Figure 29B).
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Figure 29.  Proportions of CD34" among total non-leukaemic human haematopoietic
cells

(A) Quantifications of CD34" relative to total non-leukaemic hCD45" normalised by values
from CD34" alone (n= min 3) (B) CFU ability of human non-leukaemic CD45" cells from
CD34" alone or + AML patients/cell line scaffolds normalised by mean number of CFUs from
CD34" alone (n = 2); each dot represents a scaffolds and symbols represent the specific AML
patient sample/cell line*p<0.05, n.s p > 0.05; Error bars are +/- SEM
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4.2 Discussion

In order to compromise between an in vivo environment and a fully humanised model system
we opted for the MSC-based scaffold system, with pre-seeded haematopoietic cells previously
developed in our lab (Abarrategi et al., 2017). Other models developed by Churinga, Majesty
and Andreeff and colleagues injected MSCs with an extracellular matrix carrier like Matrigel
or directly adhered to a ceramic scaffold. Importantly, these reports showed that these scaffolds
(untreated or treated with human parathyroid hormone (PTH), allowed the development of
extramedullary haematopoiesis for up to 10 weeks post-transplantation (Antonelli et al., 2016;
Chen et al., 2012; Reinisch et al., 2016). Subsequently, AML cells were injected intravenously
(I.V.) or directly into the scaffolds and engrafted at higher levels in the humanised niche than
the mouse bone marrow niche. Another non-scaffold model developed by Boyd et al. and
Passaro et al.is the co-injection of normal HSPCs with AML into immunodeficient mice. While
this model may present the most complex niche, it is also difficult to specifically modify niche
elements and very early competition for the SCN could influence engraftment outcome (Boyd
etal., 2017; Passaro et al., 2017b). Indeed, co-injections of murine HSPCs together with MLL-
AF9 transformed leukaemia cells significantly delay leukemogenesis in an HSPC dose-

dependent manner as fewer AML cells reach the SCN (Glait-Santar et al., 2015).
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Figure 30.  Schematic overview of different MSC scaffold models (adapted from
(Abarrategi et al., 2017))

Comparison of potential routes of HSPC/AML administration from published MSC scaffold
models. Intravenous injections (i.v.), intra-scaffold (i.s.)

The collagen-scaffold system from the Bonnet lab facilitates engraftment of normal HSPCs
and AML patient samples even for samples with inferior murine BM engraftment capabilities.
As part of the optimisation, Abarrategi et al. compared MSC scaffold pre-injected with CB
HSPCs to MSC-scaffolds transplanted without HSCPs which either had received HSPCs 1.V.
4-6 weeks before or after implantation I.V. or directly via intra-scaffold (I.S.) injections. The
pre-seeding technique achieved similar human engraftment as the pre-engrafted mice (Figure
30A/D) but the engraftment in scaffold injected with HSPCs 4-6 weeks after transplantation
was significantly lower (Figure 30B/C) (Abarrategi et al., 2017). Despite a rapid
vascularisation of the collagen-matrix scaffolds, even without the support of pre-seeded
endothelial cells (Passaro et al., 2017a), single injections of HSPCs do not deliver enough
HSPCs to the scaffold to ensure high engraftment. Scaffolds in HSPC pre-implanted mice are
continuously seeded with circulating HSPCs over a longer period and therefore achieve similar

engraftment as pre-seeded scaffolds (Abarrategi et al., 2017).

To faithfully compare the engraftment of normal HSPCs in the absence or presence of AML
equal numbers of HSPCs at the beginning of the experiments in all scaffolds is pivotal. Other
options than pre-seeding of haematopoietic cells prior to transplantation would have been 1. V.
or L.S. Injections of cells (Figure 30 B/C) or implantation of scaffolds into mice pre-
transplanted with AML or normal HSPCs (Figure 30D).

For the first option to generate similar engraftment as pre-seeded scaffolds, higher number of
precious human HSPCs or continuous injections would have been required. Furthermore, this
option grants less control over precise cell numbers per scaffold than pre-seeding techniques.
In particular, I.S. injections are difficult because in vivo, the previously spongy scaffolds
transformed into a rubber-like consistency and compared to BM do not provide a cavity for
injection.

The second option would be to pre-engrafted mice with normal HSPCs and implant CB HSPC,
as control, or pre-seeded AML scaffolds. Over time the HSPC from the BM would home to
scaffold and generate a human engraftment. In this model, to compare control and + AML
scaffolds equal homing of HSPCs from the BM to empty or AML engrafted scaffolds would
be required. AML has been shown to affect the homing of HSPCs via down-regulation of
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SDF1, which would impede to distinguish between homing and proliferation on the outcome
of normal engraftment. Pre-engrafting mice with HSPC instead of AML would solve the
homing bias and ensure an equal number of HSPCs per scaffold at the start of the experiments,
but AML cells usually do not enter circulation before high chimerism is achieved. Additionally,
AML cell lines usually lead to fatal outcome within 3 weeks which may be too short to allow
AML engraftment into the scaffolds, and systemic effects of AML like cytopenia and cachexia
would also influence the experiments.

In consideration of the experimental data from Abarrategi et al. and the available options to
ensure a fair comparison between AML and control scaffold, the pre-seeding model provides
the best advantage/disadvantage ratio. The apparent disadvantage being that the MSCs and
endothelial cells may not have enough time to generate a normal niche before AML

engraftment.

In agreement with the ex vivo data, AML cell lines and AML patients with high engraftment
potential reduced normal engraftment. In the study, only AML patients capable of engraftment
in murine NSG recipient were used, but certain patients failed to generate significant AML
engraftment. Surprisingly, when these AML patients were transplanted without CB HSPCs,
the engraftment percentage and retrieved AML cell numbers were significantly higher. This
implies that also in our model HSPCs delayed AML engraftment in certain AML cases. Of
note, the high engrafting AML sample, AMLI, also produced around 100-fold more CFU ex
vivo than AML patient samples with low in vivo engraftment hence the frequency of LICs may
be a decisive factor.

Normal human haematopoietic cells showed less proliferation measured by two independent
techniques. The pulse-chase technique is a powerful tool to record all cell cycle event over an
intermediate period of time (up to two weeks). For experiments with AML patients, at least 5
weeks were necessary to generate proper AML engraftment. Therefore, we opted to measure
proliferation with EdU incorporation. Ki67/DAPI expression would have been another
possibility but EQU provides a more direct measurement since it is incorporated in DNA during
replication. Other causes than proliferation which could diminish normal haematopoietic
engraftment were also considered like cell death and egress. Cell death as the root cause was
eliminated since no significant changes in the proportions of viable cells among normal
hCD45" cells was observed. Egress of normal HSPCs from the scaffolds may provide another
explanation for the reduced engraftment of normal HSPCs. In contrast to Abarrategi et al. who

observed engraftment of HSPCs in the BM of scaffold implanted mice, we observed neither
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normal nor AML engraftment in the BM or extramedullary haematopoietic sites like the spleen.
However, our model was on average 6 weeks shorter and the BM was not cleared of residual
HSPCs by irradiation. Therefore, we may have missed any significant scaffold egress, which

is not mutually exclusive with the proliferation hypothesis and may present an additional factor.

Lastly, HSPCs differentiation measured by the down-regulation of CD34" was delayed in AML
co-transplanted scaffolds. In both control and AML scaffolds, HSPCs differentiated rapidly,
especially during the first 10 days dropping from exclusively CD34" cells to 20 % and 1 %,
respectively. This rapid expansion of HSPCs agrees with the cell cycle promoting effects of
SCF, IL3 and GM-CSF expressed by the NSG-SGM3 mice (Wunderlich et al., 2010). The low
leukemogenesis from the patients AML cells or the few AML cell line cells during scaffold
initiation phase may allow some initial differentiation/proliferation similar to the first 48h of
the ex vivo model. Additionally, the lack of proliferation from CD34 cells may initiate further
differentiation from HSPCs to compensate. Importantly, our ex vivo CFU-assay revealed a
higher frequency of primary CFU-forming cells per normal human CD45". Unfortunately,
more stringent HSC-oriented validations could not be performed because normal HSPCs from

scaffolds did not engraft when injected intravenously into secondary recipients.

In summary, the in vivo humanised niche model supports the hypothesis that AML suppresses
reduces HSPC expansion by preventing differentiation and proliferation of immature
progenitors. Like the ex vivo model, apoptosis does not seem to be involved in suppressing the
engraftment of normal hCD45" cells. AML patient samples generated two different phenotypes
depending on the AML engraftment level. Aggressive patient samples actively suppress HSPC
expansion much like cells lines, but low engraftment does not seem to inhibit HSPC
proliferation significantly. This seems to be reminiscent of the ex vivo system with AML cell
lines which displayed individual differences regarding the ability to induce HSPC suppression

ex vivo.
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Chapter 5. An AML remodelled mesenchymal niche suppresses normal
HSPCs

5.1 Introduction

The BM microenvironment, including the SCF is subject to vast transcriptional and proteomic
remodelling (Geyh et al., 2018; Kornblau et al., 2018; Reikvam et al., 2015). A transformation
into a niche that exclusively favours AML proliferation occurs (Xiao et al., 2018; Zhang et al.,
2012). Like the haematopoietic system, the post-mitotic nature of osteoblastic/adipocytic niche
elements makes them dependent on undifferentiated mesenchymal cells like MSCs to replenish
cell loss due to injury or inflammation (Park et al., 2012; Zhou et al., 2014). Both adipocytes
and mature osteoblasts are depleted from AML BM since either AML harnesses their lipid
content or directly induces apoptosis (Boyd et al., 2017; Duarte et al., 2018; Shafat et al., 2017).
Loss of the osteoblastic niche stimulates lymphocyte egress from the BM and provides AML
with additional space and nutrients to expand (Bowers et al., 2015). On the other hand, MSCs
are more numerous in AML BM and enter cell cycle partly due to the defective and/or
disappearance of the sympathetic nervous system extensions which in steady-state control
MSC quiescence (Hanoun et al., 2014; Mendez-Ferrer et al., 2010). In turn, this leads to
exhaustion and p16/p21 mediated senescence of MSCs (Abdul-Aziz et al., 2019). However,
the MSCs are unable to differentiate properly, an inhibitory effect of AML on MSC-adipocyte
differentiation has been reported repeatedly (Battula et al., 2017; Boyd et al., 2017). More
disputed are the effects on MSC-osteoblast differentiation since AML poises MSCs for
osteogenic differentiation by up-regulation of key early osteoblastic transcription factors like
RUNX2 but also inhibit complete differentiation towards functional osteoblasts (Battula et al.,
2017; Geyh et al., 2016; Kumar et al., 2018).

Often AML MSCs are cultured over several weeks in multiple passages, and only self-driven
molecular alterations will persist in the absence of AML. For example, TGF-1 activation is a
potent inhibitor of osteoblastic differentiation, and AML MSCs display a TGF- 3 1 response
signature and secrete abnormal quantities of TGF-3 1 (Geyh et al., 2016). Furthermore, p16
activation and senescence is often observed in MSCs from AML patients which expand over
fewer passages than their healthy donor counterparts and is associated with an increased
inflammatory cytokine release called the senescence-associated secretory phenotype (SASP).
SASP and many SASP-related cytokines like Interleukine-8 (IL-8) or Interleukine-6 (IL-6)
facilitate AML proliferation (Abdul-Aziz et al., 2019). Specific cytokines with positive
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feedback-loops like TGF-B 1 or the SASP are attractive candidate to explore common
haematopoietic defects after complete remission like CRi or AML relapse. Indeed, TGF-3 1
participates in the cell cycle suppression of normal HSPCs in leukaemic mice and AML MSCs
are less supportive for HSC over long-term culture (Geyh et al., 2016; Gong et al., 2018). Other
transcriptional modifications lacking positive feedback-loops and therefore depend on the
presence of AML. Examples include NF-kB, which is activated by VLA-1/VCAM-1 or IL-1f

or hypoxia-response genes (Jacamo et al., 2014).

Hypoxia regulates several pathways, but the most studied is the HIF-pathways. Comparable to
the regulation of p53, the alpha units are constitutively expressed but under normoxia post-
translationally modified and degraded. Modifying enzymes rely on oxygen or other oxygen-
related metabolites and hence are unable to induce the degradation under hypoxia. Stable alpha
units interact with the beta unit and bind to HRE sequences in the genome and recruit histone
acetyltransferase P300 to regulate neighbouring genes (Majmundar et al., 2010). The non-
malignant BM already contains a limited oxygen pressure which is further reduced in AML
(Passaro et al., 2017b; Spencer et al., 2014). Hypoxia is particularly pronounced around AML
occupied BM, which may be explained by the oxidative metabolic requirement of unregulated
expansion compared to normal BM cells and a dysfunctional vasculature (Passaro et al.,
2017b). In solid cancers and the normal BM oxygen concentrations gradually drops along the
mean distance from the tumour surface or vasculature (Spencer et al., 2014). In addition to
diffusion gradients of oxygen, cancer cell respiration in 2D and 3D cultures diminishes oxygen
pressure even in normoxic culture conditions implying cell autonomous (respiration) and non-
cell-autonomous(diffusion/vasculature) causes (Russell et al., 2017; Weise et al., 2013).

