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Abstract

Adult haematopoietic stem cells (HSC) reside in the bone marrow (BM)
microenvironment, or niche, where they are regulated by several cell types including
osteoblasts, endothelial cells and Nestin-expressing perivascular cells, and by niche-derived
signals, such as CXCLI12. In parallel, leukaemia growth and chemoresistance have been
proposed to be dependent on an analogous malignant microenvironment.

Using a murine model of MLL-AF9 driven acute myeloid leukaemia (AML), I show that
AML outcompetes non-malignant haematopoiesis by gradual elimination of stroma cells,
endosteal endothelium and osteoblastic cells. 1 further demonstrate that blood vessels in
AML-burdened mice are more cell-permeable and likely contribute to loss of haematopoietic
cells. The rescue of the endosteal vascular microenvironment in AML rescues HSC loss and
improves chemotherapy efficacy (Chapter 3).

To address the reverse question, i.e. whether the microenvironment influences disease
progression, I studied a mouse model of T-cell acute lymphoblastic leukaemia (T-ALL)
driven by constitutively active Notchl. Our group had previously shown that T-ALL
progression is independent from particular niches. Here, I show that chemoresistant T-ALL
cells are also niche-independent and highly motile, maintaining very transient interactions
with surrounding microenvironments (Chapter 4).

Studying the in vivo behaviour of Notch-1 T-ALL and MLL-AF9 cells in parallel, 1
observed that chemoresistant AML cells, in contrast with T-ALL, are less migratory than
naive ones. I also show that AMD3100, an antagonist of CXCR4 (the receptor of CXCL12),
inhibits the migration of treatment-naive and chemoresistant T-ALL cell migration. In
contrast, AML cell behaviour remains unaltered after CXCR4 inhibition, likely because of
disease-specific, more complex interactions with the BM microenvironment (Chapter 5).

These results support the importance of cell-intrinsic and overall tissue influence rather
than stroma-specific signals supporting chemoresistant T-ALL. Additionally I show that
therapies targeting the endosteal vasculature could potentially improve existing AML
therapeutic regimes. The different nature of leukaemia-microenvirnment interactions for the
two diseases is further demonstrated by the observation that CXCR4 inhibition affects T-
ALL but not AML cell migration within the BM space.
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Chapter 1

Introduction

Acute leukaemia is cancer of white blood cells, characterised by aggressive behaviour
and poor response to therapy. Acute myeloid leukaemia (AML) and T-cell acute
lymphoblastic leukaemia (T-ALL) are large groups of acute leukaemias from the myeloid
and lymphoid lineages, respectively. Leukaemia patients often present with cytopenias
resulting from disruption of normal blood cell production (haematopoiesis) (Hoffbrand et al.,
2010) and have reduced bone mass (Wilson and Ness, 2013). It has been speculated that
quiescent leukaemia initiating cells reside in nurturing bone marrow (BM) niches that favour
their expansion and survival in protective microenvironments where they evade
chemotherapy and drive subsequent relapse of disease (Ishikawa et al., 2007; Lane et al.,
2009). It has also been hypothesised that leukaemia cells can indirectly disrupt
haematopoiesis by altering the structure of BM microenvironments (Colmone et al., 2008), or
by targeting haematopoietic cells themselves (Miraki-Moud et al., 2013), thus, blocking these
processes has been suggested as a therapeutic mechanism. Therefore, the aim of my project is
to investigate the interactions of T-ALL and AML with BM microenvironments to develop
better therapies to target leukaemia, including chemoresistant leukaemic cells, and restore

normal haematopoiesis.

1.1 - Haematopoiesis

Adult haematopoiesis occurs primarily in the BM, where haematopoietic stem cells
(HSCs) reside. The haematopoietic system is a structured hierarchy of blood cells, where all
differentiated progeny are downstream of the HSC. Through asymmetric division, HSCs can
self-renew thereby maintaining a long-lived pool of stem cells as well as differentiated

progenitors. These differentiated progenitors give rise to lineage-restricted blood cells that
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play significant physiological roles in immune surveillance, oxygen transport, tissue repair
and clotting (Hoffbrand et al., 2010).

According to the classical model of haematopoiesis (Kondo et al., 2003) (Figure 1.1),
HSCs with long-term reconstitution potential (LT-HSCs) progressively give rise to HSCs
with short-term reconstitution potential (ST-HSCs) and multipotent progenitors (MPPs).
MPPs do not self-renew and branch into lymphoid and myeloid lineages, by differentiating
into common lymphoid progenitors (CLPs) (Kondo et al., 1997) and common myeloid
progenitors (CMPs) (Akashi et al., 2000). CLPs generate single-lineage progenitors that give
rise to lymphoid cells (T cells, B cells, NK cells, and innate lymphoid cells). CMPs branch
into granulocyte-monocyte progenitors (GMPs) (that generate macrophages and
granulocytes, such as neutrophils, basophils and eosinophils) and into megakaryocyte-
erythrocyte progenitors (MEPs) (that generate megakaryocytes and erythrocytes). Dendritic
cells can be generated either from CLPs or CMPs (Manz et al., 2001). Recently, this classical
model was disputed. Multipotent HSCs are in fact lineage-biased (Beerman et al., 2010;
Muller-Sieburg et al., 2012; Sanjuan-Pla et al., 2013). Furthermore, studies analysing
differentiation at the single cell level (Paul et al., 2015; Perie et al., 2015) have shown that the
majority of phenotypically defined MPPs and CMPs are not truly multipotent but in fact
already committed to a single lineage. In this work, I have focused on HSCs and how they are

affected by extrinsic interactions, namely the BM microenvironment and leukaemic cells.
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Figure 1.1 — Classic model of haematopoiesis. Using cell surface markers (in blue), it is possible to

separate groups of haematopoietic cells with different self-renewal and multipotency properties. Lin:

Lineage.
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1.1.1 — Haematopoietic stem cells

The concept of a single blood stem cell with multilineage potential was initially proposed
by Maximow (Maximov, 1909). This was in opposition to the popular view that stem cells
were lineage-restricted. However, formal in vivo experimental evidence of a multipotent HSC
was only presented in studies by Till and McCulloch during the 1960s (Becker et al., 1963;
Till and Mc, 1961). They showed that haematopoietic cells transplanted into lethally
irradiated mice gave rise to macroscopic splenic colonies, proportional to the number of cells
injected (Till and Mc, 1961). The cell capable of generating these colonies was designated
colony forming unit-spleen, CFU-S. Till and McCulloch also demonstrated that these
colonies were originated from single multipotent cells, by showing that the colonies were
clonal (assessed by X-ray induced chromosomal lineage tracking) and contained
haematopoietic cells from multiple lineages (Becker et al., 1963). It was however later
demonstrated that CFU-S were not able to generate lymphoid lineages (Paige et al., 1981)
and that they had a limited repopulating capacity, particularly under stress (Lajtha and
Schofield, 1971; Siminovitch et al., 1964). This led Schofield to hypothesize the existence of
an HSC niche within the BM, essential for inducing true stem cell activity (Schofield, 1978).
This is discussed in more detail below.

The introduction of competition assays led to the understanding that HSCs could be
distinguished based on their long-term versus short-term repopulation capacity (Harrison,
1980). The existence of LT-HSCs with multilineage potential was definitely established by
later studies where the use of irradiation was circumvented and cells could be tracked by the
expression of inserted genes (Dick et al., 1985; Keller et al., 1985; Lemischka et al., 1986).
Thus, the classic definition of HSCs relies on functional assays (i.e. the long-term capacity of
regenerating the whole haematopoietic tissue, assessed by serial transplantation), and the true
stem cell can only be identified retrospectively, at which time the HSC does no longer exist
to be assayed and visualized. This obstacle is partially circumvented by using phenotypic
markers that can easily identify haematopoietic cell populations that are more or less enriched
in HSCs. The definition of such markers using flow cytometry was pioneered by the group of
Irving Weissman using the mouse as a model (Spangrude et al., 1988) and later refined by
others (Bryder et al., 2006). In mice, haematopoietic progenitors are classically identified
based on their lack of markers associated with blood cell lineage commitment (lineage
negative, Lin’). This population is further enriched for progenitors based on the expression of

stem cell antigen (Sca-1) and stem cell growth factor receptor (c-Kit). The Lin", c-Kit", Sca-
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17 (LKS) fraction can be additionally split according to the expression of the members of the
signalling lymphocyte activation molecule (SLAM) family, CD48 and CD150 (Figure 1.2).
This top-down strategy is commonly applied to identify a LKS CD48 CD150" population that
is highly enriched in HSCs (estimated frequency of 1 functional HSC in 2.1 cells) (Kiel et al.,
2005). Using the same marker combination, subpopulations of HSC progeny can also be
identified (short-term HSCs — ST-HSCs, multipotent progenitors — MPPs, haematopoietic
progenitors — HPCs) (Figure 1.2). Thus, the mouse provides a robust system for accurately

tracking the early haematopoietic stem and progenitor cells.
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Figure 1.2 — HSCs identification by flow cytometry. Gating strategy used to identify healthy
Lineage cells (left), Lin- c-Kit" Sca-1" (LKS) progenitors (middles) and LKS CD48 CD150"
haematopoietic stem cell (HSCs, right).

More recently, transgenic mouse lines in which expression of reporter genes was driven
by genes that are highly enriched in HSCs were developed. Two particular genes recently
identified through gene expression screenings of HSCs were a-catulin (Acar et al., 2015) and
Hoxb5 (Chen et al., 2016a). According to these studies, limiting dilution assays showed a
frequency of HSCs with multi-lineage capacity of 1 in 6.7 a-catulin-GFP" cells and 1 in 2.1
Hobe-tri-mCherryhi cells. Such mice are very promising to prospectively identify resident
adult HSCs that can be easily imaged. Other reporters marking candidate HSCs include Fgd5
(Gazit et al., 2014), Hoxb4 (Hills et al., 2011) and Tie2 (Ito et al., 2016). In most cases,
however, either other cells express the same marker, making the identification of
comparatively very rare HSCs more complex, or not all HSCs express the marker, raising the
question whether there might be functional (and anatomical) differences between labelled and

unlabelled HSCs.
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Human HSCs with self-renewal and multilineage capacity exist at an estimated
frequency of 1 in 10° BM cells. Similarly to the mouse system, it is possible to enrich for
stem cell activity by selecting a population using cell surface markers by flow cytometry. The
most widely accepted phenotype of human HSCs is CD34 CD38 Thyl 'CD45RA". Recently,
Notta et al subdivided this population in a CD49f" HSC fraction with long-term engraftment
potential and a CD49f fraction of MPP cells (Notta et al., 2011). Phenotypic HSCs can be
therefore isolated from human cord blood or adult BM and transplanted into mice that lack

certain immune cells or immune cell functions and therefore do not reject human cells.

1.2 — Acute myeloid leukaemia

AML is a leukaemia of blood cells from the myeloid lineage. Its incidence increases with
age, affecting 2-3 children and 15 older adults out of 100,000 every year (Hoffbrand et al.,
2010). The prognosis for AML patients is poor, with an average 5-year survival of 25%,
mainly due to relapse and high morbidity associated with treatment. Just 35 to 40% of
patients younger than 60 years old and only 5-15% of patients older that 60 years old are
cured (Dohner et al., 2010).

Currently, the categorization of AML follows the World Health Organization (WHO)
classification, which takes into account clinical, cytogenetic, molecular and morphological
features (Swerdlow et al., 2008). The WHO system allows for the classification of entities
that have distinct treatment and prognosis (e.g. acute promyelocytic leukaemia with
t(15;17)(q22;q12); PML-RARA). Despite AML being a heterogeneous group of biologically

distinct diseases, there are common features and shared physiopathology worth discussing.

1.2.1 — Clonal evolution of AML

AML, similarly to other cancer types, is a clonal disease originating from a single cell of
the corresponding tissue, the haematopoietic system. It has been proposed that leukaemia is
propagated and maintained by leukaemic stem cells (LSC), which have an HSC-like
phenotype (Lapidot et al., 1994). According to the current model, clonally expanded pre-
LSCs acquire additional mutations that are key for their transformation and for the
development of AML (Grove and Vassiliou, 2014). These mutations enable three

fundamental properties for cancer cells: block in differentiation, self-renewal and
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uncontrolled proliferation (Hanahan and Weinberg, 2011). The resultant leukaemic cell mass
is the result of clonal evolution and is organized in a complex architecture where dominant
clones co-exist with minor subclones. This complexity is illustrated by genomic analyses of
leukaemic samples showing that AML relapse can be driven by either the dominant clone or
by minor subclones, upon acquisition of new mutations during chemotherapy (Ding et al.,
2012a). Multiple clones and not just the founding one need therefore to be targeted to
eradicate the disease. Nevertheless, a specific cell feature, self-renewal, seems to be key for
therapy resistance of leukaemic cells. Regardless of their genomic diversity, both rare LSCs
and the more abundant phenotypically committed leukaemic cells that have a “stem-like”
transcriptional signature are responsible for initiating disease relapse in AML (Shlush et al.,

2017).

1.2.2 — Leukaemic Stem Cell

Given the therapeutic implications of specifically targeting LSCs, it is important to
correctly define this biologically distinct group of cells. Using primary human AML samples
xenotransplanted into immunodeficient mice, the group of John Dick first proposed that
hierarchically organized leukaemia cells are descendent of very rare LSCs (as few as 1 in
107) (Bonnet and Dick, 1997; Lapidot et al., 1994). It has been however pointed out that
fundamental leukaemia-microenvironment interactions are not replicated in the
xenotransplantation setting (Kelly et al., 2007), which would mask higher frequencies of
LSCs. Consistently, a recent study using humanized ossicles that replicate the human BM
microenvironment has provided much higher frequencies of AML LSCs (as few as 1 in 100
cells) (Reinisch et al., 2016). In line with this idea, studies using syngeneic leukaemia mouse
models have calculated higher LSCs frequencies (of 20 to 30%) (Kelly et al., 2007,
Somervaille and Cleary, 2006). Moreover, in a mouse model of mixed leukaemia lineage
(MLL)-rearranged AML (MLL-AF9), it has been shown that leukaemia has a broad
hierarchical organization and that LSCs can be found in all leukaemic cell fractions
(including Lin") (Somervaille and Cleary, 2006). Another study, using a similar MLL-AF9
model has found however that LSCs are infrequent (1 in 150) and phenotypically similar to
GMPs (leukaemic GMPs, L-GMPs) (Krivtsov et al., 2006). These discrepancies are probably
explained by differences in the disease models studied, the type of assay used to calculate

LSCs frequency (e.g. limiting dilution vs. colony formation), and the study of mouse vs.
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human AML. Nevertheless, all of these studies highlight that LSCs: (1) have the ability to
self-renew (i.e. asymmetrically divide to generate one daughter LSCs and one more
differentiated leukaemic daughter cell or symmetrically divide to generate two daughter
LSCs), (2) generate bulk leukaemic cells organized in a hierarchy, (3) have higher resistance
to anti-proliferative chemotherapy, (4) exist in several phenotypically-defined groups of cells,
(4) have unique interactions with BM stroma that influence their homing and proliferation.
Given the important conceptual framework that these “cancer stem cells” provide to
understand oncogenesis, they were also investigated and identified in other types of cancer,
importantly in solid tumours (Al-Hajj et al., 2003; Singh et al., 2004).

It should be highlighted that LSC is not the same as the cell of origin for leukaemia
(Clarke et al., 2006). Although LSCs might arise from mutations in HSCs (Bonnet and Dick,
1997; Passegue et al., 2004), they can also result from more differentiated cells. For example,
committed progenitors can gain self-renewal properties, as shown for CMPs transformed
with the fusion proteins MLL-ENL (Cozzio et al., 2003) and MOZ-TIF2 (Huntly et al., 2004)
and for GMPs transformed with MLL-AF9 (Krivtsov et al., 2006).

The similarities between LSCs and HSCs, specifically kinetics studies showing a self-
renewing population generating a fast cycling fraction (Dick, 2008), put forward the idea that
LSCs reside in a leukaemic niche that support their maintenance and chemotherapy evasion

(Lane et al., 2009).

1.2.3 - MLL-AF9 Acute Myeloid Leukaemia

MLL-rearranged leukaemias are particularly aggressive diseases, associated with trisomy
21 in paediatric patients and with therapy-related adult leukaemia that comprehend 5 to 10%
of the total cases of AML (Munoz et al., 2003). The MLL-AF9 fusion results from the
chromosomal translocation t(9;11)(p22;923) and is the most common subtype of MLL-
rearranged leukaemias in adults (Krivtsov and Armstrong, 2007). The MLL-AF9 fusion is
typically associated with myelo-monoblastic AML and classified as the French-American-
British (FAB) M4 or M5 subtype (Swansbury et al., 1998). As discussed above, using a
retrovirally expressing system, it was shown that MLL-AF9 can drive the transformation of
GMPs, which as a result acquire a self-renewal transcriptional signature. It was also shown
that expression of the MLL-AF9 oncogene in LKS (Krivtsov et al., 2013) and CLP cell
populations (Chen et al., 2008) led to a more aggressive leukaemia. This highlights the
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importance of the baseline expression programs in different cells of origin. The study by
Stavropoulou and colleagues uses an elegant model of doxycycline-inducible MLL-AF9
leukaemia to explore the question of cell-of-origin in AML (Stavropoulou et al., 2016).
Consistently with the findings of (Krivtsov et al., 2006), when MLL-AF9 expression is
induced in LT-HSCs, the resulting AML is more aggressive and chemoresistant, compared
with induction in GMPs. Interestingly, HSC-initiated AML is enriched in genes involved in
epithelial-to-mesenchymal transition (EMT) (Stavropoulou et al., 2016). These programs are
often studied in solid tumours and are associated with migration, invasion and metastasis,
which remain poorly explored in leukaemia. Importantly, the MLL-AF9 AML syngeneic
mouse model provides a well-established system to study several aspects of aggressive AML,
including interaction with the BM microenvironment (Hanoun et al., 2014) and with non-

malignant haematopoiesis and HSCs (Cheng et al., 2015).

1.2.4 — AML treatment

AML treatment typically includes an induction phase and a consolidation phase.

The goal of induction therapy is to establish remission. It consists of continuous
intravenous (I.V.) infusion of cytarabine during 7 days and 1.V. anthracyclin on days 1, 2 and
3 (popularly known as the 743 regimen) (Dohner et al., 2015). Cytarabine (Ara-C) is an anti-
metabolite that inhibits DNA synthesis (Shelton et al., 2016). Anthracyclins include drugs
such as idarubicin, daunorobicin and doxorubicin (Doxo) that inhibit topoisomerase 11 and
lead to DNA breaks. New drugs are being actively sought to improve induction therapy.
Despite conflicting results in clinical trials, it seems that the addition of gemtuzumab
ozogamicin, an anti-CD33 monoclonal antibody, might be beneficial (Hills et al., 2014).

Postremission therapy is needed to eliminate surviving leukaemic cells and avoid
relapse. The consolidation therapy in patients younger than 60 years old normally includes
intensive chemotherapy with high-dose cytarabine and allogeneic haematopoietic-cell
transplantation (Dohner et al., 2015). Transplantation is the most effective therapy due to the
graft-versus-leukaemia effect. Patients older than 60 years benefit more from intermediate-
dose cytarabine and non-myeloblative or reduced-intensity conditioning haematopoietic-cell

transplantation (Dohner et al., 2015).
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1.2.5 - Loss of healthy haematopoiesis in AML

In AML, non-malignant haematopoiesis is progressively lost and patients develop life-
threatening cytopenias of all blood lineages, including thrombocytopenia, anaemia and
neutropenia. As a consequence, patients with AML often present clinically with bleeding,
fatigue and recurrent infections. It is therefore important to understand how non-malignant
haematopoietic cells are lost and HSC function is disrupted. From a clinical point of view,
trying to understand how healthy haematopoiesis is disrupted is an even more evident
problem in the elderly, who are commonly not fit to receive high-dose chemotherapy and
HSC transplantation.

The loss of HSCs and of rapidly cycling MPPs (responsible for the maintenance of adult
steady-state haematopoiesis) are the likely key elements that justify the loss of healthy
haematopoiesis observed in AML. Yet, the mechanisms underlying their loss remain poorly
understood. It has been proposed that the simple expansion and occupation of BM space by
leukaemic cells with consequent displacement of non-malignant haematopoietic cells,
justifies the decay of haematopoiesis. However, a poor correlation between BM leukaemic
infiltration (AML blast counts in the BM) and peripheral blood cytopenias has been reported
(Rauch et al., 2016). Interestingly, the expression of the thrombopoietin (TPO) receptor c-
MPL by AML blasts appears to correlate well with both neutropenia and thrombocytopenia
(Rauch et al., 2016). In this case, the scavenging of TPO (an important cytokine for the
maintenance of megakaryocytes and HSCs) was the proposed mechanism (Rauch et al.,
2016). It should be highlighted that a model for “space occupation” cannot be discarded as
the loss of erythropoiesis could not be explained and the analysis of the half-life of different
blood cells, the analysis of specific haematopoietic BM populations (e.g. HSCs, progenitors,
differentiated cells) and the study of transendothelial trafficking were not addressed in this
report. Using a xenograft model of AML, it has been proposed that the differentiation of
HSCs to progenitors is disrupted (Miraki-Moud et al., 2013). Importantly, quiescent HSCs
surviving in the infiltrated marrow engraft well upon transplantation. Although several
primary samples of AML were tested, a drawback of this study is the limited interactions
between human AML cells and mouse microenvironments and haematopoietic cells (Miraki-
Moud et al., 2013). Consistent with this hypothesis, Chen et al used the murine MLL-AF9
AML model to propose that leukaemic blasts induce the quiescence of HSCs through the
expression of Egr3, an inhibitor of proliferation (Cheng et al., 2015).
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It remains to be elucidated whether and how the AML-induced remodelling of the BM

microenvironment directly contributes to the loss of non-malignant haematopoiesis in vivo.

1.3 — T-cell acute lymphoblastic leukaemia

T-ALL is a disease characterized by uncontrolled clonal proliferation of immature
lymphoid cells. T-ALL prevalence is highest among children between 3 and 5 years old and
it comprises 10 to 15% of all paediatric and 20 to 25% of all adult acute leukaemias (Belver
and Ferrando, 2016; Hunger and Mullighan, 2015). Despite cure rates in excess of 80%,
approximately 25% of T-ALL paediatric patients develop relapsed disease that is often
refractory to the initial therapies and has an extremely poor prognosis (Pui et al., 2008).
Furthermore, only 40% of adult T-ALL patients reach complete remission and long-term
survival is very rare (Fielding et al., 2007). Notably, the failure to eliminate minimal residual
disease (MRD) in the BM during early phases of initial disease treatment identifies T-ALL
patients at a very high risk of disease relapse (Szczepanski, 2007).

1.3.1 - Genetic alterations in T-ALL

Leukaemogenesis in T-ALL is the result of accumulating genetic somatic alterations that
change homeostatic cellular processes (e.g. apoptosis, differentiation) essential for normal T-
cell development. These alterations include aneuploidy, mutations, deletions and
chromosome structural changes that produce chimeric fusion proteins or change gene
expression (Hunger and Mullighan, 2015).

Chromosomal translocations and rearrangements are early events (pre-leukaemic)
(Wiemels et al., 1999), maintained in relapse (Mullighan et al., 2008) and that are able to
generate T-ALL in disease models. The fusion protein TEL(ETV6)-JAK2 exemplifies this
group of genetic alterations. It results from the chromosomal translocation t(9;12)(p24;p13),
is present in cases of T-ALL, B-cell ALL and chronic myeloid leukaemia (CML) and is able
to drive transformation of haematopoietic cell lines (Lacronique et al., 2000; Lacronique et
al., 1997; Peeters et al., 1997; Schwaller et al., 1998). TEL-JAK2 transgenic mice (Carron et
al., 2000) and mice reconstituted with TEL-JAK?2 transduced marrow cells (Schwaller et al.,
1998) develop T-ALL, demonstrating the oncogenic potential of JAK/STAT pathway
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overactivation. Furthermore, activating JAK mutations have been identified in T-ALL
patients (Jeong et al., 2008) and were associated with poor prognosis (Flex et al., 2008).

Mutations are another important class of genetic alterations in T-ALL. Gain-of-function
mutations that lead to NOTCH1 overactivation are detectable in more than 60% of human T-
ALL cases (Weng et al., 2004). Interestingly, Notchl is a transmembrane receptor necessary
for T-cell commitment in the thymus (Radtke et al., 1999), demonstrating that interference
with key haematopoietic programs can drive leukaemogenesis. Mutations in NOTCH1
normally cooperate with additional transformative steps to generate frank T-ALL, as
illustrated in animal models (Chen et al., 2007; Li et al., 2008; Pear et al., 1996). When the
activated form intracellular Notchl (ICN) is overexpressed in BM cells (Li et al., 2008) and
transplanted, mice develop a disease that resembles Notchl-driven T-ALL both genetically
and phenotypically (Sanda et al., 2010). It is therefore possible to model clinically relevant
forms of T-ALL.

1.3.2 — T-ALL treatment

Similarly to AML, the therapeutic strategy in T-ALL includes an induction phase and
consolidation treatment.

Induction therapy normally includes the administration of a glucocorticoid (prednisone
or dexamethasone), vincristine, asparaginase, optional anthracycline, including intrathecal
chemotherapy administration to target central nervous system (CNS) disease (Pui et al.,
2008). Glucocorticoid drugs act through binding to the glucocorticoid receptor, which in turn
translocates into the nucleus, regulating gene expression and inducing leukaemic cell
apoptosis (Schmidt et al., 2004). Vincristine targets microtubules, causes mitotic arrest and
induces cell death (Kothari et al., 2016). Asparaginase has also a strong anti-leukaemic effect
(Broome, 1963) because it converts the non-essential amino acid asparagine to aspartic acid
(Broome, 1981). T-ALL cells, however, are not able to synthesize asparagine and are
therefore susceptible to asparagine depletion mediated by asparaginase. The three-drug
combination can be used but the four-drug regimen is preferred for all adult ALL patients and
children with T-ALL (Pui et al., 2008). The dosing window in this combination treatment is
very narrow and small increases in dexamethasone or asparaginase doses can result in

toxicity and death. The goal of this regimen is to induce remission by killing the majority of
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leukaemic cells. However, cure can only be achieved if it is followed by a consolidation
phase (Hunger and Mullighan, 2015).

Consolidation therapy aims to eradicate surviving T-ALL cells. It varies according to the
patient’s risk classification and the protocol adopted but it normally consists on repeated
administrations of methotrexate (Hunger and Mullighan, 2015). Methotrexate is an anti-folate
that belongs to the same compound family of aminopterin, used by Sidney Farber to treat and
induce the first-ever remissions in ALL (Farber and Diamond, 1948). This is followed by a
long (up to 30 months) continuation therapy with the anti-metabolites mercaptopurine (or

thioguanine) and methotrexate (Hunger and Mullighan, 2015).

1.4 — Bone marrow microenvironments

Adult haematopoiesis occurs primarily in the BM, where HSC function is most efficient,
however we do not fully understand how the anatomy of bone regulates the function of the
haematopoietic system. In 1978, Schofield proposed that cellular microenvironments in the
BM are associated with and critical to maintain tissue-fixed HSCs (Schofield, 1978).
According to this hypothesis, after division, HSCs are retained in an anatomically and
functionally defined niche, while progenitors are spatially dislodged and differentiate (Figure
1.3). This is known as the stem cell niche hypothesis and it was believed that a specific cell
type or a limited number of cell types instructed the quiescence of HSCs. Formal
experimental evidence for the existence of a stem cell niche only came years later, after
studies in Drosophila confirmed the critical role of local signals (Xie and Spradling, 1998)
and niche sites (Xie and Spradling, 2000) in the maintenance of stem cells (germ line stem
cells). It has also been demonstrated that niches define the fate of stem cells in other tissues,
such as the epidermis (Rompolas et al., 2012) and intestinal epithelium (Ritsma et al., 2014b).
The establishment of in vitro haematopoietic cultures using stromal cells isolated from the
BM (Dexter et al., 1977) suggested the existence of a supporting stromal microenvironment
in vivo. Later studies proposed that either a BM endosteal (Zhang et al., 2003) or a vascular /
perivascular niche (Kiel et al., 2005) support HSCs. Yet, we now understand better the
complexity of these microenvironments and it is unlikely that a single niche area or cell type
is the master regulator of HSC quiescence, although its location appears to be consistently

perivascular (Morrison and Scadden, 2014). Furthermore, recent data suggest that niches,
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instead of directing cell fate, play their role purely as maintenance stations for self-renewing
HSCs (Baryawno et al., 2017).