Apart from HSPCs, the a units, HIF-1a and HIF-2q are expressed in human and murine MSCs
and negatively regulate the proliferation of MSCs and HSPCs ex vivo (Guarnerio et al., 2014;
Palomaki et al., 2013). However, the importance of hypoxia-regulated genes and HIF o
subunits for AML cells themselves and their potential roles in regulating HSPCs during AML

is mostly unknown.
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5.2 Results

5.2.1 The impact of AML on the MSC transcriptome

As part of a related project we observed that culture of MSCs in intermediate hypoxia (3% O)
activated the transcription of several well-established hypoxia response genes by several-fold
like glucose transporter 1 (GLUTI), pyruvate dehydrogenase kinase 1 (PDK1), transforming
growth factor -f2 (TGF-£2) and Interferon-alpha (IFN-a) and vascular endothelial growth
factor 1 (VEGFI). Additionally, we found that the transcription of secreted glycoprotein
stanniocalcin 1 (STCI) and several IGFBPs were affected (Figure 31B, white column).
Surprisingly, we observed that many of the same genes were up- or down-regulated in FACS
isolated MSCs co-cultured in normoxia with AML cell lines and patient samples (Figure 31A-

B). This indicates that AML induces a hypoxia-like gene expression signature in MSCs even

under normoxic conditions.
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Figure 31.  Expression of hypoxia-regulated genes in MSCs co-cultured with AML in
normoxia

(A) Schematic representation of experimental approach to dissect the impact of AML on the
MSC transcriptome, MSCs were cultured for 5 days with AML cell lines/patient samples or
alone in normoxia and hypoxia (B) Expression of several hypoxia regulated genes
representative of 3 independent experiments from 3 AML cell lines (HL60, ML1 and U937)
and 3 AML Patients (AML6, AML8 and AML9). RNA was measured with comparative CT
Method using RPL18A as housekeeping gene; *p<0.05, n.s. p > 0.05; Error bars are +/- SEM
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5.2.2 Impact of mesenchymal microenvironment on HSPC repression

The ex vivo system consist of a niche mimicking MSC part, normal human HSPCs and
malignant AML cells. The latter suppresses the proliferation of HSPCs, but whether AML
remodelled microenvironment is required or suppression occurs per se cannot be discriminated
at this point. Therefore, we adapted the culture conditions to support feeder-free expansion of
normal HSPCs by replacing the standard culture medium with feeder-free media supplemented
with a supportive cytokine cocktail (SCF, TPO, FLT3L). This enables a direct comparison of
HSPC proliferation alone and with AML in the presence or absence of MSCs. Since AML
patient samples grow poorly without supporting stroma, we carried out all experiments with
AML cell lines (Figure 32A).

After 4 days culture the proliferation of CD34" HSPC was measured by pulse-chase CTV
retention and normalised by the proportions of CTV! from CD34" alone for both MSC feeder
(+ MSC) and feeder-free conditions (-MSC). Both + AML (-MSC) and + AML (+MSC)
affected the proliferation of HSPCs, however, + MSCs HSPCs displayed a more profound
retention of CTV (+AML (+MSC) 4-fold versus + AML (-MSC) 2-fold). In agreement, we
recovered significantly fewer CD34" HSPCs from +AML (+MSC) than +AML (-MSC)
cultures which further indicates that MSCs amplify the HSPC suppressive effect of AML
(Figure 32C). AML cell numbers between +MSCs and -MSCs were comparable which
excludes differences in AML proliferation as confounding factor.
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Figure 32.  Comparison of HSPC suppression by AML on feeder-free and MSC
supported conditions

(A) Schematic representation of culture conditions to assess the impact of the
microenvironment on HSPC repression (B) Representative plots to measure retention of
CellTrace Violet from CD34" alone (black line) and + AML cell line MOLM-13 (red line) in
feeder-free (top) and MSC-based (bottom) conditions (C) Quantification of CTV" population
(left) and CD34" HSPCs cell counts (right) from feeder-free (black stripped) or MSC-based
(solid) conditions normalised by CD34" alone CTV" and cell count (n=3), respectively;
*p<0.05, n.s p > 0.05; Error bars are +/- SEM
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5.2.3 AML pre-conditioned MSCs suppress HSPC expansion

Co-cultures of AML and MSCs have a profound impact on differentiation, proliferation and
transcription in both cell types. The stromal niche accelerates the impairment of normal HSPC
expansion, but it is not clear whether this effect occurred because AML remodelled the MSCs
or vis versa. To prove the concept that HSPC suppression is a consequence of mesenchymal
niche remodelling, we pre-conditioned the MSCs with AML cell lines expressing an inducible
apoptosis switch under the control of caspase 9 (Figure 33B) (the plasmid was obtained from
Addgene and deposited by David Spencer). Once the MSCs were pre-conditioned, we added
the chemical dimerizer (AP1903), which bind to the FK503 domains of Caspase 9, efficiently
induces apoptosis within 24h and allows the complete removal of AML (Figure 33C).
Afterwards, normal HSPCs in fresh media were added and cultured for 48h (Figure 33A). The
efficacy of the apoptosis switch was tested on several AML cell lines and compared to their
non-transduced parental relatives. Proliferation of AML over 72h was reduced between 90 to
99.9 % in relation to untreated or the parental cell lines (Figure 33D).

Firstly, to confirm that hypoxia-inducible genes remain upregulated at least during the initial
48h after AML removal we analysed the expression of several genes (VEGF-A, STC1, GLUTI
and PDKI) from MSC alone or AML pre-conditioned MSCs after 24h and 48h. While
expression of moderately upregulated genes like GLUTI and PDK]1 reverted to levels similar
to the MSC alone control, the highly upregulated STC/ and VEGF-A remained at least 1.5-fold
upregulated up to 48h after AML pre-conditioning (Figure 34A). STC1 concentrations in
HSPC media from AML pre-conditioned MSCs was found 10-45 % elevated compared to
MSC alone supernatant for 4 out of 5 AML cell lines which indicates that MSC retain a hypoxia
response signature on mRNA and protein level for at least 48h after AML co-culture (Figure

34B).
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Figure 33.  Experimental setup for pre-conditioning MSCs with AML (iCASP)

(A) Experimental setup to precondition MSCs for 5 days with AML (CASP) and removal of
AML by induction of apoptosis and subsequent co-culture with normal HSPCs for 48h (B)
Retroviral CASP expression vector with restriction enzyme sites, open reading frame (ORF),
selection markers and long terminal repeats (LTR): Ampicillin selection marker (Amp),
Caspase 9 polypeptide — FK503 fusion gene (Fvls.ACasp9), internal ribosomal entry site
(IRES) (C) Representative plot of U937 parental cell line and U937 transduced with iCASP
vector treated 24h with 5 nM AP1903 (D) Quantifications of cell numbers after 72h treatment
relative to seeding cell count; *p<0.05, n.s p > 0.05; Error bars are +/- SEM

After establishing that hypoxia-regulated genes are expressed shortly after AML pre-
conditioning, we determined the proliferation of normal HSCPs after 48h co-culture with pre-
conditioned MSCs. The CTV" population in total (hCD45") or CD34*CD38 fraction + AML-
preconditioned MSCs was on average increased by 12 % and 19 %, respectively. A similar
trend (10 % increased CTV™M) for +/+ HPCs was also observed but did not turn out significant
after statistical analysis (Figure 34C). As shown before, the degree of HSPC suppression
greatly varies among AML cell lines. Interestingly, when we plotted the percentage of CTV!
cells in both hCD45" and CD34"CD38" (+/-) against the relative concentrations of STC1, we

observed a significant positive correlation further ping that the degree of MSC remodelling

plays an important role in the proliferation suppression of HSPCs (Figure 34D).
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Figure 34.  Results of HSPC co-culture with AML-preconditioned MSCs

(A) Representative plot from one out of two experiments of hypoxia response gene expression
relative to expression in MSCs alone in MSCs 24h and 48h after AML pre-conditioning,
apoptosis and media renewal (B) Relative concentration of STC1 in media supernatant from
AML pre-conditioned MSCs after 48h post-AML removal (normalised by STCI
concentrations from MSC alone) (n=1) (C) Percentages of CTV" in total non-leukaemic
hCD45" cells, HPCs +/+ and HSPCs +/- after 48h on MSCs alone or AML pre-conditioned
MSCs (n=3) (D) Correlation between relative STC1 concentration in media and CTV™
population after 48h (n=1); each symbol represents data from a specific cell line obtained from
an independent experiment *p<0.05, n.s p > 0.05; Error bars are +/- SEM

5.2.4 Hypoxia and hypoxia-regulated genes from MSCs promote HSPC quiescence

Lastly, to confirm that hypoxia and MSC expressing hypoxia-response genes could negatively
regulate the proliferation of normal HSPCs, a 7-day co-culture of HSPCs and MSCs was
performed at atmospheric oxygen concentrations of 20 %, 3 % and 1 % O». The latter two are
considered as hypoxia while 20 % acted as a normoxia control. Cell cycle analysis of the
HSPCs revealed that both 3 % and 1 % O were sufficient to increase the proportions of
quiescent cells in total CD45, HPCs ** and HSPCs *~ by up to 2.25 to 2.8-fold at an almost
equal expense (2.44 and 4.67-fold) of cells in S-M-G2 phase, respectively (Figure 35A). This

indicates that O> concentration regulates HSPC proliferation in a dose-dependent manner but
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does not delineate between cell-autonomous and indirect-MSC cell non-autonomous
contributions. Identically to the pre-conditioning of the MSCs with AML, we cultured MSCs
for 5 days at 3 % or 20 % O after which HSPCs were added to the cultured with the respective
MSCs. Additionally, the expression of hypoxia-regulated genes STCI, VEGF-A and GLUTI
was analysed every day following the re-exposure to 20 % O». Real-time PCR analysis revealed
that all three inspected hypoxia-regulated genes remained significantly upregulated for up to 3
days but with a considerable decay (Figure 35B). The HSPCs co-cultured on hypoxia pre-
conditioned MSCs contained on average 12 % more quiescent cells in each HSPC sub-
population analysed which indicates that hypoxia-response genes in MSCs reduce the

proliferation of HSPCs (Figure 35C).

A HSPC proliferation at different O, concentrations c Proportion of quiescent cells

£ = =

2 100 X 1007  mm MSC (Normoxia) p=0.06

+ R B 20%0, § :2- Bl MSC (Hypoxia)

< < 80 Eay s 7]

£c . = 0 s%o, ‘_é_ 85~ . .

€5 e , T, [ %o, S sol —

5 % T 3 * £ 60T *

=9 404~ -_— — i

£ - I = X

— £ 20 E 404

< 5

a ¥ 30-

& o@x & ~

<

N
Quiescent cells Quiescent cells

B Decay of hypoxia-regulated genes in MSCs after re-exposure to normoxia
o35 67 .
2 % Il Normoxia (STC-1)
© L. .
° S Il Normoxia (VEGF-A)
§ é 4+ Hl Normoxia (GLUT-1)
g5 s Ea Hypoxia (STC-1)
52 — .
g_s . Hypoxia (VEGF-A)
<9 BA Hypoxia (GLUT-1)
Z
=
€8

\J N Vv S ™
Days in Normoxia

Figure 35.  Regulation of HSPC proliferation by hypoxia and hypoxia-regulated
genes from MSCs

(A) CB HSPCs were co-cultured with MSCs at different atmospheric O» pressure and after 7
days the cell cycle distribution of total haematopoietic (Total CD45"), HPCs +/+ and HSPCs
+/- was analysed by Ki67 expression and DNA content (DAPI), representative results from
two independent experiments (B) MSCs were pre-conditioned for 5 days at 3 % O> or 20 %
O.. Subsequently, the mRNA expression of hypoxia response genes STC1, GLUT1 and VEGF-
A was measured and normalised to the expression of 20 % MSCs each day following the re-
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exposure to 20 % O», representative results from two independent experiments (C) MSCs were
preconditioned at 3 % Oz and 20 % O and followed by HSPC co-culture for 48h. The
proportion of quiescent cells among different sub-populations of HSPCs was measured via
Ki67 expression and DNA content (DAPI), representative results from three independent
experiments; *p<0.05, n.s p > 0.05; Error bars are +/- SEM
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5.3 Discussion

The mesenchymal niche in AML is of particular importance owing to vast cellular,
transcriptional and proteomic remodelling. Deficiencies of MSC-downstream osteoblastic and
adipocytic cell types further imply that the mesenchymal niche is of crucial importance for
haematopoietic homeostasis. From a transcriptional perspective, MSCs isolated from AML
patients exhibit aberrant inflammatory NF-kB/IL-1b, TGF-B1 and p16/p21 SASP signalling
leading to the downregulation of several essential haematopoietic genes like SCF,
Angiopoietin-1 and SDF1 (Abdul-Aziz et al., 2019; Geyh et al., 2018; Jacamo et al., 2014). Ex
vivo co-cultures of MSCs and AML have mainly been utilised to recapitulate certain
transcriptional features of expanded AML MSCs, but less is known about more volatile
pathways like the hypoxia-response pathway (Battula et al., 2017). The time-course analysis
of hypoxia-regulated genes from hypoxia and AML pre-conditioned MSCs demonstrated that
once re-exposed to a control-like environment, the mRNA reverts to control levels within 48h-
72h. Obviously, other stimuli than hypoxia may regulate these genes and apart from HIF
transcriptional factors, pathways like NF-kB were reportedly involved in the mesenchymal

hypoxia response (Crisostomo et al., 2008). A detailed interrogation will follow in chapter 6.

The importance of the mesenchymal microenvironment regarding the response to AML was
highlighted by the comparison of feeder-free versus MSC-supported AML-HSPC co-cultures.
Interestingly, the proliferation of HSPCs was suppressed in both conditions, but MSCs
exacerbated the highest HSPC suppression. This implies that AML is capable of directly
suppressing HSPCs, but the majority stems from AML-microenvironmental interactions. From
a related project, we reported that lactate, the metabolic end-product of anaerobic glycolysis,
induces a dose-dependent suppression of HSPCs proliferation. In comparison to normal MNCs
or HSPCs, AML secrete more lactate per cell, indicating that an altered metabolism of AML
cells may be part of an MSC-independent mechanism.

Several reports investigated the impact of the mesenchymal microenvironment on AML.
Several anti-apoptotic regulators including BCL2 are induced via MAPK-signalling (PI3K,
AKT, mTOR) and activation of mitochondrial uncoupling protein UCP2 and beta-oxidation of
fatty acids reprograms AML metabolism (Samudio et al., 2008; Samudio et al., 2010; Zhou et
al., 2016). Since the perspective of these studies has been on chemoresistance and AML
proliferation, little is known regarding the impact of these pathways on HSPC proliferation.

Cell counts of AML between feeder-free and MSC-supported cultures were not significantly
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different, which at least excludes that differences in AML proliferation affected the HSPC
proliferation. However, considering the effects of metabolic end-product lactate, the
proliferation-independent rewiring of AML affecting metabolism may impact HSPC expansion

and should be further investigated.

Considering the profound impact of AML on MSC hypoxia-response gene expression, at least
on the mRNA level, one might speculate that this may impair HSPC proliferation. Interestingly,
MSC-supported HSPCs without AML expanded greater than their feeder-free counterparts
which implies that normally MSCs do not interfere with HSPC proliferation and provide
additional support for haematopoietic cells. Indeed, Xiao et al. postulated that healthy MSCs
act as AML suppressors and that by transcriptional reprogramming, the AML transforms them
into an AML-exclusively supporting niche (Xiao et al., 2018; Zhang et al., 2012).

Therefore, to rule out that HSPC suppression was merely a result of AML responding to the
mesenchymal microenvironment and to elaborate the hypothesis that the hypoxia-response
genes in MSCs participate in HSPC suppression, MSCs were pre-conditioned with AML or
hypoxia. Indeed, the reduction of HSPC proliferation by pre-conditioned MSCs in a
“remodelling-dose”’-dependent manner, indicated by the correlation between STC1 secretion
and HSPC suppression, supports this hypothesis. Hypoxia-regulated genes, although still
upregulated at the protein and mRNA level when compared to normoxia control MSCs,
decayed rapidly once the MSCs were re-exposed to a normoxic or AML-free environment.
This may underestimate the real contribution of these genes to HSPC suppression but

establishes the validity of the concept.
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Chapter 6. The MSC secreted factor STC1 suppresses normal HSPCs

6.1 Introduction

Mesenchymal stroma cells are an integral part of the BM microenvironment. In humans, MSCs
include 0.001 % - 0.01 % of the nucleated cells in BM but have also been isolated from other
sources like liver, dental pulp, spleen, lung, umbilical cord and peripheral blood (Agqmasheh et
al., 2017). However, owing to a unique DNA-methylation profile allowing chondrogenic
transcription and osteogenic priming, only BM MSCs are capable of generating a bone marrow
cavity and sustain haematopoiesis in vivo (Reinisch et al., 2015). Apart from humanised in vivo
niches, BM MSCs are very versatile and have a high clinical potential. MSC secrete anti-
inflammatory factors and alleviate inflammatory symptoms of graft-versus-host disease when
injected into ASCT patients and myelofibrosis. Furthermore, co-injection of MSCs with
HSPCs can improve recovery of haematopoiesis after irradiation (Bader et al., 2018; Liu et al.,
2018). MSCs or their murine in vivo LepR"/nestin” counterparts secrete factor and express
surface antigens responsible for HSPC homing (SDF1, VCAM1), maintenance of HSC (SDF),
cell cycle (TGF-B1) and immune-response (IL6, IL8) (Agmasheh et al., 2017; Asada et al.,
2017). Additionally, micro-vesicles and exosomes are released in large quantities from MSCs
containing miRNA and protein cargo which can promote myeloid progenitor expansion
(Goloviznina et al., 2016). As described previously, AML influences the expression of several
MSC-derived haematopoietic factors to promote AML proliferation and chemoresistance
(Abdul-Aziz et al., 2019; Jacamo et al., 2014) but the effect on normal haematopoiesis is largely
unexplored. However, based on the bandwidth of MSC-derived HSPC regulators, it could be

predicted that individual modulator could alter HSPC behaviour functions.

The stanniocalcin family of protein was first described in bony fish as regulators of
calcium/phosphate homeostasis. In the 1990s, two vertebrae orthologs were discovered:
Stanniocalcin-1 and Stanniocalcin-2 but knockout mouse models ruled out involvement in
mammalian ion metabolism (Yeung et al., 2012). Both STC1 and STC2 are overexpressed in
several solid cancers and convey adverse outcome (Uhlen et al., 2015). Overexpression murine
models induce dwarfism mediated via an inhibition of the IGF pathway but further mechanistic
analysis of the role of STC1 in cancer is often exacerbated by the lack of knowledge regarding
the receptor (Jepsen et al., 2015). Indeed, a conserved signalling response to STC1 has not been
demonstrated in different cancer models. Putative modes of action include redox-signalling

(Huang et al., 2015; Pan et al., 2015)., MAPK-signalling, BCL2 (Chu et al., 2015; Yeung et
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al., 2012) and metabolic reprogramming (Block et al., 2009; Ohkouchi et al., 2012).
Furthermore, often, studies do not discriminate between intracellular and extracellular roles of
STCI. As an extracellular secreted factor, STC1 has been detected in supernatant from MSCs
and endothelial cells. In particular, for MSCs, several STC1 regulating pathways including
hypoxia (HIF-1a) (Yang et al., 2015; Yeung et al., 2005), inflammation (IL1a/p) (Bartosh et
al., 2013) and TGF-B1 (Ono et al., 2015) have been discovered. For example, irradiated
fibroblasts and adenocarcinoma cell line A549 trigger STC1 release from MSCs to improve
chemoresistance through UCP2-mediated mitochondrial uncoupling reducing ROS production
(Block et al., 2009; Ohkouchi et al., 2012) and in endothelial cells, STC1/2 promotes
angiogenesis (Law and Wong, 2013).

In AML, two reports link STC1 measured by mRNA expression in the peripheral blood to
adverse outcome (Abaza et al., 2016) and as an early prediction of relapse (Tohmiya et al.,
2004). However, when compared to MSCs, AML patients, cell lines and normal HSPCs
express several-fold less STC1 mRNA and do not secrete ELISA-detectable amounts into
supernatant. On the other hand, MSC-derived STC1 was detected as one of several upregulated
MSC genes in response to AML and B-ALL (dos Santos et al., 2011; Reikvam et al., 2015).

Nonetheless, the role of STC1 in normal and malignant haematopoiesis is currently unknown.
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6.2 Results
6.2.1 AML suppresses is partially dependent on direct contact

Previously, it was already established that direct contact between AML and MSCs accelerates
HSPC suppression and transcriptional reprogramming of MSCs, but it is unknown whether
direct contact between HSPCs and AML/MSCs is required or secreted factors are responsible.
To further dissect this, we compared the HSPC proliferation between HSPCs in direct contact
with AML and MSCs to HSPCs separated via a 0.4 pm pore size transwell (Figure 36A). In
control conditions of CD34" alone, no significant difference between HSPCs cultured in direct
contact or transwell inserts were detected regarding cell viability or proliferation, confirming
the feasibility to compare these two conditions. Firstly, we measured proliferation via retention
of CTV and observed in both direct contact and transwell conditions an increased CTV!
population among CD34" cells but around 50 % less in the transwell (Figure 36B-C). This
difference did not prevail when cell counts of total non-leukaemic hCD45", HPCs and HSPCs
was compared (Figure 36D). Of note, normal HSPCs in transwell AML cultures were 10-75 %
less viable, explaining why CTV retention, differed but cell counts remained unchanged
(Figure 36E). In conclusion, HSPC suppression is mediated by cell-cell interactions and
secreted factors, even though HSPCs in close contact with MSCs may be exposed quicker to
higher concentrations of secreted factors than HSPCs from transwell inserts which would

underestimate the impact of secreted factors.
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Figure 36.  Comparison of HSPCs proliferation in direct contact or in transwell
inserts

(A) Schematic representation of experiments design with MSC and AML adhered or in
suspension at the dish surface supplemented with HSPCs directly or separated via a transwell
insert (B) Representative plot of CTV retention in CD34" HSPCs from CD34" alone (black),
+ AML cell line NB4 (direct contact) (red) or + AML cell line NB4 (transwell) (orange) (C)
Proportions of CTV" in CD34" HSPCs normalised to CD34" alone (D) Cell counts of total
non-leukaemic haematopoietic cells (hCD45"), HPCs (CD34'CD38") and HSPCs
(CD34°CD38") normalised to cell counts of CD34" alone (E) Percentages of viable (DAPI)
cells among CD34" HSPCs; each dot represents data from two independent experiments and
each symbol represents a specific cell line *p<0.05, n.s p > 0.05; Error bars are +/- SEM
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Figure 37.  Schematic of transcriptome analysis of MSS exposed to AML

Microarray performed by Dr. Ashley Hamilton: MS5 mouse stroma cell line was either
cultured alone or co-cultured with either normal CD34" HSPCs, AML cell lines or AML
patients. After 5 days, MS5 cell were FACS-sorted to extract RNA for microarray analysis of
the transcriptome. MS5 cultured alone were compared to MS5 with AML cell lines and MS5
co-cultured with normal HSPCs were compared with MS5 co-cultured with AML7 and AMLS

6.2.2 Investigation of stromal secretome after AML culture

Dr Ashley Hamilton, a previous member of the lab, had setup a microarray to compare the
transcriptome of a mouse stromal cell line MS-5 co-cultured AML patient samples (AML7 and
AMLS) and AML cell lines (KG1, U937, Fujioka-1, Kasumi-1, NB4, HL60 and TH19),
respectively. MS-5 cultured alone or co-cultured with CB HSPCs served as controls to detect
changes in the MS5 transcriptome (Figure 37). Differentially expressed gene sets from MS5
from AML patients and AML cell lines, shared 69 upregulated genes and 59 down-regulated
genes with an adjusted p-value of < 0.05 and with logarithmic fold change (LogFC) of >1 and
<-1, respectively. The list was screened for secreted factors utilising the MetazSecKB database
from Meinken J, Walker G, Cooper CR, Min XJ containing 1819 putative secreted murine
proteins. The differentially expressed genes contained 11 secreted factors (10 upregulated and

1 down-regulated) (Table 10-11). GAS6 and KIRRE3 have been reported as stromal derived
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secreted factors regulating HSPC maintenance. IGF1 and IGF2 are well-defined promoters of
normal and malignant haematopoietic proliferation and survival. The other 7 secreted protein
have not been previously annotated with AML or normal haematopoiesis. Interestingly, STC1
has been reported as an MSC-secreted factor regulating fibroblast and lung adenocarcinoma

metabolism and regulating chemo-resistance. In solid cancer, STC1 was described as novel

biomarkers and conveyed adverse prognosis in several different cancer models.

Table 10. Commonly up-and down-regulated putative secreted genes in MS5
exposed to AML
MSS5 (Alone) versus MS5 (AML cell | MS5 (CD34") versus MS5
line) (AML cell line)
Adjusted p- Adjusted p-
Gene Name LogFC LogFC
value value
LYZ6 3.473279526 1.06E-07 2.414773876 9.66E-05
GAS6 2.433432052 1.80E-09 1.66256347 5.48E-06
STC1 2.19419962 0.00974067 2.361545323 0.01414398
SEMAC3 1.61006986 5.87E-05 1.247412434 0.00251425
AMY1A 1.582087648 6.67E-05 1.758626323 7.63E-05
KIRRE3 1.480718522 0.00014821 1.222699085 0.00325633
IGF1 1.371770146 0.00030726 3.615091082 8.00E-09
KNG3 1.245225986 0.00202444 1.116900863 0.01223174
IGF2 1.132262855 0.04557032 3.531109599 8.94E-07
HP 1.065585857 0.00405382 2.770054106 1.49E-07
CCBE1 -1.96783893 1.23E-10 -1.837471329 9.23E-06
Table 11. Gene name, associated protein product and function obtained from
Uniprot database
Gene Name | Protein Name Function
LYZ6 Lysozyme C-1 Bacteriolytic protein expressed by macrophages and some
HSCs
GAS6 Growth arrest- | Ligand for AXL, Tyro3 and Mer receptors, expression in
specific protein 6 | stroma cells supports HSPC maintenance and AXL supports
AML growth (Ben-Batalla et al., 2013; Jin et al., 2017;
Whitman et al., 2014)
STC1 Stanniocalcin-1 Glycoprotein with important roles in solid tumours for MAPK,
oxidative stress and metabolism
SEMAC3 Semaphorin-3C Cardiac development and axon guidance during
development
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AMY1A Alpha-amylase 1 Hydrolase of alpha-linked polysaccharides

KIRRE3 Kin of IRRE-like | Guides target-specific synapses as adhesion molecule and
protein 3 supports HSPCs as secreted factor (Ueno et al., 2003)
IGF1 Insulin-like Promotes AML and HSPC proliferation via IGF-receptors 1/2
growth factor | activated AKT and MAPK signalling (Cheng et al.,, 2014;
Doepfner et al., 2007)
KNG3 Kininogen-1 Blood coagulation and kinin-kallikrein system
IGF2 Insulin-like Promotes AML and HSPC proliferation via IGF-receptors 1/2
growth factor Il activated AKT and MAPK signalling (Cheng et al.,, 2014;
Doepfner et al., 2007)
HP Haptoglobin Plasma protein binding free haemoglobin
CCBE1 Collagen and | Required for lymphangioblast budding and angiogenic

calcium-binding sprouting from venous endothelium during embryogenesis
EGF domain-
containing
protein 1

6.2.3 AML triggers STC1 secretion from MSCs

Due to STC1’s published roles as MSC-secreted factor, the important implications in solid
tumour biology and the lack of annotation regarding normal or malignant haematopoiesis, we
analysed its role in more detail. To validate the data from the MS5 mouse stroma cell line,
healthy human MSCs were co-cultured with AML cell lines, and AML patient samples, FACS-
sorted and STC1 mRNA expression and protein expression analysed in comparison to MSC
cultured alone by real-time PCR and western blot, respectively. Relative to MSC cultured alone
in normoxia, both AML patients and cell lines as well as hypoxia triggered STC1 up-regulation
of approximately 3-fold (Figure 38A) but, surprisingly, on the protein level, no accumulation
was found (Figure 38B). STCI is a secreted protein; hence the supernatant of the ex vivo
humanised niche system was collected and STC1 concentrations measured by enzyme-linked
immunosorbent assay (ELISA). In line with the levels of mRNA expression, STCI
concentrations in the supernatant increased between 2 to 30 fold in + AML cell line cultures as

compared to CD34" alone controls (0.035-0.2 ng/mL of STC1 versus 0.5 — 1.15 ng/mL). Also
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+ AML patient culture supernatant contained 2 to 5 fold elevated concentrations of STC1 (0.2-
0.4 ng/mL versus 0.75 — 1 ng/mL) (Figure 38C). Since the STC1 in the supernatant could
theoretically also be derived from AML, we compared the STC1 mRNA expression relative to
a ubiquitously expressed housekeeping gene (ribosomal protein 18S (RPS18)) in MSCs, CB
HSPCs and AML cell lines. MSCs cultured in normoxia and hypoxia contained 0.1-0.01 copies
of STC1 ¢cDNA per copy of RPS18 compared to around 0.00001 copies in AML cell lines and
normal HSPCs indicating that AML and normal HSPCs do not express meaningful quantities
of STC1 (Figure 38D). Additionally, STC1 was never detected by western blot in normal
HSPCs or AML cell lines.
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Figure 38.  Expression of STC1 in MSCs