To comprehend the BM microenvironment it is therefore fundamental to study the
spatial organization of HSCs and the interactions with their neighbours. This obviates the

importance of microscopy to directly visualize the niche.
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Figure 1.3 — HSC niche model. Quiescent HSCs reside in spatially defined niches in the BM. Upon
mobilization from the niches, cells divide and differentiate. Upon re-localization to the niche area,

stem cell activity is re-established. Adapted from (Schofield, 1978).
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1.4.1 - Visualization of bone marrow niches

1.4.1.1 — Murine bone marrow niches

Several chemical signals (e.g. stem cell factor, SCF) produced by haematopoietic and
stromal cells are involved in the maintenance of HSCs. Megakaryocytes, macrophages and
regulatory T cells have been described to be associated with HSCs. Several mesenchymal
cells have been shown one by one to be able to affect HSC numbers and function: bone-
forming osteoblasts and their progenitors, endothelial cells, C-X-C motif chemokine 12
(CXCL12) abundant reticular (CAR) cells, leptin receptor (LepR)-expressing stromal cells
and Nestin-expressing mesenchymal stem cells (MSC) (Morrison and Scadden, 2014).
Through the use of genetically modified mouse models, it has been possible to study
phenotypic HSCs (see 1.1.1) and to visualize and manipulate specific niche cells and factors
produced by them. For example, the Cre-Lox system allows deletion of target genes in
specific cells, either constitutively or following induction at specific times. This strategy and
the many transgenic mouse lines used in HSC research are reviewed in (Joseph et al., 2013).
Because the loxP cassettes are normally inserted in the Rosa26 locus, it is possible to cross
them with other Rosa26 strains expressing fluorescent proteins, such as GFP, and in this way
image a large number of reporter mice. There are, however, strains that are particularly
popular in HSC niche studies. To image mature osteoblasts, the Col2.3-GFP strain is often
used (Figure 1.4). These mice express enhanced GFP under the control of a 2.3 kb region of
the rat or mouse procollagen type 1 alpha 1 (Collal) promoter (Calvi et al., 2001).
Alternatively, osteoblast progenitors can be visualized using Osx1-CreGFP mice, where the
transgene is expressed under the regulation of the osterix promoter (Rodda and McMahon,
2006), albeit in fewer cells than highlighted by immunostaining for the transcription factor
osterix. Nestin-expressing perivascular mesenchymal stem/progenitor cells can be identified
using the Nestin-GFP mouse, where the expression of the intermediate filament Nestin drives
GFP (Mignone et al, 2004) (Figure 1.4), and CXCLI12-expressing cells, primarily
perivascular, can be visualized using the CXCL12-GFP (Sugiyama et al., 2006) or CXCL12-
DsRed knock-in mice (Ding and Morrison, 2013). Endothelial cells can be studied through
the use of endothelial-specific promoters, such as Flk1 and VE-Cadherin reporter mice. Yet,
most of the studies label these cells using antibodies specific for vascular markers such as
CD31, VE-Cadherin, laminin and endomucin. Such antibodies can be either applied to

sections or intravenously injected in the live animal to perform intravital microscopy (IVM)
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or ex vivo whole mounts analyses. Alternatives that provide excellent discrimination of
endothelial cells include Dil-labelled acetylated low-density lipoprotein (Dil-Ac-LDL)
(Kunisaki et al., 2013) and fluorescently conjugated Griffonia simplicifolia isolectin B4
(Lassailly et al., 2013). In IVM studies, blood vessels are often identified through the use of
intravascular dyes, such as fluorescently tagged bovine serum albumin (BSA) or dextrans
with various molecular weights (Figure 1.4). To increase the number of colours analysed, far
red and near infrared Quantom dots (Qdots), such as Qdot 655 and Qdot 800, can also be
used (Lo Celso et al., 2009). Importantly, immune labelling is not restricted to endothelial
cells and can be applied to other putative niche cells, such as angiopoietin-1 expressing
stromal cells (Zhou et al., 2015) and to many of the classical niche cells, such as osteoblasts
marked by anti-osteopontin antibodies (Calvi et al., 2003). Finally, nonlinear optical
microscopy, specifically second harmonic generation (SHG) signal allows to image collagen
1 fibres that compose the bone itself (Figure 1.4) (Zipfel et al., 2003). Although these
strategies are often used in isolation, the combination of reporter mice, antibodies and SHG
signals makes possible the simultaneous imaging of different BM microenvironmental

components either in sections or in live imaging (Figure 1.4).

” Bone (SHG)
. Col2.3-CFP* osteoblastic cells

Nestin-GFP* MSCs
- Blood vessels (Cy5 Dextran)

Figure 1.4 — IVM of the calvarium BM of a Col2.3-CFP/Nestin-GFP mouse. Using a combination
of reporter mouse lines, vascular dyes and imaging techniques, it is possible to simultaneously

visualize key elements of the HSC microenvironment.
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1.4.1.1 — Human bone marrow niches

In contrast to the mouse, the BM niche for human HSCs remains less well studied. This
is in part justified by the difficult access to human samples and by our poor understanding of
the human haematopoietic hierarchy. However, the main restraints for the exploration of the
human HSC microenvironment are the experimental limitations associated with the
manipulation of human HSCs and human BM tissue. In this regard, the group of John Dick
pioneered the study of human haematopoiesis by xenotransplanting human HSCs into
immunodeficient mice (Doulatov et al., 2012). Among the strains of immunodeficient mice
available today, one of the most used is the NOD-SCID-II2ry”" (NSG) line (Shultz et al.,
2005). These mice have a defective V(D)J recombination and accompanying deficiency of
mature B and T cells due to the severe combined immunodeficiency (SCID) mutation, a
deficiency of Natural Killer (NK) cells due to the lack of II-2Ry and a phagocytic tolerance
due to the presence of cross-reactive signal regulatory protein o (SIRPa) of the non-obese
diabetic background (NOD). Future studies focusing on the imaging of human
haematopoietic niches will benefit from recently developed mouse strains. Exciting examples
are the NSGW41 mice, capable of sustaining human erythro-megakaryopoiesis (Rahmig et
al., 2016) and the next-generation humanized mice containing knock-in alleles that express
human genes, such as TPO (Theocharides et al., 2016). The latter are important because they
mimic the human microenvironment in the recipient mouse BM and are able to support both
benign and malignant haematopoiesis. One example of such strain is the MIS*'TRG
containing knock-ins for five human genes: macrophage colony-stimulating factor (M-CSF),
IL-3, granulocyte-macrophage colony-stimulating factor (GM-CSF), TPO and SIRPa (Das et
al., 2016). More recently, several groups have developed humanized niche xenograft models
by subcutaneously implanting human MSCs and different types of scaffolds into
immunodeficient mice (Abarrategi et al., 2017; Antonelli et al., 2016; Reinisch et al., 2016).
These humanized environments engraft well both human haematopoietic stem and progenitor
cells (HSPCs) and leukaemias and are good alternatives to xenotransplantation alone. The use
of humanized ossicles and the transplantation of immunodeficient mice coupled with the
analysis of human biopsies and in vitro assays, allow for the study of the human HSC

microenvironment.
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1.4.2 — Intravital microscopy of the BM

As described in section 1.4.1, the BM cellular environment is best visualized through
microscopy. The microscope, which literally permits “to see” (-scope) what is “small”
(micro), increases both resolution and contrast to resolve images invisible to the naked eye.
Good examples of landmark discoveries in biology made possible by the microscope include
the observation of bacteria and other microorganisms by Leewenhoeck (Leewenhoeck), the
observation of phagocytosis by Metchnikoff (Tauber, 2003) and the description of structures
of the central nervous system by Ramon y Cajal (Cajal, 1911).

1.4.2.1 — Laser scanning confocal microscopy

Different microscopy approaches are available and result from theoretical and technical
advances combined with the development of dyes, fluorochromes, model organisms and
sample preparation methods (see section 1.4.1). While wide-field microscopy is appropriate
for thin specimens (e.g. two-dimensional (2D) cell cultures and very thin tissue sections), it
lacks depth discrimination. It illuminates the sample in its entire width and depth, and is
therefore not suitable to image thick or highly scattering samples, such as bone.
Alternatively, laser scanning confocal microscopy (LSCM) is able to obtain good quality
three-dimensional (3D) information of living specimens.

In LSCM, different laser lines (chosen according to the excitation wavelength of the
fluorophores of interest) emit light. This light is tilted in the direction of the sample by
different mirrors and is focused onto the sample by the objective lens. A fluorescent sample
that is illuminated will emit an emission light that will travel the same beam path (of the laser
light) backwards. A beam splitter splits the excitation from the emission light that eventually
encounters the pinhole. The pinhole allows for the elimination of out-of-focus signal. The
size of the pinhole can be adjusted to achieve the best compromise between light collection
and optical sectioning. The light finally reaches photomultiplier tube (PMT) detectors that
amplify and convert the photon into electrical signal, which is recognized and displayed by
the computer. In summary, LSCM acquires a series of optical sections, by rejecting the light
from out-of-focus z planes, and is therefore ideal for thick specimens. It has been often used

for imaging tissue sections and for [VM.
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1.4.2.2 — Multiphoton microscopy

LSCM is limited to the tissue surface and for depths over 100 um there is increased light
scattering, which limits the contrast and signal strength. Imaging of deeper planes is better
achieved by multiphoton microscopy (MP) (Denk et al., 1990). MP, or more specifically two-
photon microscopy can image the tissue at depths ranging from 150 pum, such as in the
calvarium (Lo Celso et al., 2009) to 500 um deep in soft tissues like the lymph nodes (Halin
et al., 2005).

In two-photon microscopy, the excitation of the fluorophore is achieved through the
near-simultaneous absorption of two photons. This is different from LSCM, which uses
higher energy one-photon excitation. In two-photon excitation, the emitted photons have
lower energy and higher wavelength (about twice of the equivalent wavelength in one-photon
excitation). In MP microscopy, a femtosecond laser emitting a high flux of photons is used to
increase the probability of absorption of two photons at the ‘same’ time and in the same
location. Since a very restricted area is excited, there is no out-of-focus illumination and,
therefore, no need for a pinhole. Because MP microscopy uses near infrared light (typically
700-1100 nm), it allows not only deeper fluorescence excitation but also less phototoxicity
and photobleaching, in comparison to LSCM (Helmchen and Denk, 2005). 2-photon
excitation also allows better 3D resolution, photolytic release of caged molecules, SHG
signal detection to observe bone collagen without any specific staining/manipulation, and the
excitation of near-infrared Qdots, which increases the range of signals generated.

Due to their ability to excite fluorescence in deep tissues, LSCM and particularly MP
microscopy have been used in time-lapse mode either alone or in combination to perform
IVM and capture biological processes in four dimensions (4D). The use of IVM has
contributed to significant discoveries in stem cell biology in several fields of study (Brown
and Greco, 2014). For example, non-invasive IVM was used to show how the stem cell niche
in the hair follicles of the skin is structurally and functionally compartmentalized (Rompolas
et al., 2012). Also, MP live imaging combined with a chronically implanted abdominal
imaging window was used to demonstrate how intestinal stem cells compete with each other
for clonal dominance and are organized in relation to niche cells (Ritsma et al., 2014a). IVM
studies have also revolutionized the fields of neuroscience, cancer, immunology and
pulmonology (Ellenbroek and van Rheenen, 2014; Helmchen and Denk, 2005; Presson et al.,
2014; Sumen et al., 2004).
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1.4.2.3 — Intravital microscopy of the HSC niche

As discussed, IVM is able to capture the dynamics and complexities of biological
processes, particularly in situations where the environmental context is pivotal. One such
example is the immunological synapse formation between cytotoxic T cells (CTLs) and
target cells. In this regard, the active killing of tumour cells by CTLs in vitro takes about 5
min (Stinchcombe et al., 2001). In striking contrast, in vivo imaging showed CTL killing of
peptide-pulsed B cells in the lymph node and of tumour cells in the tumour
microenvironment taking up to 25 min and 6 hours, respectively (Breart et al., 2008; Mempel
et al., 2006). Another example that illustrates the importance of intravital imaging is the
migration of tumour cells, as nicely reviewed by Condeelis and Segall (Condeelis and Segall,
2003). They describe how the in vivo speed of migrating breast adenocarcinoma cells is
greater than 3 pum/min, which is 10 times superior compared to recordings of these cells
migrating in 2D plates and 30 times higher compared to migration in 3D matrices.
Altogether, these observations are very informative because they tell us that only IVM can
correctly capture dynamic events that are important in the study of HSCs and the interactions
with their niches. These are: the influence of the tissue microenvironment (i.e. the study of
HSCs in the BM), the timescale of biological processes (for example, how long does it take
for an HSC to divide and differentiate) and the cell behaviour (for example, whether the cell
is immotile or migratory, how is it moving and at what speed).

Early attempts at performing live imaging of the BM were made by McCuskey,
McClugage and colleagues in 1971 (McClugage et al., 1971; McCuskey et al., 1971). In these
studies, a metallic chamber was transversely inserted in the tibias of rabbits and coupled with
a conventional wide-field microscope. Notably, chronic imaging was possible and the same
areas could be revisited. The images obtained were obviously low resolution and low contrast
and the BM cells and structures were identified solely based on their morphology.
Nevertheless, the authors were able to draw important conclusions from functional
manipulation of the haematopoietic system. For example, they observed that blood vessels
could support bone regeneration through a vascular network that was primarily venular in
nature. They also concluded that arterioles and capillaries supported haematopoiesis, which

was stimulated by bleeding and erythropoietin administration. It is remarkable that in more
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recent years, much more refined studies have confirmed the central role of BM blood vessels
in bone formation (Kusumbe et al., 2014) and haematopoiesis (Kobayashi et al., 2010).

In 2009, several imaging studies aimed to visualize the dynamics of phenotypically
purified HSCs in their natural BM environment (Kohler et al., 2009; Lo Celso et al., 2009;
Xie et al., 2009). In one of this studies, Xie et al. developed a method called ex vivo imaging
of stem cells (EVISC), consisting in imaging of sagittally sectioned tibias and femurs of
mice, previously transplanted with phenotypic HSCs (Xie et al., 2009). While using the long
bones, the imaging was done in a severally damaged tissue, which leads to the severe damage
of, for example, blood vessels and BM innervation, both shown to be fundamental in HSCs
regulation (Mendez-Ferrer et al., 2008). Nevertheless, this study suggested that the endosteal
area is converted into a stimulatory environment that promotes HSC expansion after
irradiation. At the same time, Lo Celso et al. performed IVM of single engrafting HSCs by
focusing on the BM contained in the frontal bones of the mouse skull (calvarium) and
obtained 3D measurements indicating that engrafting HSCs selectively localize in proximity
of osteoblastic cells and endosteal vessels, while their progeny are more distal (Lo Celso et
al., 2009). Multiple groups have developed new methods that allow for the in vivo imaging of
the long bones. Kohler et al. thinned the tibeal compact bone to reveal differential positioning
and activity of young and aged HSCs (Kohler et al., 2009). Lewandowski et al. used a
miniaturised endoscope to capture what remains the only live imaging of central marrow in
the femur, albeit achieved with an invasive imaging technique (Lewandowski et al., 2010).
Very recently, Pitt and colleagues used 2-photon live imaging of shaved tibias to enquire
about the interaction between T-ALL cells and CXCL12-producing stromal cells in the BM
(Pitt et al., 2015). Chronic imaging of long bones has been achieved through the development
of imaging windows analogous to others used in the brain and abdomen. These imaging
windows have been applied to both the thinned femur (Chen et al., 2016b) and the thinned
tibia (Kim et al., 2016). Although real-time imaging of the femur and tibia has the advantage
of studying stem and progenitor cell behaviour in bones that sustain the majority of the adult
mouse steady-state haematopoiesis, it also presents significant problems that limit their
present utility. One of these is the skeletal shaving required to make the marrow space
underlying the bone optically accessible. A bone thinning of around 200 pm is done with a
micro drill, can easily lead to tissue disruption and bleeding, and is bound to trigger a repair
response that will likely affect at least some stroma cells in the BM. Another pitfall of the

method is that it maintains a bias towards the recording of events occurring next to the
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endosteum. Finally, the image resolution obtained with IVM of long bones is often lower in
comparison to that of calvarium imaging.

Calvarium BM imaging was pioneered by the von Andrian group, using epifluorescence
microscopy (Mazo et al., 1998). One of the main advantages of this method is that because
the bone plate is very thin, shaving is not required. Therefore, the BM can be imaged non-
invasively and without altering tissue architecture. Recent refinements have shown that
further higher quality in the imaging can be achieved after laser-mediated osteotomy of the
calvarium (Turcotte et al., 2014). Here the laser is expected to cause less damage than the
conventional drills used on the long bones, however this approach would not be easily
implemented to shave those much thicker areas. One of the concerns often raised with the use
of the calvarium for the study of HSCs and their niches is how its BM compares with well-
described compartments in long bones. This has been disputed by Lo Celso and colleagues
and by Lassailly and colleagues, who demonstrated that while the calvarium is a flat bone
resulting from intramembranous ossification, it is as representative as the femur and the tibia
in the study of haematopoiesis (Lassailly et al., 2013; Lo Celso et al., 2009).

Building on the original work by Mazo and co-workers, IVM of the calvarium was also
used to image platelet formation from megakaryocytes (Junt et al., 2007), T cells (Cavanagh
et al., 2005), B cells (Cariappa et al., 2005) and dendritic cells (Sapoznikov et al., 2008). This
technique was later expanded by the groups of David Scadden, Charles Lin and us to obtain
images of the BM with higher resolution (Lo Celso et al., 2009; Sipkins et al., 2005).
Through the combination of LSCM with MP microscopy, Lo Celso et al. were able to
increase the number of components analysed and reported the first in vivo measurement of
transplanted HSCs localisation in relation to the osteoblastic and vascular niche
compartments (Lo Celso et al., 2009). Recently, our group developed a protocol that enables
long time-lapsing and repeated cycles of imaging and recovery using a calvarial window and
high-precision mouse holder (Scott et al., 2014). Using this approach, it was possible to
uncover the in vivo migratory pattern of some HSCs (Rashidi et al., 2014). In contract to
stationary steady state, infection-exposed HSCs are motile and engage with larger
surrounding BM niches within the first 24 hours from injection (Rashidi et al., 2014). Using
this technological platform we have also recently uncovered the migratory behaviour of
niche-agnostic T-ALL cells throughout disease progression (Hawkins et al., 2016).
Dominique Bonnet and colleagues have recently adapted the IVM setup used to image the

mouse calvarium (Lo Celso et al., 2009) to visualize human HSCs transplanted into NSG
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mice. Foster et al showed that while haematopoietic progenitor cells remain motile after
homing to the BM, HSCs are only transiently migratory until complete arrest next to
hypothetical niche areas (Foster et al., 2015). This confirms previous observations with
transplanted mouse HSCs (Rashidi et al., 2014) and suggests that long-lasting engagement
with the niche is important for haematopoietic reconstitution (Lapidot et al., 2005). These

data suggest that HSCs require long-lived interactions with surrounding microenvironments.

1.4.3 — Osteoblasts and the endosteal niche

Studies describing an endosteal-biased spatial distribution of progenitor cells in the BM
first suggested the importance of bone in the regulation of haematopoiesis and the existence
of an endosteal niche (Lord et al., 1975). Phenotypically-defined HSCs are enriched in the
trabecular area, or metaphysis (Nombela-Arrieta et al., 2013) and transplanted HSCs localize
very close to the endosteum (Lo Celso et al., 2009). Guezguez, Bhatia and co-workers
performed elegant immunofluorescence imaging of bone sections from human BM biopsies
and from immunodeficient mice transplanted with human CD34" cells and showed that
human HSCs are preferentially located in the trabecular bone (Guezguez et al., 2013). The
authors nicely compared the whole-tissue distribution of stem versus progenitor cells and
concluded that HSCs were more concentrated in endosteal areas. In these regions, osteoblasts
line the bone and are a key cell type. Osteoblasts derive from MSC differentiation and are
responsible for synthesizing and depositing components of the bone matrix. Once osteoblasts
become included in the matrix, they are designated osteocytes. Consistently with the
observed spatial distribution of HSCs, it was first proposed that osteoblasts were a principal
niche component. Human osteoblasts were shown to produce haematopoietic growth factors,
such as G-CSF and to support primitive haematopoietic cells in vitro (Taichman and
Emerson, 1994). The first in vivo demonstration of a HSC niche was achieved years later
through the demonstration of HSC expansion following the expansion of osteoblasts (Calvi et
al., 2003; Zhang et al., 2003). Furthermore, quiescent HSCs were shown to be directly in
contact with osteoblasts (Arai et al., 2004) and enriched in the endosteum (Wilson et al.,
2004; Zhang et al., 2003). The direct role of osteoblasts was however put into question. /n
vivo deletion of osteoblasts (Visnjic et al., 2004) consistently led to reduction in the number
of HSCs but only after the reduction of more committed haematopoietic progenitors. The

specific deletion of the HSC maintenance factors SCF (Ding et al., 2012b) and CXCL12 (also
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known as stromal cell-derived factor 1, SDF1) (Ding and Morrison, 2013; Greenbaum et al.,
2013) in osteoblasts did not led to a decrease of HSC numbers. Moreover, the precise nature
of a N-Cahderin” HSC fraction that establishes homophilic interactions and engages with N-
Cadherin-expressing osteoblasts (Zhang et al., 2003) has been put into question (Kiel et al.,
2009; Li and Zon, 2010). Altogether, these data suggest that osteoblasts might be indirect,
rather than direct, regulators of HSCs (Morrison and Scadden, 2014).

1.4.4 — Blood vessels and the vascular niche

The bone-lining endosteum and bone-rich metaphysis are highly vascularized and a strict
niche categorization based on stromal composition might be artificial, as nicely illustrated by
the preferential localisation of transplanted HSCs to endosteal blood vessels (Ellis et al.,
2011). The interdependency between bone and vasculature is well demonstrated by a specific
type of endosteal and metaphyseal endothelium expressing high levels of both CD31 and
endomucin (Emcn) (type H endothelium), shown to couple angiogenesis to osteogenesis
(Kusumbe et al., 2014).

Despite the consensus for the existence of a perivascular niche in adult haematopoiesis
(Morrison and Scadden, 2014), there is controversy regarding the exact nature of blood
vessels that neighbour HSCs, i.e. whether these are sinusoids or arterioles. Furthermore, we
are only now starting to appreciate the heterogeneity of the BM vasculature (Kusumbe et al.,
2014) and more specific endothelial cell (EC) transgenic mouse lines (as opposed to the pan-
endothelial Tie2-Cre, for example) are expected to illuminate the field in the future.
Nevertheless, advanced imaging of the BM has suggested that HSCs are non-randomly
distributed and locate close to blood vessels and perivascular stromal cells (discussed below).
The use of SLAM markers in immunofluorescence allowed the identification of steady state
phenotypically defined populations enriched for HSC. Using this strategy, Kiel et al found
LinCD41'CD48°CD150" HSCs localizing adjacently to sinusoids (Kiel et al., 2005).
Importantly, immunofluorescence studies can be approached with same type of analysis used
for flow cytometry, but to obtain refined spatial information. Laser scanning cytometry takes
this concept further and merges LSCM with an automated flow cytometry-like acquisition
(Harnett, 2007). While traditional immunofluorescence imaging focuses on specific fields of
view, laser scanning cytometry expands the image acquisition to much larger areas, thereby

decreasing biases inherent to subjective area selection. Using this technology, Nombela-
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Arrieta and colleagues were able to show that phenotypic HSPCs preferentially localized next
to endosteal blood vessels, although hypoxic HSPCs were found throughout the BM cavity
(Nombela-Arrieta et al., 2013).

In recent years, several groups have perfected imaging of thick BM sections (over 300
pum thickness). Typically, the bone of interest is either cryosectioned from both sides or cut in
half and stained (Acar et al., 2015; Kunisaki et al., 2013). Alternatively, BM plugs are
obtained through flushing with a syringe (Acar et al., 2015; Chen et al., 2016a). In this way, it
is possible to optically section the sample and 3D reconstruct what is often called a BM
whole-mount. Bones used for whole-mount preparation include the sternum (Kunisaki et al.,
2013), femur (Nombela-Arrieta et al., 2013) and tibia (Acar et al., 2015; Chen et al., 2016a).
This technique can be accompanied by tissue clearing, initially developed for and popularized
in neuroscience studies (Chung et al., 2013). The clearing process makes deeper areas
optically accessible but can significantly alter tissue morphology and intrinsic fluorescence
and requires long troubleshooting for the selection of the best method. Clearing strategies
used for the bone to visualize HSCs include modified Murray’s clear (Acar et al., 2015;
Becker et al., 2013), 3DISCO (3D imaging of solvent-cleared organs) (Acar et al., 2015;
Erturk et al.,, 2012), CUBIC (Clear, Unobstructed Brain/Body Imaging Cocktails and
Computational analysis) (Chen et al., 2016a; Susaki et al., 2014) and TDE (22" -

thiodiethanol) clearing (Coutu et al., 2018). Kunisaki and colleagues were able to show that
in sternum whole-mounts, dormant LinCD41 CD48 CD150" HSCs located near arterioles,
which are surrounded by other important stromal cells, such as Nestin® MSCs and
sympathetic nerve fibres (Kunisaki et al., 2013). This observation was opposed by a study
from Acar et al (Acar et al., 2015). In this report, the authors used optically cleared tibias to
perform deep imaging of the BM and showed that non-dividing a-catulin-GFP* HSCs did not
have a specific spatial patterning in relation to arterioles. Interestingly, Chen et al using
Hoxb5 as an HSC reporter and cleared BM plugs of the tibia, propose that in fact LT-HSCs
are virtually all next to VE-Cadherin® blood vessels (Chen et al., 2016a). Several reasons can
explain the differences between the reports, including the different bones analysed (tibia vs.
sternum) and the different methods used to identify HSCs (phenotypic LinCD41 CD4§
CD150" HSCs vs. a-catulin®” HSCs vs. Hoxb5" HSCs) (see section 1.1.1).

The manipulation of ECs and angiocrine factors also favours the vascular niche
hypothesis. Conditional deletion of VEGFR2 and inhibition of VEGFR?2 signalling prevented

regeneration of sinusoidal blood vessels, engraftment of HSPCs and haematopoietic recovery
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post-irradiation (Hooper et al., 2009). Interestingly, endothelial-cell specific deletion of
VEGFR2 disrupted spherical endothelial structures termed haemospheres located in the
periphery of the BM cavity and found to be associated with phenotypic HSCs and clonal
haematopoietic expansion (Wang et al., 2013). The central role of blood vessels in HSC
regulation is highlighted by the fact that ECs produce critical HSC maintenance factors, such
as SCF and vascular endothelial growth factor (VEGF). Indeed, cultured ECs are able to
maintain self-renewal of HSCs in vitro, through the production of angiocrine growth factors
and Notch ligands (Butler et al., 2010). Recently, it was shown that Notch signalling in
endosteal blood vessels is essential for the in vivo expansion of HSCs and that these
specialized type H vascular microenvironments are lost during aging (Kusumbe et al., 2016).
The in vivo deletion of key HSC maintenance factors in different BM cell populations by
Sean Morrison’s group has further suggested that endothelial cells and perivascular stromal
cells (discussed below) are the main niches for HSCs. The specific deletion of SCF (Ding et
al., 2012b) and CXCL12 (Ding and Morrison, 2013) in ECs (Tie2-Cre) depleted HSCs in
vivo. Moreover, a recently described HSC niche factor, pleiotrophin (Himburg et al., 2010) is
expressed in sinusoidal ECs (Himburg et al., 2012). The in vivo deletion of pleiotrophin led
to a loss of both HSC self-renewal and retention in the BM (Himburg et al., 2012).

Using LSCM of the skull’s frontal bones, Sipkins et al showed preferential localisation
of HSPCs and leukaemia cells to specific BM endothelial microdomains expressing high
levels of E-selectin and CXCL12, which facilitates homing by binding to CXCR4 (Sipkins et
al., 2005). Live imaging of the calvarium has also recently contributed to the functional
assessment of BM areas and blood vessels. Spencer and colleagues used two-photon
phosphorescence lifetime microscopy to directly measure the local oxygen tension in the BM
of live mice (Spencer et al., 2014). Unexpectedly, they found that the perisinusoidal zone was
more hypoxic when compared to the endosteal part that is preferentially irrigated by
arterioles lined by Nestin cells. Another study by Itkin et al. also used IVM of the calvarium
to question how different population of BM blood vessels regulate haematopoiesis (Itkin et
al., 2016). According to their study, sinusoids are more permeable to reactive oxygen species
(ROS) that in turn induce HSPCs to migrate and differentiate. In contrast arterial vessels are
less permeable and therefore maintain HSCs in a less activated state. In a recent study by
Tamplin, Durrand and colleagues (Tamplin et al., 2015), confocal live imaging and
correlative light and electron microscopy (CLEM) of zebrafish was performed to visualize

previously unseen dynamics of the perivascular niche. The authors showed endothelial cells
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wrapping around single HSCs and mesenchymal stromal cells engaging with stem and

progenitors cells and directing their divisions.

1.4.5 — Mesenchymal stem cells and the perivascular niche

MSC:s are a heterogeneous group of stromal cells with self-renewing capacity and able to
differentiate into adipocytes, chondrocytes, osteoblasts and other stromal cells. In the BM,
MSCs are reticular cells mainly found in the perivascular space that participate in the
regulation of HSCs as part of the so-called perivascular niche. Alternatively, the term
mesenchymal stromal cell is often used to designate other perivascular stromal cells (e.g.
pericytes) that are not MSCs but that belong to the mesenchymal lineage and play a role in
HSC maintenance. Several markers (e.g. Nestin (Nes), NG2, LepR, CD146) are used to
define MSCs with different phenotypes, that are in fact often partially or totally overlapping
populations. The use of different Cre and reporter mouse lines to mark MSCs also contributes
to the confusion about the exact identity of these niche cells. For example, Nes-Cre and
LepR-Cre mark both the targeted cells and all their progeny; NG2-Cre and Nes-GFP marked
cells are nearly overlapping, however Nes-GFP and NG2-Red less so (Kunisaki et al., 2013).
Around 90% of the cells marked by LepR-Cre and 80% of the cells marked by NG2-Cre are
CAR cells (Asada et al., 2017). Nevertheless, it is consensual that MSCs directly regulate
HSC maintenance.