(A) STC1 mRNA expression of MSCs cultured alone in either normoxia or hypoxia or co-
culture with AML cell lines (HL60, ML1, U937) or AML patient samples (AML7, AMLS,
AMLY) in normoxia (n=2) (B) Immunoblot of STC1 protein levels in whole cell extract of
MSC:s cultured alone or co-cultured with AML cell lines (HL60, ML1) in normoxia (top) and
MSCs cultured alone in normoxia and hypoxia for 2 and 5 days, respectively (bottom).
Membranes were stripped and re-plotted for actin as loading control (n=1) (C) Relative
concentrations of STC1 in supernatant from MSCs co-cultured with either normal CD34"
HSPCs, HSPCs + AML cell lines and HSPCs + AML patient samples (n=3) measured by
ELISA, absolute concentration ranges are mentioned above the respective bar (D) Average
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mRNA expression of STCI1 relative to housekeeping gene 40S ribosomal protein S18 (RPS18)
in MSCs cultured in normoxia and hypoxia (n=3) or AML cell lines and normal CD34" HSPCs
(n=2); *p<0.05, n.s p > 0.05; Error bars are +/- SEM

6.2.4 STC1 as biomarker to measure HSPC suppression

Next, we compared the secretion of STC1 with the suppression of HSPCs. The total numbers
of non-leukaemic haematopoietic cells and CD34" HSCPs and CTV" CD34" cells from + AML
cell lines and CD34" alone was plotted against the STC1 expression, expressed as fold-change
from CD34" alone. Statistical analysis of lineage correlation demonstrated a significant inverse
relationship between the total numbers of haematopoietic cells and STC1 concentrations
(Figure 39A left). For the total numbers of CD34" HSPCs, a relationship was apparent but did
not reach statistical significance (Figure 39A right). Similarly, the proportions of CTV"i cells
within total CD45" cells but not CD34" were significantly correlated (Figure 39B). This further
confirms that MSC transcriptional remodelling is a crucial determinant of HSPCs suppression

and indicates that STC1 could be an exciting novel biomarker for these processes.
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Figure 39.  Correlation between normal haematopoietic cells and STC1
concentration in supernatant of HSPC-AML co-cultures
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(A) Absolute counts of total normal CD45" haematopoietic cells (left) and CD34" HSPCs
(right) and the respective STC1 fold-increase relative to CD34+ alone (B) Percentage of CTV!
in total normal CD45" haematopoietic cells (left) and CD34" HSPCs (right) and the respective
STCI fold-increase relative to CD34+ alone; each dot symbolises a HSPCs wo-cultured with
an AML cell lines; lineage regression statistical analysis was performed with thick line
representing the lineage relationship and dotted lines representing the 95 % confidence interval

6.2.5 STC1 suppresses normal HSPCs expansion and differentiation

6.2.5.1 Phenotypic and functional characterisation of STC1-treated HSPCs ex vivo

To test whether secreted STC1 could be directly involved in the suppression of normal HSPCs
by AML, normal CD34" HSPCs were co-cultured with MSCs and treated with STCI1 or
vehicle. Most publications use between 50-200 ng/mL of STC1, therefore an intermediate dose
of 100 ng/mL was chosen. After 5 days, HSPCs were phenotypically analysed to compare
viability, proliferation and cell cycle to vehicle-treated controls. Furthermore, HSPCs were

FACS-sorted and functionally analysed in a serial-replating CFU-assay and LTC-IC assay.
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Figure 40.  Correlation between normal haematopoietic cells and STC1

concentration in supernatant of HSPC-AML co-cultures

(A) Representative flow cytometry plots of HSPCs co-cultured with normal CD34+ HSPCs
treated with vehicle (phosphate buffered saline (PBS)) (top) or recombinant human STC1 for
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5 days (bottom) (B) Quantification of total haematopoietic cells (Total CD45"), CD34"CD38*
HPCs (+/+) and CD34*CD38 HSPCs (+/-) (n=3) (C) Relative distribution of HPCs (+/+) and
HSPCs (+/-) among total CD45+ cells (n=3) (D) Quantification of cell count of AML patient
samples co-cultured with MSCs and treated with vehicle or STC1 for 7 days and normalised
to vehicle (n=3); *p<0.05, n.s p > 0.05; Error bars are +/- SEM
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Figure 41.  Comparative analysis of viability and proliferation of HSPCs treated with
vehicle or STC1

(A) Quantification of viable cells (DAPI or PI negative) among total haematopoietic cells
(Total CD45"), CD34°CD38" HPCs (+/+) and CD34°CD38 HSPCs (+/-) (n=3) (B)
Quantification of proliferation dye retaining cells after pulse-chase experiment with CTV
among total haematopoietic cells (Total CD45%), CD34"'CD38" HPCs (+/+) and CD34"CD38"
HSPCs (+/-) (n=3) (C) Quantification of quiescent cells (Ki67"DAPI’) among total
haematopoietic cells (Total CD45"), CD34°CD38" HPCs (+/+) and CD34"CD38 HSPCs (+/-
) (n=2); *p<0.05, n.s p > 0.05; Error bars are +/- SEM

After 5 days co-culture STCl-treated cultures contained significantly fewer total
haematopoietic cells (Figure 40B) but were proportionally and absolutely enriched for
CD34°CD38 HSPCs (Figures 40A-C). Similar to +fAML co-cultures, viability of vehicle and
STCI treated HSPCs was not significantly different (Figure 41A). Cell cycle analysis showed
a significant enrichment of quiescent cells among +/+ HPCs and +/- HSPCs (Figure 41C)
which was also confirmed by pulse-chase retention of CTV (Figure 41B). In contrast, AML
cell lines or AML patients treated with STC1 for 4-7 days were not significantly increased
compared to vehicle controls (Figure 40D). This implies that STC1 can act directly on HSPCs

to suppress their proliferation.
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Figure 42.  Functional analysis of FACS-sorted CD34* HSPCs treated with vehicle or
STC1

(A) HSPCs were co-cultured with MSCs and treated with vehicle or 100 ng/mL STC1. After 5
days the CD34" cells were FACS-sorted and seeded at 200 cells/mL into cytokine
supplemented methylcellulose (n=4) (B) After 14 days in methylcellulose, the primary colonies
were homogenized and re-plated at 103/mL into fresh methylcellulose, secondary CFUs are
expressed as secondary CFU per CD34" (n=4) (C) FACS-sorted CD34" were first co-cultured
with irradiated MS5 for 5 weeks and then plated in methylcellulose to detect LTC-ICs (n=4);
*p<0.05, n.s p > 0.05; Error bars are +/- SEM

To dig into the functional aspects of STC1-treated HSPCs, CD34" cells were first co-cultured
with MSCs supplemented with vehicle or STC1 and then FACS-sorted CD34" were either
seeded in a serial-replating CFU-assay or further cultured for 5 weeks on irradiated MSS5 stroma
cells to dissect whether the reduction of proliferation would preserve immature progenitors.
STCI1 treated CD34" HSPCs, demonstrated an increased CFU output in both primary (44
versus 68 total CFUs) (Figure 42A) and secondary plating (3 versus 14 total CFUs) (Figure
42B) as well as increased frequency of LTC-IC frequency by 2-fold (Figure 42C). This
confirms that STCI1 treatment of normal HSPCs mimics phenotypically and functionally +
AML co-cultures.
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Figure 43.  Investigation of HSPCs treated with vehicle or STC1 in scaffold model

(A) MSC-CD34+ HSPCs scaffolds were implanted and treated with 1 pg of STC1/scaffold
every 72h for 10-14 days (B) Quantification of pulse-chase tracing of total human
haematopoietic cell and CD34" HSPC proliferation with CTV (n=4) (C) Proportions of CD34+
HSPCs among total human haematopoietic cells (hCD45") per mouse (D) Quantifications of
CFU-ability of FACS-sorted lineage-CD45" from scaffolds (n=4) (F) LTC-IC frequency of
FACS-sorted lineage-CD45" cultured for 5 weeks on irradiated MS5 and analysed for CFU-
ability (n=3) ; *p<0.05, n.s p > 0.05; Error bars are +/- SEM

6.2.5.2 Phenotypic and functional characterisation of STC1-treated HSPCs in vivo

To validate that STC1 could also suppress the expansion of HSPCs in vivo, we first tried
administrating STC1 intravenously to study the role on normal HSPCs in the BM. However,
even with 7.5 pg of STCI1, the concentrations of STC1 in interstitial fluid of the BM was not
significantly elevated. The efficacy of the STC1 ELISA assay was not responsible since STC1
was detected in peripheral blood in a dose-dependent manner. This problem was circumvented
by establishing MSC-normal HSPC scaffolds and treating them with repeated injections (every
3 days) of STC1 or PBS vehicle (Figure 43A). After 10-14 days the scaffolds were harvested
to allow pulse-chase retention of CTV. STCl-treated scaffolds showed a 23 % and 65 %
increase of CTV! cells in both total hCD45 and CD34", respectively (Figure 43B). In contrast
to the +AML scaffolds, phenotypic CD34" HSPCs were not enriched (Figure 43C) nonetheless
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the frequency of CFU-forming HSPCs and LTC-ICs was significantly enriched as compared
to PBS-treated controls (Figure 43D-E). This data confirms STC1 as proliferation suppressing

factors in vivo.
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Figure 44.  STC1 neutralisation in AML-HSPC co-cultures ex vivo

(A) Schematic of experimental setup to neutralise STC1 from ex vivo culture of HSPCs with
AML cell lines (HL60, ML1, U937, NB4, OCI-AML3) (B) Representative plot of phenotypic
distribution of HPCs +/+ and HSPCs +/- (C) Quantification of phenotypic distribution
comparing IgG and anti-STC1 supplemented AML-HSPCs cultures (n=4) (D) Quantification
of proportions of quiescent cells in HPCs +/+ and HSPCs +/- normalised to IgG (n=2); each
dot symbolises an AML cell line, *p<0.05, n.s p > 0.05; Error bars are +/- SEM

6.2.6 Antibody neutralisation of STC1 ameliorates HSPC differentiation blockage ex
vivo

STC1 is mainly expressed in MSCs, hence MSC-specific knockdown was the first attempt to
diminish STC1 secretion and accumulation in the extracellular space. Two independent short
hairpin RNA sequences targeted STC1 and knockdown was confirmed by qPCR. Before we
attempted culture STC1 knockdown MSCS with HSPCs and AML, we observed that compared
to lentivirus transduction controls the viability of MSCs, and the proliferation was reduced,
potentially consequential of 3-fold higher ROS levels in shSTC1 MSCs. Since STC1 in the
media but not intracellular STC1 was drastically altered between MSCs alone and AML MSCs,
an STC1 specific antibody was used to neutralise STC1 (Figure 44A). Ex vivo, HSPC + AML
cell lines cultures supplemented with anti-STC1 at 1 pg/mL facilitated phenotypic HSPC
differentiation from +/- HSPCs to +/+ HPCs as compared to IgG controls (Figure 44B-C). Cell
cycle analysis showed that HSPCs were proportionally less quiescent when treated with STC1
neutralising antibody (Figure 44D). This implies that STC1 participates in the ex vivo
suppression of HSPCs by AML.
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6.2.7 Antibody neutralisation of STC1 ameliorates HSPC differentiation blockage in
vivo

First, the expression of STC1 in the AML scaffold system was analysed. FACS-sorted CD45"
CD90"CD73" MSCs from + AML cell line scaffolds expressed around 50 % higher levels of
STCI than their CD34+ alone counterparts (Figure 45B). Surprisingly, we also observed a
drastic up-regulation of STC1 in murine CD45 mCD51" fibroblasts which had migrated into
the CD34" alone and + AML scaffolds, but total STC1 expression in terms of STC1 copies per
copy of housekeeping gene in fibroblasts was still relatively low as compared MSCs (Figure
45C).

Like the STC1-treated protocol, CD34" alone control scaffolds and + AML cell line (U937)
scaffolds were treated every 3 days with 2 pg of IgG or STC1 antibody (Figure 45A). After 2
weeks, the scaffolds were harvested and proliferation was assessed by pulse-chase retention of
CTV. In agreement with the proposed quiescence promoting role of STC1, the treatment with
neutralising antibody significantly reduced the proportions of CTV" cells in both non-
leukaemic CD45" cells and CD34" HSPCs (Figure 45F). Furthermore, the absolute number of
non-leukaemic human haematopoietic cells was elevated but did not reach statistical
significance. On the other hand, AML counts did not show any significant difference nor trend
between IgG and anti-STCI1 treated scaffolds (Figure 45D). Together, this data confirms that
STC1 accumulation in the interstitial fluid of scaffolds or the supernatant of HSPC-AML co-

cultures delays the cell cycle entry of normal HSPCs but surprisingly not AML cell.
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Figure 45.  STC1 expression and neutralisation of STC1 in AML-HSPC scaffold
model

(A) Schematic of experimental setup to neutralise STC1 in AML-HSPC scaffold model with
AML cell line U937 and injections of 2 pg/scaffold every 72h. Scaffolds were harvested after
10 days (B-C) mRNA STC1 expression in CD45°CD73"CD90+ human MSCs (B) and CD45"
mCD51" mouse stroma (C) in AML-HSPC scaffold normalised to CD34+ alone scaffolds
(n=2) (D) Quantifications of AML and normal total human haematopoietic cells (Normal
CD45) per mouse (n=3) (CF) Quantifications of proliferation using pulse-chase retention of
CTYV per mouse normalised by IgG treated CD34" alone scaffolds (dotted line) (n=3); *p<0.05,
n.s p > 0.05; Error bars are +/- SEM

6.2.8 Mechanistic analysis of STC1 on normal HSPCs and MSCs

STC1 has been annotated as oxidative stress response gene to resolve ROS levels by mitigating
the mitochondrial proton gradient via UCP2. STC1 knockdown in MSCs drastically reduced
MSC homeostasis, preventing MSC expansion and accumulated ROS (Figure 46A-B). ROS
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levels in STC1 overexpressing MSCs was measured by ROS specific probe CellROX deep red

and mitochondrial membrane potential (MPP) probe by TMRE. Lentivirus-mediated

overexpression of STCI1 significantly reduced the mitochondrial membrane potential and ROS

in MSCs (Figure 46C). HSPCs were co-cultured with MSCs overexpressing STC1 for 5 days,

but with the exception of HSPCs +/-, no significant alterations of MMP and ROS levels were

observed (Figure 46D).
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Figure 46.  Role of STC1 for ROS and mitochondrial membrane potential in MSCs
(A) Cell numbers of MSCs from two independent donors transduced with lentivirus vector
against STC1 after 7 days (n=2) (B) ROS levels in MSCs after STC1-knockdown and culture
for 7 days measured with CellROX deep red probe (n=2) (C-D) Mitochondrial membrane
potential measured by TMRE probe and ROS levels in STC1 overexpressing MSCs (C) and
co-cultured normal HSPCs (D) (n=3); *p<0.05, n.s p > 0.05; Error bars are +/- SEM
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6.3 Discussion:

The suppression of normal HSPCs is a multifactorial process. As demonstrated in the previous
chapter, MSCs potentiate the suppression of HSPCs and the separation between AML-MSCs
and HSPCs with a transwell insert demonstrates that secreted factors and direct contact are
mediators. However, a reliable comparison between direct and humoral factors is exacerbated
by specific physical parameters. In particular, diffusion could artificially shift the results
towards direct contact but since we did not anticipate these factors, the STC1 concentration in
the transwell inserts and the well supernatant, which would allow a more profound
interpretation, was not measured. Molecules diffuse along a concentration gradient from the
MSC to the transwell in a 3-dimensional space. An approximation formula to measure the time

this process requires is given by

Distance?
2 * Dif fusion coef ficient

Time =

With the diffusion coefficient for small proteins like STC1 is 10°° a molecule of STC1 would
require approximately 15 hours to migrate 1 cm (Brune and Kim, 1993). To mitigate diffusion
effects the bottom of the transwell almost touches the bottom of the dish hence, 1 ¢cm is an
exaggeration of the distance between MSCs-AML and the HSPCs. However, the small
molecules need to diffuse through 0.4 pm pores creating a bottle-neck feature which would
further delay the arrival of STC1 in the transwell. A larger pore size like 3 um would facilitate
a faster concentration equalisation but add the risk of AML or HSPCs migration through the
pores.

Of note, a similar effect was observed when AML was separated from HSPCs-MSCs via a
transwell insert or MSCs cultured in media from AML. In these settings, MSCs significantly
upregulated hypoxia-response genes but to a diminished extent than MSCs in direct contact
with AML. Again, these results could be explained by a requirement for direct contact.
Alternatively, a concentration-dependent effect of the secreted molecules together with a
diffusion gradient would also cause an up-regulation of hypoxia-response genes, but due to the
diffusion delay, the concentration at the MSC surface is lower, the expression would also be
lower. To conclude, the results of the transwell experiment prove that secreted factors are
participants in the suppression of HSPCs by AML. Direct contact between AML-MSCs and

normal HSPCs may be required as well, but definitive quantifications of the impact of direct
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contact versus secreted factors is impossible owing to the physical parameter introduced by
transwell inserts. Another alternative to prove that secreted factors are involved are
experiments using conditioned media, but this strategy also comes with certain caveats like the
half-life of proteins and the diffusion/concentration effects described above. We attempted this
approach and observed more quiescent HSPCs in conditioned media from AML, but the effects
were more truncated than the transwell culture. In the BM, diffusion and concentration
gradients might also play an important role for the clonal growth clusters of AML cells (Herault
et al., 2017). For example, hypoxia in the BM of leukaemic mice is highest in close proximity
to AML cells implying that the oxygen diffusion from outside the AML clone is slower than

oxygen consumption of AML resulting in a concentration gradient (Passaro et al., 2017b).

Another interesting observation from the transwell experiments was the difference in viability
between HSPCs in direct contact with MSCs or separated via a transwell insert. Without AML
the viability between HSPCs from direct contact and transwell did not differ, but in the AML
environment, the cell-cell contact between MSCs and/or AML clearly mediated an anti-
apoptotic effect on the HSPCs in particularly with the AML cell line OCI-AML3. Interestingly,
this cell line firmly adheres to MSCs and sometimes induces MSC displacement from plastic
and apoptosis. On the other hand, separation of AML from MSCs via a transwell insert only
marginally reduces AML viability, indicating that AML cell lines are more fit and selected to
survive under environmental stress. A similar phenotype was observed when normal HSPCs
were cultured with lactate, the main end-product of anaerobic glycolysis. Without stromal
support by MS5 mouse stroma cell line, the HSPC’s viability was severely diminished even
with MS5 conditioned media in a lactate dose-dependent manner. However, the presence of a
stromal monolayer completely abrogated the toxicity from lactate. The molecular causality for
anti-apoptotic effect of the mesenchymal niche was not further investigated but cell surface
proteins like the notch ligand/receptor family or integrin-mediated attachment of HSPCs to the
extracellular matrix produced by niche cells have been shown to improve survival of HSPCs

under stress conditions like irradiation (Kim et al., 2018; Krater et al., 2017).

The secreted factors mediating HSPC suppression could be derived by the mesenchymal niche
or AML. Lactate was previously mentioned as a directly suppressive secreted molecule which
could certainly contribute to the pool of secreted factors suppressing HSPCs in the transwell
setting. Compared to CB CD34" HSPCs or mononucleated cells, AML patient samples and

AML cell lines generate more lactate even when differences in proliferation were considered
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by normalising to lactate secretion per cells. Published data from Andreeff and colleagues, as
well as our comparisons of lactate secretion by AML patient cells cultured alone or on
supportive MSCs, suggests that the mesenchymal niche promotes anaerobic glycolysis
(Samudio et al., 2008). HSPCs could be suppressed by lactate, even when cultured without
mesenchymal cells, however when HSPCs were co-cultured with MSCs, the suppression
became very irregular and truncated as compared to co-cultures with mouse stromal cell line
MSS5. Differences regarding the metabolic activity between MSCs and MS5 might be a

potential explanation since MSC secrete much higher concentrations of lactate than MSS5.

Regarding the secreted factors deriving from MSCs, we compared the transcriptome of MS5
co-cultured with normal HSPCs and AML and specially selected secreted factors upregulated
by AML cell lines and AML patient samples. Apart from STCI1, several other factors with
haematopoietic potential were observed. GAS6 and its receptor tyrosine kinase AXL have been
reported to promote the proliferation of AML and CML and secretion of GAS6 is essential for
the maintenance of stroma cells to support HSPCs (Jin et al., 2017). Furthermore, GAS6 is
expressed by AML in an autocrine manner and high expression stratifies AML patients with
adverse prognosis (Whitman et al., 2014). Kirre3 is expressed on the surface of OP9 murine
stroma cells and cleaved by metalloproteases. In HSPC-OP9 co-cultures, cobblestone area
formation, an indicator of HSPC self-renewal, colocalised with Kirre3 expression by OP9 cells.
Supplementation with the extracellular cleaved Kirre3 mitigated HSPC migration and
adversely affected LTC-IC frequency (Ueno et al., 2003). Lastly, IGF1/2 were significantly
upregulated, but these factors and the IGF receptor — MAPK pathway are associated with
HSPC and AML cell cycle entry.

Most likely, multiple factors are involved in the suppression of HSPCs by AML and a better
understanding could lead to the discovery of novel HSPC cell cycle regulators. Cheng and
colleagues discovered that normal HSCs from leukaemic mice upregulate Egr3, Hey1 and Maff
expression, which were subsequently confirmed as HSC cell cycle regulators in murine and
zebrafish HSCs (Cheng et al., 2015; Cheng et al., 2016). STC1 had not been annotated as an
HSC regulator, but stratification of patients with solid cancer, based on STC1 expression,
consistently predicts adverse outcome. Additionally, work by Prockop and colleagues on MSC
co-cultures with irradiated fibroblasts and adenocarcinoma cell line A549 demonstrated that

oxidative stress upregulates STC1 in MSCs. STC1 was demonstrated to act in an anti-apoptotic
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and ROS resolving manner on the irradiated fibroblasts or A549 cells treated under oxidative
stress (Block et al., 2009; Ohkouchi et al., 2012).

Our data suggests that STC1 selectively decreases HSPC proliferation but not the proliferation
of AML patient samples or cell lines. In ovarian cancer, overexpression of STC1 was shown
to lead to increased proliferation, but work on macrophages exposed to secreted STC1 also
indicates an anti-proliferative role (Liu et al., 2010; Wang et al., 2009). Similar to our data, this
implies that STCI1 may provoke different phenotypes dependent on cell type and
intra/extracellular localisation. Further, in line with an anti-proliferative/differentiation impact
of STC1, HSPCs exposed to STC1 in vivo and ex vivo performed significantly better in CFU-
replating Assays and LTC-IC assays. We attempted to also assess the performance of HSPCs
from AML scaffolds exposed to the blocking antibody, but AML contaminations of FACS-
sorted HSPCs prevented further analysis.

Published work on macrophages suggests STC1 to be sequestered by macrophages, where it
localises to the surface of mitochondria, a previously identified binding site of STC1 (Wang et
al.,2009). STC1 supposedly stabilises the putative mitochondrial uncoupler UCP2 but in recent
years, the initial annotation of UCP2 as an uncoupling protein has been disputed (Ohkouchi et
al., 2012). This data was mainly based on work using the mitochondrial potential dye JC-1,
which are usually used to measure mitochondrial membrane potential loss to measure
apoptosis. JC-1 forms orange-fluorescent J-aggregate in polarised mitochondria and the
mitochondrial potential can be measured by the fluorescence intensity of the aggregates.
However, JC-1 has a very low solubility in water and in our hand’s supplementation to the
media-generated insoluble aggregates in the media. The rhodaminel23 and
tetramethylrhodamine, ethyl ester (TMRE) are other often used dyes to measure mitochondrial
potential (Sakamuru et al., 2016). In our hands, only the latter responded accordingly to the
small molecule mitochondrial uncoupler Trifluoromethoxy carbonylcyanide phenylhydrazone
(FCCP). In line with a role of STCI in redox-regulation, we observed that MSCs
overexpressing STC1 reduced mitochondrial membrane potential and ROS levels. More
dramatically, knockdown of STC1 completely abrogated MSC homeostasis and drastically
increased ROS levels. On normal HSPC, the effect was less pronounced, and only +/- HSPCs
had significantly reduced mitochondrial membrane potential which did not translate into a
reduction of ROS. Compared to HSPCs, the average intensity from mitochondrial membrane
potential and ROS probes was much higher in MSC which may be another explanation, besides

exposure to lower STC1 concentrations, for a more dramatic effect in MSCs.
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In summary, secreted factors mediate a significant proportion of HSPC suppression.
Transcriptomic analysis of the mesenchymal niche identified STCI1 as glycoprotein whose
secretion is triggered by AML in vitro and in vivo. STC1 concentrations correlate significantly
with the suppression of HSPCs and ex vivo and in vivo exposure of HSPCs to recombinant
extracellular STC1 impedes proliferation. Conversely, blockage of STC1 ameliorated the
HSPC suppression and improving the expansion of HSPCs in the presence of AML and without
acting on AML directly. In line with the proliferation and differentiation impeding effects of
STCI1, immature HSPCs, measured by CFU-assay and LTC-ICs were increased from STC1
exposed HSPCs. Lastly, STC1 overexpression and supplementation resulted in a marked

reduction of ROS in MSCs and mitochondrial membrane potential in MSCs and +/- HSPCs.
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Chapter 7. HIF-1a regulates STC1 expression in AML MSCs and suppresses
HSPCs

7.1 Introduction

In the previous chapter, we presented correlative and causative evidence for the involvement
of STCI1 in HSPC suppression by the leukaemic microenvironment. Under normal healthy
conditions, STC1 expression in normal and malignant haematopoietic cells is mainly absence
and in normal MSCs relatively low, which changes in the presence of AML. By a yet undefined
mechanism, AML induces the expression of genes mimicking hypoxia culture conditions
termed “hypoxia-response genes”. STCI, may therefore, be an interesting read-out to
determine signalling pathways in MSCs that are influenced by AML. Furthermore, since these
signalling pathways may control more secreted factors with HSPC suppressive effect like

STCI1, a potent amelioration of HSPC suppression could be achieved.

STCI regulation at the transcriptional level has been reported by TGF-1 (Ono et al., 2015),
IL1o/p (Bartosh et al., 2013), PDGF (Pena et al., 2013), oxidative stress (Ohkouchi et al.,
2012), hypoxia (Yeung et al., 2005), DNA-damage (Block et al., 2009) histone
acetyltransferase inhibitors (Ching et al., 2012) and DNA demethylase JMJD3 (Park et al.,
2016). Indeed, an interconnection between these pathways exists but considering the
importance and recurrence of these pathways in solid cancer development, it is unsurprising
that STC1 expression predicts an adverse outcome in several solid-cancer models. For
example, hypoxia induces the stabilisation of the a-subunits of HIFs, which in turn can induce
IL-10/B or vis versa (Gorlach and Bonello, 2008; Jung et al., 2003). Activation of NF-xB and
TGF-B1 can either induce the transcription of HIF-law or down-regulate PHD enzyme

expression (McMabhon et al., 2006; Tannahill et al., 2013).

Hypoxia-inducible factors (HIFs) are major regulators of the transcriptional response of cells
to hypoxia and HIF-1a alone regulates more than 40 % of hypoxia-response genes (Benita et
al., 2009). HIF transcription factors consist of an oxygen-sensitive o subunit which
heterodimerize with the B subunit HIF-1f3 via the HLH and PAS domains. Three mammalian
o subunits, HIF-1a, HIF-2a, HIF-3a exist and are expressed in a tissue-specific manner. The
complex of o and P subunits translocate to the nucleus and bind to specific consensus

sequences called hypoxia response elements (HRE) in the genome which regulates the
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transcription of HIF-target genes. In well-oxygenated environments, the alpha subunits are
constantly degraded by PHD enzymes which utilise a Fe2", O, and a-ketoglutarate as substrate
to hydroxylate HIF at conserved proline residues (Schofield and Ratcliffe, 2004). These
hydroxylations induces ubiquitination by VHL and initiates proteasomal destruction. Also, FIH
hydroxylates HIFs at the C-terminus, which disrupts binding to transcriptional coactivators

P300/CBP (Majmundar et al., 2010).