Using CXCL12-GFP knock-in mice, Sugiyama and colleagues identified perivascular
(and frequently, perisinusoidal) CAR cells spatially associated with phenotypic HSCs
(Sugiyama et al., 2006). Upon depletion of CAR cells, HSCs were reduced in numbers albeit
being more quiescent (Omatsu et al., 2010). It was later shown that the selective deletion of
CXCL12 from Prxl-cre-expressing mesenchymal cells led to a loss of HSCs and HSC
activity (Greenbaum et al., 2013). Histological analysis revealed the association of human
HSCs with human perivascular CD146" MSCs (Sacchetti et al., 2007). This study also
showed that CD146" MSCs express the important niche factor angiopoietin-1. Mendez-Ferrer
and colleagues showed that HSCs are in the vicinity of and regulated by Nestin® MSCs
(Mendez-Ferrer et al., 2010). Later, it was shown that human fetal PDGFRa" CD51" cells
expressing Nestin represent a subset of CD146° MSCs that are enriched for HSC activity
(Pinho et al., 2013). Nestin-expressing cells from Nes-GFP mice were further sub-classified

based on the level of GFP expression: a Nes-GFP™&" fraction surrounding arterioles and
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overlapping with the pericyte marker NG2 and a Nes-GFPY™ fraction surrounding sinusoids
(Kunisaki et al., 2013). Importantly, periarteriolar NG2~ MSCs were shown to be in close
contact with quiescent HSCs (Kunisaki et al., 2013). Alternatively, Ding et al. showed that
the important HSC niche factor SCF was highly expressed by LepR-Cre-expressing
perivascular cells (Ding et al., 2012b). When SCF was selectively deleted in LepR" stromal
cells, HSCs were depleted from the BM (Ding et al., 2012b). Deletion of CXCL12 in the
same LepR" population led to a mobilization of HSCs and progenitors from the BM to the
peripheral blood (Ding and Morrison, 2013). In an attempt to resolve the discrepancies
between these different reports, Asada and colleagues recently showed that Nes-GFP™ MSCs
are fundamental sources of both SCF and CXCL12 and that the deletion of either factor in
these cells reduces HSC cell numbers (Asada et al., 2017). Alternatively, the selective
deletion of CXCL12, but not SCF, in periarteriolar NG2" MSCs and the specific deletion of
SCF, but not CXCL12, in perisinusoidal LepR" stromal cells cause a reduction in HSC
numbers (Asada et al., 2017). This study highlights the heterogeneous niche factor

contribution from different stroma niche cells.

1.4.6 — Other BM microenvironments

In addition to the classical microenvironmental compartments discussed above,
additional cell types in the BM are integrated in the HSC niche. Adrenergic sympathetic
neurons are intimately associated with Nestin” MSCs, secrete noradrenaline and regulate the
circadian release of HSCs and expression of niche factors (Mendez-Ferrer et al., 2008). Fat-
enriched yellow marrow has been classically associated with decreased haematopoietic
activity and adipocytes were shown to be negative regulators of HSCs (Naveiras et al., 2009).
BM glial non-myelinating Schwann cells that wrap autonomic nerves produce the niche
factor TGF-f3, associate with and maintain quiescent HSCs (Yamazaki et al., 2011).
Osteoclasts were shown to promote the endosteal niche formation and the mobilization of
haematopoietic progenitors from the BM (Kollet et al., 2006; Mansour et al., 2012). T

regulatory (T,.,) cells provide immune privilege to the endosteal HSC microenvironment

reg

(Fujisaki et al., 2011). Megakaryocyotes are also associated with quiescent HSCs and their
deletion causes HSCs to enter cell cycle (Bruns et al., 2014; Zhao et al., 2014).

It is also important to identify the factors that regulate HSCs in a cell extrinsic manner
and that are secreted by anatomically or phenotypically defined niches. Fundamental niche
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factors differently secreted by endothelial cells and perivascular stromal cells include
CXCL12 (Asada et al., 2017; Ding and Morrison, 2013; Greenbaum et al., 2013; Omatsu et
al., 2010; Sugiyama et al., 2006), SCF (Asada et al., 2017; Ding et al., 2012b) and VEGF-A
(Hooper et al., 2009), which were discussed in sections 1.4.4 and 1.4.5. One of the first
recognized factors shown to induce the quiescence of Tie2-expressing HSCs in vivo was
endosteal-born angiopoietin 1 (ANGPT1) (Arai et al., 2004). Another factor highly secreted
by osteoblasts is osteopontin (OPN). OPN knock-out mice have an increased HSC pool size
(Stier et al., 2005). Furthermore, OPN regulates the homing and quiescence of HSCs (Nilsson
et al., 2005). Recently, the RNase angiogenin (ANG) was shown to simultaneously promote
HSC quiescence and myeloid progenitor proliferation through differential regulation of RNA

processing (Goncalves et al., 2016).
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1.5 — Leukaemia-microenvironment crosstalk

It has been speculated that leukaemia cells highjack (Ishikawa et al., 2007; Lane et al.,
2009), and destroy (Colmone et al., 2008) HSC-supportive microenvironments potentially
shifting the equilibrium of microenvironments from a state that supports steady state
haematopoiesis in favour of conditions that instead lead to accelerated expansion of leukemic
cells or even to leukaemogenesis and development of chemoresistance. Thus, understanding
the role of microenvironments in leukaemia initiation, progression and development of

chemoresistance (Figure 1.5) is critical for development of novel therapeutic interventions.

Initiation Expansion and Chemoresistance Remodeling
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Figure 1.5 — The crosstalk between leukaemic cells and the microenvironment. Several studies
suggest a causative role of the BM microenvironment in leukaemogenesis (Initiation). Additionally,
LSC co-opt existing strategies normally used by HSCs to interact with the microenvironment and
proliferate and survive (Expansion and Chemoresistance). LSC use adhesion molecules (CD44 and
VLA-4) to bind the extracellular matrix and stroma cells and through CXCR4 they bind the
abundantly secreted CXCL12. Leukaemia also shapes the microenvironment (Remodelling) by
creating a pro-inflammatory milieu, impairing MSC differentiation and destroying key HSC-

supportive niches. Adapted from (Duarte et al., 2018Db).
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1.5.1 — Leukaemia initiation

It has been suggested that an altered BM niche can promote leukaemogenesis. Clinically,
this is best illustrated by donor cell leukaemia (Wiseman, 2011), where leukaemia originates
from engrafted donor cells after allogeneic HSC transplantation (although drug-induced
effects are hard to exclude). In mouse models, onset pre-leukaemic myeloproliferative-like
disease has been observed after manipulation of the microenvironment. Specifically, after
loss of retinoic acid receptor gamma in non-haematopoietic cells (Walkley et al., 2007) and
defective Notch signalling (either endothelial-specific (Wang et al., 2014) or global (Kim et
al., 2008)) and after targeted expression of Ptpnll activating mutations in MSCs and
osteoprogenitors (mutation of a positive regulator of RAS signalling found in Noonan
syndrome) (Dong et al., 2016). Furthermore, a condition similar to myelodysplastic syndrome
with sporadic AML/myeloid sarcoma development was observed after specific deletion of the
endoribonuclease Dicerl in osteprogenitors (Raaijmakers et al., 2010). In these mice,
mutated osteoprogenitors expressed lower levels of Shds, the gene mutated in Shwachman-
Bodian-Diamond Syndrome (a condition characterized by BM failure, and occasional
myelodysplastic syndrome development and secondary AML). Interestingly, deletion of Shds
in osteprogenitors mimicked the phenotype observed in Dicer loss. Additionally, targeted
overexpression of B-catenin in osteoblasts was shown to induce transformation of HSCs and
promote AML development (Kode et al., 2014). This is mediated by the downstream
overexpression of the Notch ligand Jagged-1 in osteoblasts that promote the transformation
of haematopoietic progenitors. Although these data support the view that the
microenvironment has a key role in causing or promoting the growth of cancer cells
harbouring cell intrinsic changes, it is still uncertain whether these changes in the
microenvironment are alone causative of human leukaemias (Sanchez-Aguilera and Mendez-

Ferrer, 2017).
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1.5.2 — Leukaemia propagation and development of chemoresistance

There is an increasingly popular view that cancer follows a Darwinian-like evolution, in
which microenvironmental changes, often induced by the malignant cells themselves,
contribute to the selection and expansion of better-adapted malignant clones (DeGregori,
2017). It is not clear whether the microenvironment facilitates the propagation of pre-
leukaemic clones. Clonal haematopoiesis is a recently described entity in which clonally
expanded hematopoietic cells harbouring somatic mutations are found in persons with no
history of haematological malignancy (Genovese et al., 2014; Jaiswal et al., 2014; McKerrell
et al., 2015; Xie et al., 2014). It is present in more than 10% of individuals over 70 years old
and it is associated with increased all-cause mortality and with a 10-fold higher incidence of
hematologic cancer (Genovese et al., 2014; Jaiswal et al., 2014). The methyltransferase
DNMT3A is the most commonly mutated gene in clonal haematopoiesis (Genovese et al.,
2014; Jaiswal et al., 2014; Xie et al., 2014) and is commonly mutated in leukaemia (reviewed
in (Brunetti et al., 2017)). Consistently, Dnmt3a-null HSCs have increased self-renewal
capacity and expand preferentially in competitive transplantation assays (Challen et al.,
2011). Moreover, DNMT34™" pre-leukaemic HSCs were shown to outcompete wild-type
HSCs and to survive in AML patients in remission (Shlush et al., 2014). There is evidence
that an aged BM microenvironment favours the expansion of single dominant HSPCs clones
(Vas et al., 2012). Whether the competitive fitness of DNMT34™" pre-leukaemic cells is
purely driven by cell intrinsic mechanisms or whether the microenvironment is also taking
part is currently unexplored. As described above, AML is hierarchically organized and
descendant of rare LSCs (Bonnet and Dick, 1997; Lapidot et al., 1994). It is believed that
LSCs hijack HSC niches that in turn support the expansion, survival and relapse of leukaemia
(Ishikawa et al., 2007; Lane et al., 2009).

Numerous studies explored the influence of the CXCR4/CXCLI12 pathway in the
regulation of leukaemia-stroma interactions. These interactions support leukaemia cells that
express high levels of CXCR4 and bind the chemokine CXCL12 (also known as SDF-1a),
secreted by multiple BM stromal cells. Using genetic models and CXCR4 antagonists (e.g.
AMD3100/plerixafor), it was shown that CXCL12 promotes the homing, residence and
survival of leukaemic cells in the BM (Nervi et al., 2009; Pitt et al., 2015; Tavor et al., 2004;
Zeng et al., 2009). These studies provided the rationale for clinical trials (proved safe in
AML (Uy et al., 2012)) and for the development of new CXCR4 antagonists, with prolonged
half-life and higher potency (Abraham et al., 2017). It is however not well understood how
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short-acting CXCL12 gradients control leukaemic cell behaviours (e.g. cell migration) within
the marrow tissue. In addition to CXCRA4, there are other molecules expressed by leukaemic
cells and shown to be very important in their adhesion to and survival in the BM
microenvironment. Chemoresistance is enhanced in leukaemic cells expressing the integrin
VLA-4, which binds fibronectin (Matsunaga et al., 2003) and VCAM-1 (Jacamo et al., 2014)
expressed by the BM stroma. Another key adhesion molecule in leukaemia is the
glycoprotein CD44, which binds hyaluronic acid in the extracellular matrix. LSCs in both
CML (Krause et al., 2006) and AML (Jin et al., 2006) require CD44 to home and engraft
efficiently.

More recently, our group challenged the view that all leukaemic cells depend on
particular niches. Using IVM, we tracked T-ALL cells in real time at different disease stages
(Hawkins et al., 2016). The in vivo imaging of whole BM tissue revealed that seeding T-ALL
cells are stochastically distributed in relation to Col2.3" osteoblasts, Nestin® MSCs and blood
vessels. Contrarily to the popular view that leukaemic cells are immotile, we observed that T-

ALL cells are continuously migratory.

1.5.3 — Bone marrow remodelling

The decay of HSC-supportive niches supports the view that leukaemic cells outcompete
HSCs (Boyd et al., 2014) by re-shaping the BM microenvironment. This is well illustrated by
the destruction of BM microenvironments induced by xenotransplanted ALL cell lines
(Colmone et al., 2008; Duan et al., 2014). Importantly, the leukaemia-driven remodelling can
promote the loss of bone homeostasis and healthy haematopoiesis and also lead to the
expansion and survival of the leukaemia itself. For example, precursor B ALL cells were
shown to secrete CCL3, recruit Nestin® MSCs from sinusoidal niches and promote their
transition into a-SMA" cells (through TGF-p) to form chemo-protective islands (Duan et al.,
2014).

The BM microenvironment re-shaping was well characterized in a model of CML by the
modification of MSCs differentiation into aberrant osteoblasts that promote leukaemia
growth and neglect the maintenance of normal haematopoiesis (Schepers et al., 2013).
Similarly, in a model of MLL-AF9 AML, sympathetic neuropathy ensues and limits the
differentiation of Nestin® MSCs into NG2" periarteriolar cells that normally support HSCs
(Hanoun et al., 2014). In J4K2""""-induced myeloproliferative neoplasia (MPN), HSC-
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supporting Nestin® MSCs are critically reduced. Interestingly, the specific depletion of
Nestin® MSCs causes expansion of hematopoietic progenitors and an MPN-like phenotype,
highlighting the interplay between niche and leukaemic cells (Arranz et al., 2014). In MPN
patients and MPN mice there is also a loss of sympathetic nerve fibers and nonmyelinating
Schwann cells next to Nestin' cells (Arranz et al., 2014). This remodelling is mediated by IL-
1B and can be partially reverted by pharmacological treatment (Arranz et al., 2014).

The factors driving the remodelling of the BM microenvironment in leukaemia are not
well understood but inflammation (an hallmark of cancer (Hanahan and Weinberg, 2011))
appears to be a key player. The pro-inflammatory environment is driven by different
cytokines, depending on the model used and leukaemia type studied, and include: tumour
necrosis factor (TNF) (Mead et al., 2017; Wang et al., 2014), IL-1p (Arranz et al., 2014;
Schepers et al., 2013) and CCL3 (Duan et al., 2014; Schepers et al., 2013). Other recently
described factors mediating the leukaemia-induced remodelling of the microenvironment are
leukaemia-derived exosomes that transport microRNAs (Kumar et al., 2017). Exosomes are
small extracellular vesicles emerging as key players in cell-cell communication in cancer
(Skog et al., 2008).

It should be highlighted that, although there is some redundancy, different types of
leukaemia might interact differently with the microenvironment (Krause et al., 2013). LSCs
in AML (Lapidot et al., 1994) and CML (Sirard et al., 1996) are well characterised and have
previously been suggested to have an altered dependency on the endosteal niche, and
specifically osteoblastic cells after parathyroid hormone treatment (Krause et al., 2013). In
this context, the expansion of osteoblastic cells promotes the propagation of MLL-AF9
driven AML while it halts BCR-ABL CML-like disease (Krause et al., 2013).