In haematopoietic system, all three o subunits and the  subunit are expressed but HIF-1a,
HIF-2a are mainly expressed in HSPCs and regulate self-renewal of mouse (Takubo et al.,
2010) and human HSCs (Rouault-Pierre et al., 2013). On the other hand, MSCs express high
levels of HIF-la and HIF-2a, which are stabilised upon culture in hypoxia conditions
(Guarnerio et al., 2014; Palomaki et al., 2013). The role of HIF transcription factors in the SCN
has been addressed by Guarnerio et al. in murine MSCs and Kusumbe et al. in endothelial cells,
highlighting the importance of HIF-transcriptional programs for niche cell maintenance and
homeostasis (Guarnerio et al., 2014; Kusumbe et al., 2014; Palomaki et al., 2013). However,
how HIF-target genes influence normal haematopoiesis is largely unknown. Guarnerio et al.,
reported that HIF stabilisation by murine MSCs is required to maintain mouse HSPC at an
undifferentiated state and limit their proliferation (Guarnerio et al., 2014; Palomaki et al.,
2013). Nonetheless, the implications for the leukaemic niche and HSPC regulation in a human

setting remain unknown.
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7.2 Results

7.2.1 Expression of STC1 and other hypoxia-response genes in hypoxia is mediated
by HIF-1a stabilisation

The o-subunits of the HIF-family accumulate intracellularly under low oxygen pressure in
MSCs as exemplified for HIF-1a (Figure 47A). Several glycolytic genes like GLUT1, PDK1
or the secreted angiogenic factor VEGF-A and STC1 have been associated with HIF-1a as a
regulator. HIF-la stabilisation and accumulation were mitigated by shRNA-mediated
knockdown (shHIF-1a) and compared against the same plasmid expressing shRNA against
dsRed as control (shCTL). Lentiviral transduction of MSCs with the shHIF-1o expressing
plasmid prevented the accumulation of HIF-1a under hypoxia (Figure 47A) and reduced the
expression of GLUT1, STCI and VEGF-A in hypoxia by 2 to 5-fold. Hence, without HIF-1a
the expression of hypoxia-response genes was normalised to normoxia level (Figure 47B).

On the other hand, overexpression of a stable version of HIF-1a (HIF-1oo mut) in MSCs,
triggered a 2 to 5-fold increased expression of hypoxia-response genes under normoxic culture
conditions (Figure 47D). For HIF-1a mut, the proline residues at position 402 and 564 and
asparagine at position 803 were converted to alanine to block hydroxylation, preventing

degradation in normoxia conditions.
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Figure 47.  Expression of STC1 and other hypoxia-response genes is mediated by
HIF-1a stabilisation.

(A) Western blot analysis of HIF-1a protein in MSCs in normoxia and after 10h in hypoxia
and efficacy of sShRNA mediated knockdown of HIF-1c.. B-Actin protein levels were measured
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to ensure equal loading (B) mRNA expression of hypoxia-response genes in MSCs transduced
with a shRNA control construct (shCTL) or HIF-1a abrogating shRNA (shHIF) cultured in
either normoxia or hypoxia (n=2) (C) Schematic of HIF-1a protein with domains for DNA-
binding domain helix-loop-helix (lHLH), HIF-1p interacting domain Per-Arnt-Sim (PAS) and
oxygen-dependent degradation domains (N-terminal and C-terminal oxygen-dependent
degradation domains (NODDD and CODDD)) and oxygen-dependent p300 association
domain (C-terminal activating domain (CAD)), Prolines at position 402 and 564 and
asparagine at position 803 were converted to alanine to mitigate hydroxylation preventing
degradation in normoxia conditions (D) mRNA expression of hypoxia-response genes in MSCs
transduced with lentivirus construct overexpressing the normoxia-stable HIF-1a construct
(HIF1a (mut)) (n=2)

7.2.2 AML stabilises HIF-1a triggering expression of STC1 and other hypoxia-
response genes

Similar to hypoxia, MSCs co-cultured with AML express several hypoxia-response genes.
Hence, the whole cell extract of MSCs co-cultured with AML patient samples was plotted for
HIF-1a expression and compared to MSCs cultured alone. Much like the results of HIF-1a
stabilisation in hypoxia, AML triggered the accumulation of HIF-1a in MSCs (Figure 48A).
Next, we addressed whether similar to hypoxia, HIF-1a downregulation by shRNA could
impede the expression of STC1 and other hypoxia-response genes. MSCs expressing
shCTL/shHIF-1a shRNA were co-cultured with normal HSPCs or AML cell line U937 for 4
days in normoxia, FACS-sorted and mRNA expression of STCI, VEGF-A and GLUTI
analysed (Figure 48B). In line with previous results, AML cell line U937, induced a 0.5 to 1.5-
fold increase expression of STC1, VEGF-A and GLUTI in shCTL MSCs but HIF-la
knockdown normalised the expression of STC-1 and GLUT1 but not VEGF-A to shCTL levels
(Figure 48C). Similarly, knockdown of HIF-la in MSCs, significantly diminished the
accumulation of secreted STCI1 in the supernatant of MSCs co-cultured with normal HSPCs +
AML cell lines (Figure 48D). This data indicates that AML triggers the stabilisation of HIF-
la in MSCs, which contributes to the up-regulation of hypoxia-response genes and STCI

secretion.

153



TS S S o>
= == e . | HIF-1a BM MSCs

' AML Patient samples

e =

CICICICI I I >
BM MSCs
Alone

P

R —
TCICICI T I
BM MSCs shCTL BM MSCs

R

T IO >

AML Patient samples

C Hypoxia-response Gene expression in MSCs (AML)

P

I I T

n.s.
} ] D shHIF-1a BM MSCs
%
* STC1 in Media

[ 3' |_|_| n.s. n.s

> % — "S- Il shCTL + CD34* alone .

=] —

S * . " 0.8+ y '

n.s. [ shCTL+AML

C 2 |_|—| ) E \

5 K |_|—| shHIF-1a + AML 3 0.6

n© c «

0 + o 0.4+

S5 $ —

23 8 02 &

) 7]

<8 |§ 0.0 .\

P4 )

% -0.2 T T l\ T
& & K \0\
) O (€) &

& & o S @v‘z‘ N &

Figure 48.  Hypoxia-response gene expression in MSCs is caused by HIF-1a
stabilisation

(A) Western blot analysis of HIF-1a protein in MSCs either co-cultured with AML patient
samples (AML 6, AML 8 and AML 9) or cultured alone. 3-Actin protein levels were measured
to ensure equal loading (B-C) mRNA expression of hypoxia-response genes STC1, VEGF-A
and GLUT1 normalised to CD34" co-cultured with shCTL -MSC compared to Sh-Control
MSC or Sh-HIFI-MSC co-cultured with AML cell line U937 (n=3) and (D) STCI
concentration in supernatant (n=2) in shCTL and shHIF-1a MSCs cultured with either normal
HSPCs or + AML cell line tested HL60, KG1A, NB4, MOLM-13, OCI-AML3 ; *p<0.05, n.s.
p > 0.05; Error bars are +/- SEM

7.2.3 Investigation of other STC1 regulators

HIF-1a knockdown reduced but did not abolish completely STC-1 accumulation in the
supernatant of AML-MSC co-cultures and other reported activators of STC1 expression like
IL-10/p and TGF-B1 have been associated with AML. Hence, MSCs were cultured with
several AML implicated cytokines available in the lab at 10 ng/mL and mRNA expression of
hypoxia-response genes and STC1 accumulation in the supernatant was measured after 72h.
However, apart from confirming the reported STCI1 regulatory activity of IL-1a/p, TGF-B1

and hypoxia in MSCs, we could not detect increased STC1 secretion for any other cytokines
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tested (Figure 49A). Furthermore, while IL-1a/B, TGF-B1 and hypoxia all induced STCI
expression, only hypoxia culture conditions could upregulate the other hypoxia-response genes
GLUTI and PDKI by 2-fold (Figure 49B). Lastly, the individual contribution of the three
confirmed STC1 regulators, IL-1a/B, TGF-B1 and HIF-1a was measured to determine the best
strategy to inhibit STC1 secretion. STC1 mRNA expression was analysed in MSC-AML co-
cultures supplemented with either TGF-B1 and IL-10/p neutralising antibody or expressing
shRNA against HIF-la. While HIF-la normalises STC1 expression to shCTL levels,
neutralisation of IL-1a/f and TGF-B1 slightly diminished STC1 expression but without p-
values reaching statistical significance (Figure 49C). This data implies that several documented
STC1 regulators trigger STC1 expression in AML-MSC co-cultures but highlights HIF-1a as

the primary contributor and prime target to alleviate MSC transcriptional reprogramming.
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Figure 49.  HIF-1a knockdown abrogates STC1 accumulation in supernatant

(A) Secretion of STC1 after 72h culture by MSCs treated with a small screen of different AML-
associated cytokines and published STC1 regulators (10 ng/mL) (n=1) (B) mRNA expression
of hypoxia-response genes STC1, VEGF-A and GLUT1 normalised to vehicle control of MSCs
treated with either 10 ng/mL IL-1a, IL-13, TGF-B1 or cultured under hypoxia (C) mRNA
expression of STC1 in shCTL MSCs treated with either 1 pg/mL anti-TGF-B1 or IL-1
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neutralising antibody and shHIF-1a. MSCs co-cultured with CD34" alone or +AML (n=3);
*p<0.05, n.s. p > 0.05; Error bars are +/- SEM

7.2.4 HIF-1a overexpression in MSCs suppresses expansion of normal HSPCs in co-
culture

To confirm that HIF-1a stabilisation in MSCs influences HSPCs proliferation in co-culture,
MSCs were lentivirally transduced to express HIF-1a (mut) (HIF-1aw OE) or an empty control
plasmid (CTL OE) and co-cultured with normal HSPCs for 5 days. Afterwards, HSPCs were
analysed for proliferation and FACS-sorted to determine CFU-ability and LTC-IC frequency
(Figure 50A). HSPCs co-cultured with HIF-1a (mut) MSCs expanded 30 % less (Figure 50B)
but were significantly proportionally enriched for +/- HSPCs by 50 % compared to CTL OE
MSCs (Figure 50C). Conversely, pulse-chase retention of proliferation dye in total
haematopoietic cells (CD45%) and CD34" HSPCs was significantly elevated in HPSCs from
HIF-1a OE MSCs (Figure 50D).
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Figure 50.  HIF-1a stabilisation in MSCs suppresses HSPC expansion in co-culture
(A) Schematic of experimental setup, MSCs were transduced with lentivirus construct to
overexpress HIF-la (mut) and co-cultured with HSPCs (B) Cell count, (C) Phenotypic
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distribution and (C) pulse-chase retention of proliferation CTV in HSPCs (n=3); *p<0.05, n.s.
p > 0.05; Error bars are +/- SEM

We had previously determined that HSPCs co-cultured with AML are enriched with CFU-
forming cells and LTC-ICs. In agreement, FACS-sorted HSPCs contained 60 — 70 % more
primary and secondary CFU-forming cells (Figure 51A/B) and an enrichment of LTC-ICs of a
comparable extent (Figure 51C). This data implies that HIF-1a stabilisation mimics the

suppression of HSPC proliferation and differentiation observed in HSPC-AML co-cultures.
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Figure 51.  HIF-1a stabilisation in MSCs suppresses HSPC expansion in co-culture

(A) Primary CFU-potential per CD34+, (B) secondary CFU-potential and (C) LTC-IC
frequency from FACS-sorted HSPCs co-cultured for 5 days with MSCs overexpressing GFP
(CTL OE) or HIF-10a (mut) (HIF-1a OE) (n=3); *p<0.05, n.s. p > 0.05; Error bars are +/- SEM

7.2.5 HIF-1a knockdown ameliorates HSPC suppression ex vivo

HIF-1a knockdown reduced STC-1 and other hypoxia-response genes induced by AML in
MSCs. We determined the proliferation of HSPCs co-cultured with shHIF-laa MSCs to
evaluate to impact of AML-induced HIF-1a stabilisation in MSCs on the suppression of
normal HSPCs. Additionally, to confirm that STC-1 is a downstream mediator of HIF-1a
stabilisation, the shHIF-1ao MSCs were supplemented with vehicle or STC1 (Figure 52A).
CD34" HSPCs exposed to AML cell lines (+ AML) on shHIF-1ao MSCs still contained around
0.55-fold more CTV" than CD34" alone (dotted line) but compared to shCTL MSCs (1.55-
fold) HSPCs suppression was significantly less. shHIF-1a MSCs supplemented with STCI
partially re-established the HSPC cell cycle inhibition (shCTL 2.4 versus shHIF-1a vehicle
1.61 versus shHIF-loo STC1 1.87) (Figure 52B). Similarly, the blockage of HSPCs
differentiation, measured by +/- accumulation within CD34" cells normalised by CD34" alone,

was alleviated in shHIF-1ao MSCs + AML which was again partially re-established by STC1
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supplementation (shCTL 4.1 versus shHIF-1a vehicle 2.8 versus shHIF-1a STC1 3.2) (Figure
520).
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Figure 52.  HIF-1a knockdown in MSCs ameliorates the HSPC suppression ex vivo
(A) MSCs were transduced with shCTL and shHIF-1a lentivirus vectors and co-culture with
CD34" alone or + AML cell lines (KG1A, U937, OCI-AML3, NB4, MOLM13, MLI).
Additionally, the cultures were supplemented with vehicle or STC1 (B) Quantification of
relative proportions of CTV" population within CD34* HSPCs normalised to CD34" alone
(n=3) and (C) proportions of phenotypic HSPCs (+/-) among CD34" normalised to CD34"
alone (n=3); *p<0.05, n.s. p > 0.05; Error bars are +/- SEM

7.2.6 HIF-1a knockdown ameliorates HSPC suppression in vivo

Lastly, to establish whether HIF-1a was responsible for HSPC suppression in vivo, MSCs
expressing shCTL/shHIF-1a were seeded in scaffolds with normal HSPCs and AML cell line
U937 and implanted into NSG-SGM3 mice (Figure 53A). In line with previous results, sShCTL
+ AML scaffolds contained 50 % fewer human non-leukaemic haematopoietic cells (Total
CD45") which were enriched for Lin™ (+40 %) and CD34" cells (+70 %). In comparison, shHIF-
1o MSCs were not enriched for Lin~ and CD34" cells. Furthermore, total CD45" counts were
increased in shHIF-1a scaffolds, but the difference with shCTL scaffold was not significant
(Figure 53B). Similar to STC1 neutralisation, AML cell numbers were not significantly
different between shHIF-1a and shCTL control scaffolds establishing that the differences in
normal haematopoiesis are not merely a consequence of varying AML engraftment (Figure
53B). Additionally, cell cycle activity, represented by EAU incorporation normalised to CD34*
alone, was significantly higher in shHIF-1a scaffolds (shCTL 0.71 versus shHIF-1a 0.87)
(Figure 53 C). Lastly, functional HSPCs, determined by CFU-ability, was enriched in non-
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leukaemic CD45" from shCTL MSCs (1.18-fold enrichment) but not shHIF-1a. MSC scaffold
(Figure 53D). This data confirms that also in vivo shHIF-1o accumulation in MSCs is essential

for the HSPC suppression by AML.
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Figure 53.  HIF-1a knockdown in MSCs ameliorates the HSPC suppression in vivo
(A) MSCs were transduced with shCTL and shHIF-1a lentivirus vectors and pre-seeded in
scaffolds with HSPCs and AML cell line U937 (B) Cell count per scaffold relative to CD34+
alone (dotted line) from +AML scaffolds (C) Proliferation measured by incorporation of EQU
in normal CD45+ cells normalised to CD34+ alone (dotted line) (D) CFU potential of FACS-
sorted non-leukaemic CD45 Lineage™ cells normalised to CD34" alone (dotted line); *p<0.05,
n.s. p > 0.05; Error bars are +/- SEM
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7.3 Discussion

Over the last decade, numerous regulators of STC1 expression have been identified. Broadly
these can be categorised as cellular response to cytokines (TGF-B1 (Ono et al., 2015), IL1o/3
(Bartosh et al., 2013)) and or stress (oxidative (Ohkouchi et al., 2012), hypoxia (Yeung et al.,
2005), DNA-damage (Block et al., 2009) and histone acetyltransferase inhibitors (Ching et al.,
2012)). Indeed, these regulators are interconnected or may even rely on the same downstream
effector. For examples, hypoxia induces the stabilisation of the a-subunits of HIFs which in
turn can induce IL-1a/p or vice versa (Gorlach and Bonello, 2008; Jung et al., 2003) or even
more direct activation of NF-kB and TGF-B1 can either activate the transcription of HIF-1a or
induce stabilisation through PDH2 down-regulation (McMahon et al., 2006; Tannahill et al.,
2013). Considering the pathway crosstalk, it might seem less surprising that these pathways
share common downstream targets. Indeed, analysis of the STC1 promoter region (3 kb
upstream and 1 kb downstream of transcription start site) using GPminer (Lee et al., 2012) for
consensus sequences for the binding of several transcriptional factors showed binding sites for
HIF (HIF-la and p300), NF-kB (c-Rel and Rel-A), activator protein 1 (AP1), TGF-B1
(SMADI) and STAT signalling. Being involved in so many solid cancer and AML associated
pathways would theoretically make STC1 an interesting biomarker for either solid-cancer or
AML-induced reprogramming of the microenvironment. However, while STC1 has been
identified in several mammalian organs like lung, kidney and liver, detection of STCI in the
serum has been controversial. James et al. demonstrated that STC1 is quickly metabolised in
serum and binds to an undefined erythrocyte surface protein (James et al., 2005). Nonetheless,
Fang et al. proved the feasibility of STC1 and STC2 as biomarkers by identifying elevated
concentrations in the serum of gastric cancer patients compared to benign controls or post-
surgery patients. Compared to conventional biomarkers carcinoembryonic antigen (CEA) and
Carbohydrate antigen (CA19-9), STC1 and STC2 demonstrated superior prognostic value
(Fang et al., 2014).

Our screen with several AML associated cytokines generally confirmed TGF-B1, IL-1o/p and
hypoxia/HIF-1a as STC1 activators in MSCs. Despite several STAT consensus motifs, the
STAT3/5 activating interleukins IL6 and IL3, G-CSF and GM-CSF (Callus and Mathey-
Prevot, 1998; Sansone and Bromberg, 2012; Yamaguchi et al., 1999) did not induce STCI
secretion. MAP-kinase activating PDGF-BB (Wu et al., 2008), which activates STCI1
expression in CAFs (Pena et al., 2013), and VEGF-A (Koch and Claesson-Welsh, 2012) also
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did not trigger STCI1 secretion. Of note, PDGF-BB cultured contained slightly elevated
concentrations which were caused by increased proliferation of MSCs since normalisation by
cell numbers showed no more elevated secretion of STC1. Surprisingly, TNF-a, a well-known
induces of NF-kB signalling (Schutze et al., 1995), did not trigger STC1 secretion either which
could be a technical error. ELISA-analysis of TNF-a in the supernatant of MSC-AML co-
cultured showed concentrations between 0.1-15 pg/mL while undetectable in CD34" alone
cultures contained. Despite these minimal concentrations in the supernatant, elevated TNF-o
has been detected in the BM interstitial fluid of AML patients, and further investigations should

be carried out.

Comparative analysis of STC1 expression in AML-MSC co-cultured determined that HIF-1a
is the main activator of STC/ and GLUTI. Neutralisation of either IL-1o/f and TGF-B1
showed a downward trend regarding STC1 but was not significant. Furthermore, VEGF-A
expression was not affected by HIF-la knockdown, but neutralisation of IL-la/p could
ameliorated VEGF-A expression. However, it needs to be stressed that this detailed mRNA-
based analysis was only performed with AML cell line U937 even though ELISA analysis of
STC1 with other cell lines generally confirms these observations regarding STC1 regulation.
Nonetheless, other cell lines or patient samples might shift the individual contribution to STC1
expression and the expression of other hypoxia-response genes might be more dependent on
other mechanisms as exemplified by VEGF-A.

The other STC1 regulators IL-1o/p and TGF-B1 have been linked either to leukaemogenesis
(Carey et al., 2017), MSC transcriptional response to AML (Jacamo et al., 2014) or to
suppression of normal HSPCs (Gong et al., 2018). In our hands, TGF-31 was highly expressed
by MSC:s cultures alone and we did not observe increased secretion of TGF-1 in MSC-AML
co-cultures even though mRNA expression showed a slight up-regulation in MSC co-cultured
with AML. But other factors than just secretion could affect TGF-f1 signalling since activation
of TGF-B1 requires conversion from the latent form into the activated form which can be
catalysed enzymatically or by acidic pH conditions (Shi et al., 2011). Gong et al. showed that
in MLL-AF9 murine leukaemia models, activated TGF-B1 is elevated in interstitial fluid of the
BM and analysis of the main cellular contributors highlighted megakaryocytes as potential
source (Gong et al., 2018). Similarly, attempted to neutralise TGF-B1 or IL-1B ex vivo in +

AML cultures, only TGF-B1 neutralisation, mediated a partial rescue of HSPC suppression in
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line with a more pronounced downregulation of secreted STC1 compared to IL-1B

neutralisation.

NF-kB activation in ALL and AML mediated through IL-1f3 and VCAM-1/VLA-4 signalling
between MSCs and AML has been shown to mediate drug resistance (Carey et al., 2017;
Jacamo et al., 2014). Co-cultures of OCI-AML3 with MSCs showed that the expression of /L6,
ILS, VCAM-1 and CLL2 in MSCs was strongly dependent on NF-kB activation by IL-1j3
(Jacamo et al., 2014). We did not analyse expression of ILS, VCAM-1 and CCL2 but IL6
expression was determined in MSCs cultured in normoxic and hypoxic conditions and did not
show significant differences implying that at least /L6 in our hands is not a hypoxia-response
gene. Like TGF-B1, neutralisation of IL-13 mediated a slight downward trend in STC-1

expression but did not translate into a significant reduced of HSPC suppression.

HIF-1a overexpression in MSCs suppressed the expansion of co-cultured HSPCs and
maintained HSPCs in a more immature state than overexpression controls. HIF-1o and HIF-
2a are both highly expressed in MSCs, highlighting the hypoxic origin of MSCs from the BM
(Palomaki et al., 2013). Prolonged HIF-1a knockdown in MSCs inhibited proliferation which
may involve increased cellular ROS levels. Other reports like Jiang and colleagues described
that knockdown of HIF-1a in MSCs induces reduced BCL-2 levels causing an upregulation of
total pS3 and p53 phosphorylation which induces apoptosis in MSCs (Lv et al., 2017).
Furthermore, HIF-1o. and HIF-2a deficient MSCs show severely reduced differentiation
capacity towards adipo-, osteo- and chondrogenic lineages independent of cell viability
(Guarnerio et al., 2014). Since HIF-1a is especially important for the cellular adaptation to
hypoxia, our ex vivo cultures were performed in normoxia and over a relatively short period:
in this condition, HIF-1a knockdown did not severely affect MSCs. Also in vivo, MSCs counts
per scaffold showed a downward trend in shHIF-1a MSCs suggesting that similar to ex vivo,
HIF-1a also mediates MSC homeostasis in the scaffold conditions. Potentially a longer
duration of the scaffold experiments would have generated a more pronounced difference
regarding MSC cell number. This implies that even though MSC viability was not severely
affected at the time of analysis, it cannot be ruled out completely that our results were partially
affected by increased oxidative or hypoxic stressed experienced by MSCs. Like MSCs, HIF-
la plays a crucial role in BM ECs maintenance, especially H-type vessels and osteogenesis

(Kusumbe et al., 2014). To protect HSCs in leukaemic mice, Duarte et al. used a clinically-
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approved PHD inhibitor to rescue to loss of H-Type vessels in leukaemic bones implying a
potential dual role for HIF-1a to protect and maintain HSPC quiescence and homeostasis of

niche cells.

Andreeff and colleagues found that HIF-1a in MSCs acts as AML suppressor even though
MSC viability could have been involved since shHIF-1ao MSCs were cultured for 2 weeks ex
vivo and for several weeks in vivo prior to AML engraftment (Chen et al., 2012). Similarly, in
solid cancers, HIF-1a expression in CAFs is associated with increased metastasis and
angiogenesis and therefore acts as an oncogene (Chiavarina et al., 2010). During the 2-week in
vivo period, we did observe a non-significant downward trend regarding AML engraftment
which is generally in agreement with Andreeff and colleagues, however, technical differences

regarding duration and scaffold system could explain the differences.

HIF-1a stabilisation does not only affect MSC homeostasis and differentiation but also has
been shown to regulates the proliferation of normal mouse HSPCs. Guarnerio et al.
demonstrated that HIF-1o. and HIF-2a. overexpression in murine MSCs suppressed HSPC
expansion and conversely, knockdown favoured lineage differentiation of HSPCs. From a
mechanistic perspective, HIF-1a and HIF-2a suppressed the activation of STATI signalling
which provokes inflammatory signalling and the expansion and differentiation of normal
HSPCs (Guarnerio et al., 2014). In our system, overexpression induced a similar enrichment
of immature HSPCs with enhanced ex vivo CFU- and LTC-IC ability. However, knockdown
of HIF-1a in MSCs in the absence of AML generated varying results. In some experiments,
we observed an increased and others decreased expansion, however in vivo, total CD45" counts
were not significantly different between shCTL and shHIF-1a. Importantly, all results of the
ex vivo + AML system were normalised to CD34" alone values of the respective shCTL or
shHIF-1ao MSCs which normalises for proliferation differences between HSPCs co-cultured
with shCTL and shHIF-1a MSC. HIF-1a reduced HSPC suppression by AML but did not fully
rescue, which agrees considering the presence of other identified pathways like TGF-f1 and
IL-1p as well as the previously demonstrated direct inhibition of HSPC proliferation mediated
an altered leukaemic metabolism. STC-1 partially rescues the HIF-1a mediated alleviation of
HSPC suppression by AML which finally establish STC1 as downstream effector of HIF-1a

stabilisation. The fact that we did not see a complete rescue was not surprising. HIF-1a
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regulates several hundred genes accounting for more than 40 % of transcriptional changes in

hypoxia (Benita et al., 2009).

Lastly, an outstanding question remains regarding how AML induces HIF-1a stabilisation.
One explanation could be the extensive proliferation and oxygen-consumption of AML. Even
a monolayer of cells can reduce the oxygen pressure in cell culture supernatant ex vivo. The
extensive proliferation of AML, especially cell lines, requires a rapid energy production
through all available means. We have observed that lactate secretion and glycolysis are
elevated in AML but cancer metabolism has been described to utilise also mitochondrial
oxidative phosphorylation for maximum anabolic effect (Samudio et al., 2009). Furthermore,
oxygen consumption is an important indicator of drug resistance in AML (Henkenius et al.,
2017) and Samudio et al., demonstrated that MSCs provoke further oxygen-consumption and
lactate secretion in AML fuelled by FA-oxidation, which may further initiate HIF-1lo
stabilisation (Samudio et al., 2010). /n vivo, AML and also B-ALL reduce oxygen pressure
especially in close proximity around AML clonal colonies (Konopleva et al., 2015; Passaro et
al., 2017b).

Apart from oxygen, other metabolic products can inhibit the degradation by interfering with
HIF hydroxylating enzymes called PHDs. PHD’s hydroxylase activity depends on co-factors
like Fe2", a-ketoglutarate and vitamin C (Yang et al., 2014). High a-ketoglutarate to succinate
ratios (Tannahill et al., 2013), Vitamin C deficiency (Kuiper et al., 2010) or iron chelators
(Jones and Harris, 2006) all interfere with PHD and induce HIF-1q stabilisation. Similarly, the
glycolysis end-product lactate can pass through the cell membrane via specific lactate
transporters called MCT and inhibit PHDs, especially in oxidative phosphorylation-dependent
cells (De Saedeleer et al., 2012). Tricarboxylic acid cycle products fumarate and succinate are
structural analogues of a-ketoglutarate and can inhibit a-ketoglutarate-dependent enzymatic
processes at high concentrations (Schofield and Ratcliffe, 2004). HIF-1a can also be induced
as a response to elevated ROS levels which trigger stabilisation via an AMPK-dependent non-
fully understood pathway involving AP1 factors c-Jun N-terminal kinase and Janus kinase 2
pathways (Jung et al., 2008).