The understanding of how leukaemic cells co-opt and disrupt HSC niches will help
designing new therapies that target the microenvironment to restore healthy haematopoiesis,
improve HSC transplantation and limit disease relapse. The combination of therapies that
target cell-intrinsic mechanisms with new CXCR4 antagonists (Abraham et al., 2017; Pitt et
al., 2015), small molecules targeting cell adhesion (Jin et al., 2006; Krause et al., 2006) and
anti-inflammatory therapies (Mead et al., 2017) has the potential to improve disease
outcomes in leukaemia. Furthermore, changes of the BM stroma from leukaemic patients

may be used as prognostic factors (Kim et al., 2015) and help guide treatments in the future.
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1.6 - Project aim and research questions

My aim is to understand the interaction between T-ALL and AML cells and the

surrounding BM microenvironment. I will focus on three questions:

1) Does AML remodel the HSC vascular niche? (Chapter 3)

2) Is T-ALL chemoresistance dependent on specific BM niches? (Chapter 4)

3) What is the in vivo effect of chemotherapy and CXCR4 antagonism on T-ALL and
AML migratory cell behaviour? (Chapter 5)

I will approach these problems using a combination of flow cytometry, IVM and

immunofluorescence.
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Chapter 2

Materials and Methods

2.1 — Reagents

Reagent Component Source Catalogue
0000000107
TAE buffer 40 mM Tris Sigma 08976001
20 mM Acetic Acid Sigma 71251
1 mM  Ethylenediaminetetraacetic  acid
solution (EDTA) pH 8.0 Sigma E9884
FACS buffer Dulbecco’s Phosphate Buffered Saline (PBS) Sigma D8537
2% Fetal Bovine Serum (FBS) heat inactivated Life technologies  10500-064
Red Cell Lysis
Buffer 0.001 g/ml Potassium bicarbonate Sigma 60339
0.008 g/ml Ammonium chloride Sigma A9434
20mM EDTA Sigma 3690
5% (v/v) FBS Life technologies  10500-064
Milli-Q© water
Collagenase
solution 0.25% (w/v) Collagenase, Type I, powder Gibco 17018029
Hank's Balanced Salt Solution (HBSS) Gibco 14175-053
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Reagent Component Source Catalogue
D10+ Medium Dulbecco's Modified Eagle Medium (DMEM)  Sigma D6429
2% FBS heat inactivated Life technologies  10500-064
1% L-Glutamine PAA Laboratories M11-004
1% Penicillin / Streptomycin PAA Laboratories P11-010
Transduction
Medium DMEM Sigma D6429
10% FBS heat inactivated Life technologies  10500-064
50 uM (1:1000 of stock) 2-Mercaptoethanol ThermoFisher 21985023
1% MEM Non-essential Amino Acid Solution  Sigma M7145
Cytokines added just before platting of cells:
Recombinant Human IL-6 (10 ng/ml) Peprotech 200-06
Recombinant Murine IL-3 (10 ng/ml) Peprotech 213-13-10
Recombinant Murine SCF (20 ng/ml) Peprotech 250-03
STEMCELL
LKS medium  StemSpan™ Serum Free Expansion Medium Technologies 9650
50 ng/ml Recombinant Murine SCF Peprotech 250-03
10 ng/ml Recombinant Human IL-6 Peprotech 200-06
10 ng/ml Recombinant Murine TPO Peprotech 315-14
20 ng/ml Recombinant Murine FIt-3 ligand Peprotech 250-31L
Periodate-
lysine-
paraformaldeh
yde fixative
(PLP) 0.075 M L-Lysine monohydrochloride Sigma L5626
1% paraformaldehyde (PFA) Sigma P6148
0.01 M Sodium-M-Periodate Sigma 71859
0.1 M Na,HPO, ‘Dibasic’ solution Sigma 71640
0.1 M NaH,PO, ‘Monobasic’ solution Sigma 71507

0.1 M Phosphate Buffer
* 3 parts of Dibasic and 1 part of Monobasic

Table 2.1 — Reagents used and their specific components.
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2.2 — Mice

2.2.1 - Ethics

All animal work was in accordance with the animal ethics committee at Imperial College
London, UK and UK Home Office regulations (ASPA 1986). The work described here was
done under the project licenses 70/7061 and 70/8403. I performed regulated procedures after
accreditation by the Society of Biology (IMP/14/163) and after obtaining a personal license
(I612F6C83).

2.2.2 — Animal lines

Flk1-GFP mice were a gift from Alexander Medvinsky (University of Edinburgh) (Xu et
al., 2010), PU1-YFP mice were a gift from Claus Nerlov (University of Oxford) (Kirstetter et
al., 2006), Col2.3-GFP (Hawkins et al., 2016) and Col2.3-CFP (Paic et al., 2009) were a gift
from David Rowe (University of Connecticut Health Center); Fbxw7' "' Cdh5(PAC)-
CreERT2"" mice were a gift from Ralf Adams (Max Planck Miinster) and Anjali Kusumbe
(University of Oxford) (Kusumbe et al., 2014). C57B16 mice were from Charles River and
Harlan UK Ltd; Nestin-GFP were a gift from Simon Mendez-Ferrer (Mignone et al., 2004)
and mT/mG (Muzumdar et al., 2007) were purchased from Jackson Laboratories (Stock No:
007576; ME, USA). All mice were bred and housed at Imperial College London. For
fluorescence-activated cell sorting (FACS) experiments 6-8 weeks old female WT mice were
used. For imaging experiments, male and female Col2.3-GFP, Nestin-GFP, Col2.3-
CFP/Flk1-GFP and Col2.3-CFP/Nestin-GFP mice >8 weeks old were used. NOD/SCID/y
(NSG) mice were a gift from Dominique Bonnet (The Francis Crick Institute) (Hawkins et
al., 2016) and were bred and maintained at the London Research Institute, Cancer Research

UK.

2.2.3 — Genotyping

Flk1-GFP and Nestin-GFP mice were genotyped by mounting an ear snip in a slide and
analysing the presence of GFP signal emitted by blood vessels or reticular cells under the
microscope. PUI-YFP and mT/mG mice were genotyped by analysing the YFP and
mTomato signals by flow cytometry in peripheral blood cells obtained by tail bleeds. Col2.3-
GFP and Col2.3-CFP mice were genotyped by analysing the presence of GFP and CFP
signals emitted by bones of newborn pups with ‘GFP goggles’ (Model GFsP-0; BLS Ltd.,

HU), which have a blue light source and appropriate filters. Fbxw7' '™ Cdh5(PAC)-
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CreERT2"" mice were either already genotyped or genotyped by polymerase chain reaction
(PCR). To obtain genomic DNA, ear snips were digested in 45 pl lysis buffer (50 mM KCl,
10 mM Tris-HCI pH 9.0 and 0.1% Triton X-100) with 5 ul proteinase K at 60°C for 2 hours,
shaking at 850rpm. Then, 150 pul of nuclease-free water was added and sample was incubated
at 95°C for 30 minutes. The samples were then centrifuged at 19,314 x g for 2 minutes at
room temperature and the supernatant transferred to a new 1.5 ml Eppendorf tube. A PCR
reaction was set by mixing 12.5ul of dNTP, polymerase and MgCl,-containing GoTaq G2
Green Master Mix (Promega, Cat. # M7822), 1 uM forward primer, 1 uM reverse primer,
9.5ul of nuclease-free water and 1ul of DNA. For Fbxw7 primers, the following thermal
cycling was used: (1) 94°C for 2:00 min; (2) 94°C for 0:45 min; (3) 60°C for 0:45 min; (4)
72°C for 1:00 min; (5) go to step 2) 34 cycles; (6) 72°C for 5:00min; (7) 4°C forever. For Cre
primers, the following thermal cycling was used: (1) 94°C for 0:30 min; (2) 70°C for 0:30
min; (3) 72°C for 1:00 min; (4) go to step 1) 34 cycles; (5) 72°C for 10:00min; (6) 4°C
forever. The PCR reactions were analysed on a 1.5% agarose gel (1.5g agarose in 100ml 1x

TAE bufter).

Primer Sequence (5°-3)
FBXW7 lox (forward) CAGTCGAGTGAAGTACAACTCTGG

FBXW?7 _lox (reverse) GCATATTCTAGAGGAGGGTATCGG
CdhS_Cre (forward) GCCTGCATTACCGGTCGATGCAACGA
CdhS_Cre (reverse) GTGGCAGATGGCGCGGCAACACCATT

Table 2.2 — Primers used for genotyping.
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2.3 — Flow cytometry

2.3.1 — Bone marrow cell isolation

For haematopoietic and leukaemic cell analysis, bones were gently crushed with mortar
and pestle, suspended in FACS buffer and filtered through a 40um strainer, centrifuged at
500 x g for 5 minutes at 4°C, resuspended in red cell lysis buffer and washed in FACS buffer,
centrifuged at 500 x g for 5 minutes at 4°C, resuspended in FACS buffer and stained. For
stroma analysis, tibias and femurs were minced with scissors and gently crushed with mortar
and pestle, transferred to a 50 ml Falcon© tube and resuspended in 3 ml of collagenase
solution, incubated at 37°C for 30 minutes with 110rpm agitation, washed in FACS buffer,

filtered through a 100 pm strainer and stained.

2.3.2 — Cell staining and acquisition

Cells were stained in FACS buffer for 20 minutes at room temperature, washed in FACS
buffer, centrifuged at 500 x g for 5 minutes at 4°C and resuspended in adequate volume of
FACS buffer before acquisition. All primary antibodies were used at 1:200 dilution, apart
from anti-CD34 (1:50) and anti-CD150, anti-CD127, anti-endomucin and anti-CXCR4
(1:100). All secondary antibodies were used at 1:1000 dilution. The following fluorochrome-

conjugated or biotinylated primary antibodies specific to mouse were used:

Antibody Clone Source Catalogue
Biotin anti-mouse CD3e 145-2C11 BioLegend 100304
Biotin anti-mouse CD4 GK1.5 BioLegend 100404
Biotin anti-mouse CD8a 53-6.7 BioLegend 100704
Biotin anti-mouse Ter119 TER119 BioLegend 116204
APC/Cy7 anti-mouse Ter-119 TER119 BioLegend 116223
APC/Cy7 anti-mouse CD45 30-F11 BioLegend 103116
Biotin anti-mouse/human CD45R/B220 RA3-6B2 BioLegend 103204
APC anti-mouse Ly6G 1A8 BioLegend 127613
Biotin anti-mouse Ly-6G/Ly-6C (Gr-1) RB6-8C5 BioLegend 108404
Biotin anti-mouse CD11b M1/70 BioLegend 101204
APC/Cy7 anti-mouse/human CD11b M1/70 BioLegend 101226
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Antibody Clone Source Catalogue
APC anti-mouse/human CD11b M1/70 BioLegend 101212
PE/Cy7 anti-mouse/human CD11b M1/70 BioLegend 101216
APC anti-mouse CD117 (c-Kit) 2B8 BioLegend 101212
APC/Cy7 anti-mouse CD117 (c-Kit) 2B8 BioLegend 105826
PerCP/Cy5.5 anti-mouse Ly6a/E (Sca-1) | D7 BioLegend 108124
Anti-Mouse CD34 eFluor ® 660 RAM34 eBioscience 50-0341-82
APC anti-mouse CD34 HM34 BioLegend 128612
PE-Cy7 anti-mouse CD16/32 93 BioLegend 101318
Anti-mouse CD127 APC efluor780 ATR34 eBioscience 47-1271-82
BV650 anti-mouse CD150 (SLAM) TC15- BioLegend 115931
12F12.2
PE/Cy7 anti-mouse CD48 HM48-1 BioLegend 103424
Biotin anti-mouse CD31 MEC13.3 BioLegend 102504
PE/Cy7 anti-mouse CD31 MECI13.3 BioLegend 102524
Anti-Mouse Endomucin eFluor® 660 V.7C7 eBioscience 50-5851-82
PE/CyS5 anti-mouse CDl11c N418 BioLegend 117316
FITC anti-mouse CD71 R17217 BioLegend 113806
Anti-Human/Mouse CD44 APC M7 eBioscience 17-0441-81
Anti-Mouse CD184 (CXCR4) APC 2BI11 eBioscience 17-9991-82
Anti-Mouse CD184 (CXCR4) PE 2B11 eBioscience 12-9991-81
Anti-Mouse CD184 (CXCR4) Alexa | 2BI11 eBioscience 53-9991-80
Fluor® 488
PE-conjugated mouse anti-human CD45 | HI30 eBioscience 12-0459-42
APC Mouse Anti-Human CD7 M-T701 BD 561604
Biosciences
APC-Cy7 Mouse Anti-Human CD4 RPA-T4 BD 557871
Biosciences
PE-Cy7 Mouse Anti-Human CD8a RPA-TS eBioscience 25-0088-42
PE/Cy7 Streptavidin eBioscience 405206
Streptavidin Pacific Orange Invitrogen S32365

Table 2.3 — Antibodies used in FACS.
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The biotin-conjugated lineage cocktail included the following antibodies: anti-CDS§,
CD4, CDS, Terl119, B220, Gr-1 and CDI11b mixed in equal amounts. Live and dead cells
were distinguished using 4,6-diamidino-2-phenylindole (DAPI) (NucBlue® Fixed Cell
ReadyProbes® Reagent; Invitrogen, Cat. # R37606). Single colour controls were always
prepared and fluorescence-minus-one (FMO) controls were prepared when appropriate.

To detect nucleic acids, the cell-permeant SYTO® 17 Red Fluorescent Nucleic Acid
Stain (Invitrogen, Cat. # S7579) was used.

Calibrite Beads (BD Calibrite 3 Beads Unlabeled, FITC, PE, and PerCP Beads; BD
Biosciences, Cat. # 340486) were used to determine absolute cell counts, as previously
described (Hawkins et al., 2007). Briefly, single-colour calibrite beads were suspended in
PBS at a concentration of 1 x 10° beads/ml and resuspended using a 10 ml pipette to
guarantee an homogenous distribution of beads; then, a specific volume of beads (e.g. 100 ul
containing 100,000 beads) was added to the sample to be acquired (beads should represent 1
to 10% of the total number of mononuclear cells contained in the sample); final absolute cell
numbers are back-calculated using the numbers of acquired beads and acquired cells.

For cell cycle analysis, BM from T-ALL infiltrated untreated and treated mice and
human T-ALL xenotransplanted mice was harvested, fixed and permeabilised with BD
Cytofix/Cytoperm (BD Biosciences; Cat. # 554722) and Perm/Wash Buffer (BD Biosciences;
Cat. # 554723) and stained with DAPI (Invitrogen) and FITC mouse anti-Ki-67 set (BD
Biosciences; Cat. # 556026), according to the manufacturer’s instructions.

To detect apoptotic cells, Annexin V (BD Pharmingen™ Annexin V APC; BD
Biosciences, Cat. # 550474) was used. Annexin V is a calcium-dependent protein that binds
the negatively charged phospholipid phosphatidylserine (PS), which is translocated to the
outer leaflet of the plasma membrane in apoptotic cells. By combining Annexin V with a
cell-impermeable vital dye, such as propidium iodide (PI), 7-Amino-Actinomycin (7-AAD)
or DAPI it is possible to identify live (Annexin V- / DAPI), early apoptotic (Annexin V' /
DAPI’) and dead cells (Annexin V' / DAPI") (Figure 2.1). The cells of interest (1 x 10° cells)
are resuspended in 100 pl of 1x Annexin V binding buffer and 5 pl of Annexin V are added.
The solution is gently vortexed and incubated for 15 minutes in the dark. 400 pl of 1x
Annexin V binding buffer (BD Biosciences; Cat. # 556454) are added and the sample
analysed within 1 hour. 5 pl of DAPI are added just before acquisition and the sample

analysed.
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Figure 2.1 — Annexin V and DAPI staining of BM cells. Live (Annexin V' / DAPT’), early apoptotic
(Annexin V' / DAPI') and dead cells (Annexin V' / DAPI") can be identified by flow cytometry.

Cells were analysed with a LSR Fortessa, sort-purified using a FACSAria III (BD
Biosciences) and data were analysed with FlowJo (Tree Star). The gating strategy used for

the normal and malignant AML haematopoietic cells is shown below (Figure 2.2).
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Figure 2.2 — FACS gating strategy used to identify HSCs, progenitors and Leukaemic (L)-

GMPs. Representative plots from day 20 post-transplantation of MLL-AF9 AML blasts in non-

irradiated recipient mice.
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2.4 — Lineage depletion

Tibias, femurs, ileac bones, vertebrae and sternum were harvested from donor mice and
cells isolated as described above (2.3.1). Whole BM cells were labelled with a cocktail of
biotinylated lineage antibodies (CD3, CD4, CDS, Ter119, B220, Gr-1, CDI11b). Then cells
were resuspended in 1 ml of PBS and incubated with 30 pl of streptavidin magnetic
Microbeads (Miltenyi Biotech; Cat. # 130-048-101) for 30 minutes at 4°C. In the meantime,
LD columns (Miltenyi Biotech; Cat. # 130-042-901) were equilibrated with PBS (3
ml/column). 2 ml PBS were added to the tubes containing the cells and transferred to the LD
columns. A lineage depleted BM sample (Figure 2.3) was collected in 15 ml Falcon© tubes
using the MACS® Column Technology (Miltenyi Biotech). The sample was then stained with

appropriate antibodies, as described in 2.3.2.

Mo lineage depletion Lineage depleted BM
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Figure 2.3 — BM lineage depletion. Flow cytometry analysis of the same BM sample without (left)
and with (right) lineage depletion.
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2.5 — ¢-Kit enrichment

For detection of apoptotic HSCs, c-Kit enrichment was performed using anti-CD117
magnetic microbeads (Miltenyi Biotech; Cat. # 130-091-224) as described in 2.4 MS
columns (Miltenyi Biotech; Cat. # 130-042-201) were used instead of LD columns. The flow-
throw was discarded and the c-Kit" cells retained in the column collected by adding FACS
buffer and pushing them out of the column with the provided plunger. c-Kit enriched BM
cells (Figure 2.4) from healthy control and leukaemia burdened animals were then stained

with Annexin V (APC, BD) and DAPI as described in 2.3.2.

No enrichment C-Kit enrichment
10° S
LKS - LKS
cKit+ 5.691057 & cKit+ 11.311732
4 41.559063 =, 82.787094
10 X 10

ad

A

[
=1
Lad

—
=]
2]
—
=
Pt

[=]

Comp
[=]

-640-780_60-A
=
FTY T YT TYYY) RIS RUNT] BRI ST SRAS (7T -

TR ITTTIVTY RS NUYT] SRAY UTTY SRS PO S

c-Kit

‘ n
(=]
£
(=]
w
.
w

3 5
iy 10 10 10 10 10

Sca-1

Figure 2.4 — BM c-Kit enrichment. Flow cytometry analysis of the same BM sample before (left)
and after (right) c-Kit enrichment.
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2.6 — AML experimental model

I generated AML blasts using an adapted version of the methods described in (Krivtsov

et al., 20006).

2.6.1 — Plasmid preparation

The retroviral expression vector pMSCV-MLL-AF9-IRES-GFP was previously
generated (Somervaille and Cleary, 2006), contained ampicillin resistance genes and was a
gift from Steve Lane (QIMR Barhofer, Brisbane). DNA was isolated from transformed
competent E. coli cells using the HiSpeed® Plasmid Maxi Kit (Qiagen; Cat. # 12663)

according to the manufacturer’s protocol and eluted in nuclease-free water.

2.6.2 — Transfection

The LinXE cell line was a gift from Hugh Brady (Imperial College London) (Dunne et
al., 2010; Hannon et al., 1999) and was used to produce retrovirus batches. LinXE cells were
maintained in D10" medium supplemented with 15 pM hygromycin to select for expression
of retroviral packaging genes, at 37°C and 5% CO,. For transfection, LinXE cells were plated
out in 10 cm cell culture dishes in D10" medium without hygromycin at 37°C and 5% CO,
for 2 days. When plates were 60 to 80% confluent, the D10" medium was changed 3 to 4
hours prior to transfection. At this point, the calcium phosphate transfection kit (Invitrogen;
Cat. # K278001) was used. For each transfection, I mixed 61 pl of 2 M CaCl2, 10-20 pg
DNA and RNase-free H,0 (tube A, 500ul) with 500 ul HBS (tube B). The reagents were
gently mixed for 1 to 2 minutes and incubated for 30 minutes at room temperature. The
solution was then dropwise and evenly added to LinXE cells and incubated overnight at 37°C
and 5% CO,. On the following day, the presence of precipitate was confirmed under the

microscope and 16 to 20 hours post-transfection, the D10 medium was replaced.

2.6.3 — Transduction

I used the retronectin-bound virus infection method (Chono et al., 2001) for transduction
of GMPs. On the day of transfection medium replacement, 6-well non-tissue culture plates
(BD Biosciences; cat. # 351146) were coated with retronectin - RetroNectin® Recombinant
Human Fibronectin Fragment (Takara; Cat. # T100B) (2ml/well of 15ug/ml retronectin in
PBS) and incubated overnight at 4°C. On the following day, wild type, mTomato and PU.1-
YFP fluorescent BM cells were harvested as described above (see section 2.3.1) from C57/B6
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wild type, mT/mG or PU.1-YFP mice. After lineage depletion (see section 2.4), GMPs were
FACS-sorted onto transduction medium. In the meantime, retronectin was removed from the
6-well plates and the plates were blocked with 2% BSA (Sigma; Cat. # A7030) in PBS (2
ml/well) for 30 minutes and washed with PBS. The retrovirus was isolated from transfected
LinXE cells by collecting the supernatant and filtering it through a 0.45 um filter using a 20
ml syringe. A small amount of LinXEs was harvested and the transfection efficiency was
evaluated by FACS (GFP" cells). 5 to 6 ml of the collected viral supernatant were added to
each well of the 6-well plate. The plate was then centrifuged at 2,000 x g for 1 hour at 37°C
and incubated for 4 hours at 37°C and 5% CO,. The viral supernatant was removed and the
plates washed with PBS. Sorted GMPs were counted with a haemocytometer, plated in the 6-
well plate (1-2 x 10° GMPs/well) in transduction medium (3 ml/well) and incubated for about
60 hours at 37°C and 5% CO,. GMPs were than harvested and the transduction efficiency
determined by FACS (GFP" cells).

2.6.4 — Transplants

25,000 to 100,000 MLL-AF9 transduced GMPs were transplanted into sub-lethally
irradiated (irradiation with two doses of 3 Gy separated by 3 hours) primary recipient mice. 8
to 10 weeks post transplantation, recipient mice developed leukaemia characterized by multi-
organ infiltration of leukaemic blasts (>90% infiltration). GFP" cells were then harvested
from BM and spleen and stored in liquid N,. Blasts from each primary recipient were labelled
as a separate batch. Primary blasts from different mice were thawed, suspended in PBS and
100,000 viable cells were transplanted through tail vein injection into secondary, non-
conditioned recipient mice. In some instances secondary blasts were used. Progressive blast
expansion was observed from day 8-10 and full BM infiltration was typically reached
between day 20 and 28, depending on the primary blasts analysed. This was accompanied by
infiltration of the spleen, typically delayed compared to BM infiltration. Mice were
monitored daily for signs of leukaemia onset or other signs of ill health and disease
progression was monitored through sampling of peripheral blood. Mice were euthanized
when any one or a combination of the following signs were observed: hunched posture,

laboured breathing, weight loss, enlarged lymph nodes and/or spleen.
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2.7 — T-ALL experimental model

2.7.1 — Notchl-driven T-ALL model

The Notchl T-ALL blasts used were generated by Edwin Hawkins as described in (Aster
et al., 2000). Briefly, foetal liver cells where harvested from wild-type embryonic day 14.5
(E14.5) embryos and transduced with MigR1 plasmids containing DsRed with
NotchICNARamAP. 1 x 10° DsRed" foetal liver cells were transplanted into primary lethally
irradiated recipient mice (two doses of 5.5 Gy administered greater than three hours apart).
Recipient mice were maintained on baytril treated water to prevent infection for >6 weeks
post transplantation. Mice were euthanized upon onset of signs of leukaemia (typically,
primary disease at 6 to 25 weeks). DsRed" cells were isolated from BM, spleen and lymph

nodes. Cells from each primary recipient were labelled as a separate batch.

2.7.2 - TEL-JAK2-driven T-ALL model

The TEL-JAK2 T-ALL cells used were a gift from Ricky Johnstone (The Peter
MacCallum Cancer Centre, Melbourne) and shipped from Australia. TEL-JAK2 T-ALL cells
were from spleen of Ubiquitin-GFP/6:Eu-TEL-JAK?2 transgenic mice (Carron et al., 2000).

2.7.3 - Transplants

T-ALL cells were thawed and suspended in RPMI containing 10% FBS in a 15 ml
Falcon® tube. Cells were then spun down at 500 x g for 5 minutes, at 4°C, resuspended in 5
ml of RPMI with 10% FBS and slowly layered (pipette controller set at ‘gravity’) in a new 15
ml Falcon® tube containing 5 ml of Ficoll™. The sample was centrifuged at 1,625 x g for 20
minutes at 4°C (with 0 acceleration and 0 break). After centrifugation, the top layer was
discarded and T-ALL cells were isolated from the buffy coat (containing mononuclear cells),
transferred to a new Falcon® tube and resuspended in RPMI medium. Cells were then spun
down at 1,463 x g for 5 minutes at 4°C, counted with a haemocytometer (viable cells
identified by Trypan blue dye exclusion) and washed with PBS alone to remove any
remaining serum. After centrifugation at 1,463 x g for 5 min at 4°C, T-ALL cells were
suspended in adequate volumes for injection.

For imaging and flow cytometry experiments, I injected 10,000-50,000 primary
(occasionally secondary) live Notchl DsRed” T-ALL blasts into sub-lethally irradiated
(irradiation with two doses of 3 Gy separated by 3 hours) secondary, and in some cases,

tertiary recipients. In specific cases, 50,000 secondary blasts were injected into non-irradiated
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tertiary recipients. 200,000 live TEL-JAK2 GFP" T-ALL blasts were injected into non-
irradiated recipients. Mice were monitored daily for signs of leukaemia onset or other signs
of ill health and disease progression was monitored through sampling of peripheral blood.
Mice were euthanized when any one or a combination of the following signs were observed:

hunched posture, laboured breathing, weight loss, enlarged lymph nodes and/or spleen.

2.8 — Human T-ALL xenografts

Xenografts were prepared by Diana Passaro (CRUK LRI, London). Briefly, primary
human T-ALL samples were obtained from the Barts Hospital (London, UK) after informed
consent via a protocol approved by the East London Research Ethics Committee and carried
out in accordance with the principles of the Helsinki declaration. Primary cells were
immunophenotyped, and CD45"/CD7"/CD4™°%/CD8”°" cells sorted and infused 1.V. in non-
conditioned Osterix-CreGFP/NOD/SCID/y recipient mice. Primary xenograft transplantation
was assessed via peripheral blood sampling and/or BM aspiration. BM and spleen-derived
primary xenografts were infused 1.V. in non-conditioned NOD/SCID/y secondary recipient
mice for therapy experiments. I performed intravital imaging as described below (see section
2.16). Human T-ALL cells were labelled by injecting 10 pug of PE-conjugated human CD45
antibody (clone HI30, Biolegend; Cat. # 304058) 15-30 minutes prior to the imaging session.
PE Mouse IgG1, « Isotype Control Antibody (Biolegend; Cat. # 400112) was also used.

2.9 - Drug administration

To model chemoresistance, drugs commonly administered in the treatment regimens of
T-ALL and AML patients were used in our mouse models.

Mice burdened with T-ALL were treated daily, for 3 days, with I.V. 15 mg/kg
dexamethasone sodium phosphate (Stratech Scientific; Cat. # S4028) alone, 0.15 mg/kg
vincristine (Sigma; Cat. # V8879) alone or with combination of LV. 15 mg/kg
dexamethasone sodium phosphate, 0.15 mg/kg vincristine and 1,000 1U/kg l-asparaginase
(medac; obtained from the Imperial College Healthcare NHS Trust Pharmacy). NSG mice
xenotransplanted with human T-ALL cells were treated with daily I.V. injections of 15 mg/kg
dexamethasone for 14 days upon full infiltration as confirmed by tibeal aspiration (treatment

regimen adapted from (Chiu et al., 2010)).
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Induction chemotherapy for AML was administered when BM infiltration was over 50%
by injecting 100 mg/kg cytarabine (Ara-C; Stratech Scientific; Cat. # S1208-SEL) I.V. for 5
days and 3 mg/kg doxorubicin (Doxo; Stratech Scientific; Cat. # S1648-SEL) for 3 days.
Ara-C was co-delivered with Doxo on days 1 to 3 and alone on days 4 and 5, similarly to
induction chemotherapy used in AML patients (Wunderlich et al., 2013). Both Ara-C and
Doxo were purchased from Stratech Scientific or obtained from the Imperial College
Healthcare NHS Trust.

For DFO treatment, daily 100 mg/kg deferoxamine mesylate (DFO; Sigma; Cat. #
D9533) was administered [.P. from day 8 until day 22 post-transplantation of AML blasts, at
which time mice were sacrificed and their BM analysed. Control mice were injected I.P. with
100 ul of PBS.

For CXCR4 inhibition experiments, mice were 1.V. injected with 4mg/kg AMD3100
octahydrochloride hydrate (Sigma; Cat. # A5602).

For EC-specific deletion of Fbxw7, tamoxifen (500ul/mouse I.P.; Sigma; Cat. # T5648)
was given daily to Fbxw7'""°* Cdh5(PAC)-CreERT2™" (Fbxw7F“) mice and to control
Fbxw7°¥'* and WT mice. In experiments where relapse and survival were analysed,
tamoxifen was given daily between day 10 and 20 post-transplantation, at which point

chemotherapy was initiated. Blinding was followed for the tamoxifen studies.

2.10 — Bone marrow chimeras

To generate chimeras, whole BM cells were obtained from femurs and tibias of wild-
type or mT/mG donor mice, diluted in PBS and transplanted intravenously into lethally
irradiated (two doses of 5.5 Gy separated by 3 hours) mT/mG, Col2.3-CFP or Flk1-GFP
recipient mice at a dose of 1.5 x 10° cells/mouse. Mice were kept on baytril-treated water for
five weeks following transplantation. >95% chimerism was confirmed after 8 weeks and at

that point mice were injected with AML cells and used for intravital imaging experiments.