Even though HIF-a is mainly regulated at the protein stabilisation level, AML-involved factors
like TGF-B1 can either repress transcription of PHD enzymes or IL-1o/p and NF-kB can
upregulate HIF-1a transcription (McMahon et al., 2006; Tannahill et al., 2013). However,
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according to our data, we did not see an up-regulation of HIF-1a transcription however, PHD

expression was not investigated.

To conclude the last results chapter, we observed that STC-1 is regulated by several AML-
involved pathways including hypoxia/HIF-1a, IL-1a/p and TGF-f1. HIF-1a proved most
effective to downregulate STC-1 secretion by MSCs. MSC-based overexpression of a
normoxia-stable version of HIF-1a down-regulated HSPC cell cycle activity and preserved
immature functional HSPCs. Conversely, HIF-1a knockdown in MSCs partially rescued
HSPC suppression by AML, which was ameliorated by re-supplementation of STC1 ex vivo.
In vivo, HIF-lo. knockdown significantly improved HSPC proliferation and promoted
differentiation of normal HSPCs in the presence of AML. Therapeutically, HIF-1a inhibition
may be an interesting opportunity to inhibit niche remodelling. However, efficacy may be
hindered due to its importance in also maintaining niche homeostasis and putative tumour-

suppressive role in at least mouse malignant haematopoiesis (Guarnerio et al., 2014; Vukovic

et al., 2015).
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Summary and discussion

Examination of HSPCs from AML patients and in leukaemic mouse models uniformly
demonstrated that HSCs are resilient to AML infiltration up until the very late stages of
disease when a drastic loss occurs (Akinduro et al., 2018; Cheng et al., 2015; Gong et al.,
2018; Miraki-Moud et al., 2013). Within the total non-malignant haematopoietic cells, the
population of residual HSPCs becomes proportionally enriched which was demonstrated by
higher engraftment potential of either total murine haematopoietic or human HSPCs into
secondary mouse recipients (Cheng et al., 2015; Miraki-Moud et al., 2013). This enrichment
was attributed to a higher proportion of quiescent cells and potentially a selective
displacement of more mature cells (Akinduro et al., 2018). Both phenomena may contribute
to the cytopenic manifestation of AML including anaemia, haemorrhage and leukopenia
increasing treatment and non-treatment related complications and mortality (Chang et al.,
1976; Huck et al., 2015).

From a mechanistic perspective, the interactions between AML and the niche are far better
understood than between AML and HSPCs, however this most likely also involves a
modified microenvironment. The loss of HSCs during very late stages of disease was
associated with a collapse of BM vasculature especially endosteal vessels, which is also
connected to the loss of osteoblastic cells (Duarte et al., 2018; Passaro et al., 2017b). Before
the final stage, non-malignant HSCs express increased levels of cell cycle inhibiting
regulators and quiescence promoting transcription factors Egr 1-3 and notch-downstream
effectors Hes1 and Hey1 (Cheng et al., 2015). The former is triggered by a surge of
megakaryocyte release of TGF-f1 (Gong et al., 2018).

Many recent studies have examined the healthy and malignant BM niche in great detail. In
murine MLL-AF9 driven mouse model and MSCs extracted from AML patients, AML
remodels the microenvironment to produce fewer haematopoietic maintenance factors like
SCF, Angiopoietin-1 and CXCL12 (Geyh et al., 2016; Geyh et al., 2018; Kumar et al., 2018;
Xiao et al., 2018). Furthermore, Boyd et al. proposed that loss of adipocytes and adipo-
differentiation from MSCs impedes the maturation of normal-haematopoietic cells and
transforms the niche into a progenitor cells propagating environment (Boyd et al., 2017).
Overall these changes may shift the competition between normal HSPCs and AML towards
the expansion of malignant clones which may have acquired mutations like FLT-3 ITD,

making them less dependent on the BM niche (Mizuki et al., 2000).
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The aim of this study was to examine HSPC interactions in a fully humanised environment ex
vivo and in vivo. The former represented a model with minimal interaction partners to
observe in a simplified system how AML interacts with a healthy BM niche. The
mesenchymal niche is a particularly powerful ex vivo model because MSCs are easily
extracted, expanded, express key haematopoietic support factors to maintain HSPCs ex vivo
and MSC genes can be targeted by lentiviral delivered shRNA. Furthermore, AML provokes
an expansion of MSCs in the murine BM (Hanoun et al., 2014) and transcriptional analysis of
human AML patient isolated and expanded MSCs demonstrated extensive remodelling of the
mesenchymal niche (Geyh et al., 2018). Luckily MSCs can also be utilised to generate an in
vivo extramedullary BM niche providing us with the necessary cellular tool to generate a
humanised leukaemic niche in which normal implanted HSPCs can be studied (Abarrategi et

al., 2017; Antonelli et al., 2016; Reinisch et al., 2016).

On the other hand, our results need to be interpreted considering that our models are relying
on the expansion of human mesenchymal niche cells which may alter their behaviour
compared to their in vivo counterparts or select for a specific population. Especially ex vivo
the physiological parameter or bone marrow in particular nutrient and oxygen availability,

cytokines and cell-cell interactions cannot be completely mimicked.

Both ex vivo and in vivo models showed that AML cell lines and patient samples strongly
suppresses the proliferation of normal HSPCs without negatively affecting viability in
agreement with recent studies on human and murine HSPCs. With the defective expansion, a
phenotypic inhibition of differentiation occurred enriching AML exposed HSPCs with
phenotypic HSPCs ex vivo at the expense of HPCs. Similarly, in vivo, an enrichment of
CD34" HSPCs among non-leukaemic haematopoietic cells was observed. Functionally,
FACS-sorted HSPCs displayed more potent CFU-potential and LTC-IC frequency indicative
of an enrichment of immature HSPCs at the expense of more differentiated HPCs. Similar to
Cheng et al. who observed an enrichment of functional murine HSCs within non-leukaemic
haematopoietic cells owing to decreased cell cycle activity (Cheng et al., 2015), we speculate
that the enrichment of CFU and LTC-IC forming cells is due to more quiescence.
Furthermore, since displacement does not occur at least in the ex vivo setting, we confirm that
the enrichment of quiescent, immature HSPCs is not just a selection process driven by
displacement but rather actively induced by AML. One may further speculate that an HSPC-

selective cell cycle suppression could provide an advantage to malignant clones, a concept
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proposed by Bhatia and colleagues for another myeloid malignancy, CML (Zhang et al.,
2012). Consolidating this hypothesis, AML patients showed either unaltered or even
accelerated proliferation when cultured in an AML cell line induced leukaemic environment.
Surprisingly, injection into immunodeficient NSG primary recipients did not show an
increase of HSCs at least in the primary recipients. In case the secondary recipients also do
not accommodate a higher human chimerism, we speculate that a co-culture duration of 4
days may be insufficient to promote conservation of stemness. Experiments with TGF-p1, a
potent cell cycle inhibitor, showed that TGF-1 mainly suppresses transiently cycling cells
but does not shift the ratio of quiescent cells (Wang et al., 2018). HSCs are the most primitive
haematopoietic cells and reside mainly in a quiescent state, especially in CB and BM (Wilson
et al., 2008). Therefore, after 4 days, the reduction of cell cycle activity in HSCs may not
have been extensive enough to implement functional differences. Of note, neither TGF-1
nor Egr3 actually raises the frequency of HSCs but rather reduce engraftment of HSCs after
exposure (Cheng et al., 2015). Akinduro et al. reported that ST-HSCs are highly apoptotic
under AML infiltration and hence, an enrichment of LT-HSCs could be achieved through
other means than cell cycle inhibition (Akinduro et al., 2018).

The ex vivo model showed extensive remodelling of the MSCs raising the expression of
genes whose expression is affected by oxygen pressure and hence mimicking a low
oxygen/hypoxic environment. These so-called ‘hypoxia-response genes’ were indicative of
the suppression of HSPC proliferation and an involvement of mesenchymal transcription
response to AML was further validated by comparison of feeder-free and stroma-supported
AML-HSPCs co-cultures as well as by pre-conditioning the MSCs with fully-removable
AML cell lines. Similarly, MSCs pre-conditioned in hypoxia express higher levels of
hypoxia-response genes even after several hours in normoxia and promote quiescence in
HSPCs. The investigation concerning the primary regulator of these hypoxia-response genes
showed that HIF-1a knockdown abolished the expression of several genes and conversely
HIF-1a was stabilised in MSCs after AML co-cultured. In agreement with other published
work, HIF-1a abrogation did not normalise the expression of all hypoxia-response genes.
Indeed, inflammatory or TGF-B1 could also be involved exemplifying the complexity of the
AML microenvironment and the difficulty to target individual factors (Abdul-Aziz et al.,
2018; Abdul-Aziz et al., 2019; Geyh et al., 2018; Jacamo et al., 2014). However, for the
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expression of STC1, HIF-1a knockdown consistently reduced the secretion in AML-MSC

co-cultured prompting further investigation as a potential target.

The proliferative response of HSPCs to AML was replicated in direct contact and transwell
conditions implying that secreted proteins in the media were at least partially responsible.
Secretome analysis of AML-stroma interactions yielded STC1 as secreted factor with a
history as MSC-derived regulator of cancer metabolism (Ohkouchi et al., 2012) and a potent
predictor of adverse outcome in several solid neoplasms (Chu et al., 2015). Previously a role
for STCI in normal and malignant haematopoiesis has not been defined with the exception of
as a potential indicator of relapse/outcome in AML when mRNA expression was measured in
AML cells (Abaza et al., 2016; Tohmiya et al., 2004). In contrast, we did not detect
meaningful expression of STC1 in haematopoietic cells but instead identified MSCs as the
only source of STC1 at least ex vivo. In vivo STC1 expression was also upregulated in MSCs
and murine stroma in leukaemic scaffolds. Interestingly, a recent unpublished report by
Scadden and colleagues observed aberrant STC1 expression in sinusoidal and arteriolar

vasculature implying a potential role for STC1 in angiogenesis (Ninib Baryawno, 2019)

From a functional perspective HSPCs exposed to recombinant STC1 in vivo and ex vivo were
enriched in CFU- and LTC-IC forming cells and also replicated the proliferation and
differentiation inhibition observed in AML-HSPCs. Conversely, neutralisation of STC1 by
antibody promoted the differentiation and proliferation of HSPCs. In line with a
multifactorial origin for HSPC-AML interactions, STC1 neutralisation did not completely
rescue the AML phenotype, but still, it proves the involvement of STC1. The mechanism
how STCI1 interferes with differentiation and proliferation remains a major unanswered
questions which requires further investigation. Preliminary results obtained shortly before
thesis submission from RNA-sequencing of HSPCs cultured with STC1, confirm an
involvement in cell cycle regulation. Genset-enrichment analysis showed a significant
depletion of E2F-target genes and other cell cycle promoting pathways like MYC and
mTORCI1. However, confirmation by qPCR of differentially expressed genes is remaining.
Generally, compared to the murine system, human HSPCs are a problematic system to
explore mechanisms since experiments are always limited by HSPC yield and availability

and the relatively low numbers of cells complicate standard molecular techniques.

169



To further alleviate the AML-HSPC phenotype, we investigated the regulators of STC1 with
the assumption that up-stream factors may promote the expression of other known as well as
un-identified HSPC regulators. As explained above, HIF-1a knockdown produced the
strongest amelioration of STC1 secretion, which prompted further investigation. Despite
HIF-1a established role in MSCs (Guarnerio et al., 2014), HSPCs (Rouault-Pierre et al.,
2013; Takubo et al., 2010) and AML maintenance (Wang et al., 2011), a stabilisation of HIF-
la and an involvement in HSPC regulation in AML has not been addressed in literature.
Overexpression of a modified HIF-1a which resists degradation by PHDs and VHL under
normoxic conditions (Guarnerio et al., 2014) again mimicked the AML-HSPCs phenotype
functionally and regarding cell cycle activity. Conversely, HSPC suppression was
significantly reduced in a HIF-1a deficient mesenchymal environment regarding both
proliferation and differentiation. Additionally, in vivo AML-HSPCs scaffolds with HIF-1a
replicated the amelioration of HSPC suppression observed ex vivo. Importantly, HSPC
suppression could be re-initiated by supplementation of STC1 further consolidating that

STCI is a downstream effector of HIF-1a. signalling in MSCs.

From a therapeutic perspective, HIF-1a as novel target to interfere with AML-
microenvironment comes with the caveat that prolonged HIF-1a ablation diminishes the
viability of the microenvironment and the maintenance of HSPCs (Guarnerio et al., 2014;
Rouault-Pierre et al., 2013). STC1 knockdown but not neutralisation affect MSC viability and
hence the latter may be an interesting therapeutic target or biomarker although requiring
further investigation using BM aspirations of AML patients. However, increased cell cycle
activity of normal HSPCs may even be counterproductive to treatment of AML owing to
increased toxicity from myeloablative chemotherapeutic treatment which mainly targets
actively cycling cells. Hence STC1 would be best targeted after completion of treatment even
though our time-course analysis of STC1 expression demonstrated a rapid decline of STC1
expression in MSCs after AML removal. A risky but interesting approach could be to harness
the selective inhibition of normal HSPCs by AML and specifically suppress HSPC cell cycle
activity allowing more intensive chemotherapy and sparing normal HSPCs which can
repopulate the empty BM more effectively. Nonetheless, more knowledge how HSPC
interact with AML and the leukaemic microenvironment are required to develop therapeutic
strategies which incorporate the ablation of AML while at the same time promote normal

haematopoiesis.
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Lastly, it needs to be highlighted that all results need to be interpreted with consideration that
our system is a model system composed of expanded plastic adherent MSCs which has
profound impact on their behaviour. Furthermore, all experiments were performed with CB

CD34" cells which also may differ from BM aged HSPCs.
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