2.11 - HSC transplantation and homing analysis

A BM lineage-depleted sample (see section 2.4) was stained and sorted for phenotypic
HSCs, defined as lineage c-Kit Sca-1"CD48° CD150" cells. HSCs were centrifuged at 500 x g
for 5 minutes at 4°C, suspended in PBS and incubated with Vybrant® 1,1’-dioctadecyl-3,3,3’-
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tetramethylindodicarbocyanine perchlorate (DiD) (ThermoFisher Scientific; Cat. # v22887)
(0.5 pul DiD / 100 pl PBS) for 10 minutes, at 37°C. After washing with PBS, 5,000 to 12,000
DiD-labelled HSCs were transplanted per mouse via tail vein injection. Control and
leukaemic recipient mice had been previously lethally irradiated (two irradiations of 5.5 Gy,
3 hours apart). Two days after transplantation, recipient mice were sacrificed and femurs,
tibias and the spleen harvested, BM cells obtained and stained for HSCs. DiD DAPIc-
Kit"Sca-1"CD48° CD150" cells were detected by flow cytometry.

2.12 - LKS culture and DFO in vitro treatment

Lineage depletion was performed as described above (see). Live (DAPI) lineage'c-
Kit"Sca-1" (LKS) cells were sorted and plated at a density of 15,000 cells per well in a 48-
well plate. Cells were maintained in StemSpan™ media (Stem Cell Technologies)
supplemented 50 ng/ml SCF, 10 ng/ml IL-6, 10 ng/ml TPO and 20 ng/ml FIt31 (all from
Peprotech). LKS cells were incubated with 0.5 uM, 5 uM, 50 uM and 500 uM DFO. After
two days, cells were harvested, stained and the number and frequency of DAPI¢c-Kit Sca-

1"CD48°CD150" HSCs analysed by flow cytometry.

2.13 - Quantitative real-time polymerase chain reaction (QRT-PCR)

Flk1-GFP mice were transplanted with primary mTomato’ AML cells. Upon full
infiltration, tibias and femurs were harvested and metaphysis and diaphysis separated using
scissors. Endosteal Flk1" endothelial cells were isolated by crushing the metaphysis and
sorting DAPI'GFP ' mTomato™ cells. Central Flk1" endothelial cells were isolated by flushing
the diaphysis and sorting DAPI"GFP 'mTomato™ cells. Control endosteal and central Flk1"
endothelial cells were obtained in an identical manner from age- and sex-matched Flk1-GFP
mice. RNA was isolated using the NucleoSpin® RNA XS kit (Fischer Scientific; Cat. #
12723580) and treated with DNase I, according to manufacturer’s instructions. First strand
synthesis was performed using the SuperScript® IV First-Strand Synthesis System
(Invitrogen; Cat. # 18091050), according to the manufacturer’s instructions. The obtained
cDNA was then treated with 1 puL E. coli RNase H at 37°C for 20 minutes to remove
remaining RNA and mixed with 2x LightCycler® 480 SYBR Green I Master mix (Roche;
Cat. # 04707516001) and primers (Table 2.4), according to the manufacturer’s instructions.
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The DNA samples were set in technical triplicates and the qRT-PCR was performed using a
Light Cycler 480 with standard cycling conditions. The relative copy numbers (2—ACt) were
calculated from the Ct values obtained using the Light Cycler 480 software and normalized to

GAPDH.

Gene Primer | Sequence (5°-3°)
GAPDH F TGTGTCCGTCGTGGATCTGA

R CCTGCTTCACCACCTTCTTGA
Cxcll2 F CGCCAAGGTCGTCGCCG

R TTGGCTCTGGCGATGTGGC
VCAMI1 F GACCTGTTCCAGCGAGGGTCTA

R CTTCCATCCTCATAGCAATTAAGGTG
Angptl F CTCGTCAGACATTCATCATCCAG

R CACCTTCTTTAGTGCAAAGGCT
Opn F TCCCTCGATGTCATCCCTGTTG

R GGCACTCTCCTGGCTCTCTTTG
SCF F CCCTGAAGACTCGGGCCTA

R CAATTACAAGCGAAATGAGAGCC
Ang F AGCGAATGGAAGCCCTTACA

R CTCATCGAAGTGGACAGGCA
VEGFA F CAGAGCGGAGAAAGCATTTGT

R CGCGAGTCTGTGTTTTTGCA

Table 2.4 — Primers used in qRT-PCR.

2.14 - RNA sequencing and analysis

Mice were transplanted with primary AML cells from 3 different donors
(batch 1 BM_mTmG, batch 3 BM mTmG and batch 19 spleen mTmG). Upon full
infiltration, tibias and femurs were harvested and metaphysis and diaphysis separated using
scissors. Endosteal AML cells were isolated by crushing the metaphysis and sorting DAPI"
GFP 'mTomato" cells. Central AML cells were isolated by flushing the diaphysis and sorting
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DAPI'GFP 'mTomato" cells. The control population, GMPs, was sorted from whole BM of
age- and sex-matched wild-type mice. Total RNA was extracted using RNeasy” Mini Kit
(Qiagen, Hilden, Germany; Cat. # 74104) according to the manufacturer’s instructions. The
extracted RNA was shipped to the Walter and Eliza Institute of Medical Research (WEHI,
Melbourne) where it was processed by Isabella Y. Kong. Briefly, extracted RNA was
analysed on the Agilent 4200 Tapestation prior to library preparation. High quality RNA with
RIN values greater than 9 was used for downstream application. 3’mRNA-sequencing
libraries were prepared from 100ng of total RNA using the QuantSeq 3' mRNA-Seq Library
Prep Kit (Lexogen) according to the manufacturer’s instructions and sequenced on a NextSeq
500 (Illumina). The single-end 75bp were demultiplexed using CASAVAv1.8.2 and Cutadapt
(v1.9) was used for read trimming. The trimmed reads were subsequently mapped to the
mouse genome (mm10) using HISAT2. FeatureCounts was used for read counting (Liao et
al.,, 2014) after which differential gene expression analysis was performed using Voom-
LIMMA packages (Law et al.,, 2014). GSEA2-2.2.2 was used for Gene set enrichment
analysis (GSEA) (Liberzon et al., 2015; Subramanian et al., 2005). RNAseq data are
accessible on the Gene Expression Omnibus (GEO) repository, with accession number
GSE105159. Data for RNA-seq for T-ALL samples shown in Chapter 5 were generated by
the Hawkins group as described in (Waibel et al., 2017) and can be accessed through GEO
with the accession numbers GSE102757.

2.15 - Enzyme-linked immunosorbent assay (ELISA)

To obtain BM supernatants, tibias and femurs were harvested from control and AML-
burdened mice. With scissors, the metaphysis and diaphysis of long bones were separated. To
obtain flushed BM supernatant, 70ul of PBS were flushed through each diaphysis, collected
and reflushed; then, cells were excluded by centrifugation at 400g for Smin; the supernatant
was collected and any remaining cells excluded by centrifugation at 500g for Smin. To obtain
crushed BM supernatant, the metaphyses were gently crushed in 150ul of PBS, and the
supernatant isolated by centrifugation as described above. Serum was prepared by collecting
blood through cardiac puncture after terminal anaesthesia with pentobarbital; blood was then
left at 4°C for 3 hours or more to allow clot formation and centrifuged at 12,000g for 10min
at 4°C; the supernatant (serum) was then transferred to a new eppendorf tube. BM

supernatants and serum were stored at -20°C until used for ELISA. Samples were diluted
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1:10 and DuoSet ELISAs (R&D Systems) were performed according to the manufacturer’s
instructions. The kits used were: Mouse VEGF DuoSet ELISA (Cat. # DY493), Mouse TNF-
alpha DuoSet ELISA (Cat. # DY410) and Mouse CXCL2/MIP-2 DuoSet ELISA (Cat. #
DY452).

2.16 - Intravital microscopy

IVM was performed using a Zeiss LSM 780 upright confocal/two-photon hybrid
microscope equipped with Argon (458, 488 and 514 nm), a diode-pumped solid-state 561 nm
laser and a Helium-Neon 633 nm, a tunable infrared multiphoton laser (Spectraphysics Mai
Tai DeepSee 690-1020 nm), 4 non-descanned detectors (NDD) and an internal spectral
detector array. In some cases a Leica SP5 was used instead. The SP5 was fitted with the
following lasers: Argon, 546 nm, 633 nm and a tunable infrared multiphoton laser
(Spectraphysics Mai Tai 690-1020). Signal was visualized with a Leica HCX IRAPO L %25
water immersion lens (0.95 N.A) and a Zeiss W Plan-Apochromat x20 DIC water immersion
lens (1.0 N.A). Live imaging of the calvarium BM was done as described in (Hawkins et al.,
2016). Anaesthesia was induced and maintained with isoflurane in medical O, (4% isoflurane
in 4 L/min O, for induction and 1-2% isoflurane in 1 L/min O, for maintenance), throughout
the procedure. Minimally invasive surgery was performed to remove the skin and
subcutaneous tissue on top of the frontal bones, as shown in (Scott et al., 2014). A custom-
made imaging window (headpiece, (Scott et al., 2014)) was then attached with Diamond
Carve Dental Cement (Associated Dental Products; Cat. # SUN527). The dental cement was
prepared by mixing 3 spoons of powder with 2 drops of liquid. After attaching the headpiece,
the cement solidified and the mouse was transferred to the microscope automatic stage and
placed on top of a heat pad. The mouse temperature was monitored with a rectal probe
equipped with a thermal sensor. A lubricant eye ointment was applied to prevent eye dryness
and corneal injury. For repeated imaging, protective intrasite gel (Smith & Nephew; Cat. #
7308) was applied to the imaging window to preserve the bone integrity and prevent scar
formation. The window was bandaged, and mice were allowed to recover from anaesthesia.
Owing to the lock-and-key mechanism of the imaging window (Scott et al., 2014), mice
could then be re-anaesthetized and accurately repositioned on the microscope stage and the
same BM areas re-imaged. After each imaging, analgesia was provided by oral

buprenorphine mixed in raspberry jelly at a dose of 0.8 mg/kg.
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The spleens of live mice were imaged under general, terminal anaesthesia. Anaesthesia
was induced and maintained with isoflurane in medical O (4% isoflurane in 4L/min O, for
induction and 1-2% isoflurane in 1 L/min O, for maintenance), throughout the procedure.
Mice were placed in the right lateral decubitus position and a small section of hair was
removed from the left flank. A 5-8 mm abdominal incision on the left flank above the spleen
was used to expose the surface of the spleen, which was mechanically stabilized with a gentle
vacuum using a coverslip vacuum chamber similar to that used in (Headley et al., 2016). A
drop of water was placed on top of the chamber coverslip and the spleen was imaged using a
long working distance W Plan-Apochromat x20 DIC water immersion lens (1.0 N.A.).

Blood vessels were labelled with either 80 ul of 8 mg/ml 500kD Cy5-Dextran (Nanocs,
MA, Cat. # DX500-S5-1) or 50 ul of 40 mg/ml 150 kD TRITC-dextran (TdB Consultancy,
SE; Cat. # TD150). SHG signal was excited at 860-880 nm and detected with external
detectors. CFP signal was excited at 870 nm or 458 nm and detected using external or
internal detectors; GFP signal: excitation at 880 nm or 488 nm, external or internal detectors;
YFP signal: excitation at 488 nm or 514 nm, internal detectors. mTomato/DsRed and Cy5
signals were respectively excited at 561nm and 633 nm and detected using internal detectors.
To simultaneously detect SHG, CFP, mTomato, YFP and Cy5 signals in chimeras, lambda
acquisition and online fingerprinting were used and the signal collected using an internal 32-
channel gallium arsenide phosphide (GaAsP) array detector. The reference spectra of each
fluorophore were acquired in different BM areas of the same mouse, using areas containing a
single fluorophore. Large three dimensional ‘tile scans’ of the entire BM cavity space were

acquired by stitching adjacent, high-resolution z-stack images (Figure 2.5).
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Figure 2.5 — Intravital imaging of the mouse calvarium bone marrow. Individual 3D stacks are
acquired and stitched together to build a 3D ‘Tile Scan’ that permits whole tissue visualization of the
calvarium BM with single cell resolution (P1). BM blood vessels are highlighted by Cy5 Dextran .V,
injected in the tail vein. A central sinus runs in the middle line and bifurcates in the anterior margin of
the calvarium BM space. A network of sinusoids and arterioles irrigates the BM tissue, as shown in

P1. Col2.3-GFP" osteoblastic cells are at the interface between the bone and the tissue.
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2.17 - Immunofluorescence of undecalcified long bone sections

Tibias, femurs and hips were harvested and fixed overnight in PLP fixative, at 4°C. The
bones were then washed with 0.1 M phosphate buffer, immersed in sucrose 10% for 1 hour,
followed by sucrose 20% for 1 hour and followed by sucrose 30% for 48 hours for
cryoprotection, frozen in optimal cutting temperature (OCT) compound (TissueTek) and kept
at -80°C. Sections were obtained using a cryostat (Leica) and the Cryojane tape transfer
system (Leica). Slides were either kept at 4°C and used within the following week or stored at
-80°C. For staining, slides were re-hydrated in PBS, permeabilised in 0.1% Triton X-100,
blocked in 5% goat serum and incubated with primary antibodies overnight, at 4°C. After
washing in PBS, slides were incubated with secondary antibodies, counter-stained with
DAPI, washed in 0.1% Triton X-100 and mounted with Prolong Diamond antifade (Life
Technologies; Cat. # P36961). TdT-mediated dUTP nick end labelling (TUNEL) labelling
was performed to detect apoptotic cells, according to the manufacturer’s instructions
(DeadEnd Colorimetric TUNEL System, Promega; Cat. # G7130). The antibodies used are
listed in Table 2.5. Images were obtained using a Zeiss LSM 780 upright confocal/two-

photon combined microscope (see section 2.16) and analysed using FIJI/Imagel.

Antibody Clone Dilution | Source Catalogue ID

Rat Anti-Mouse Endomucin antibody V.7C7 1:100 Santa-Cruz sc-65495

Rabbit Anti-Laminin Polyclonal | 1:50 Sigma L9393

Rabbit anti-GFP Polyclonal | 1:500 Abcam ab6556

Rabbit Anti-CXCL12 alpha Polyclonal | 1:100 eBioscience 14-7992-83

Purified Rabbit Polyclonal Isotype Ctrl Polyclonal | 1:100 Biolegend 910801

Rabbit anti-Cleaved Caspase-3 (Aspl175) | SA1E 1:100 Cell Signaling | 9664
Tecnhology

Alexa Fluor® 647 mouse anti-human Ki- | B56 1:50 BD Biosciences | 558615

67

PE-conjugated mouse anti-human CD45 | HI30 1:100 eBioscience 12-0459-42

Goat anti-Rabbit IgG (H+L) Alexa | Polyclonal | 1:400 Life A-11034

Fluor® 488 Technologies

Goat anti-Rat IgG (H+L) Alexa Fluor 633 | Polyclonal | 1:400 Life A-21094
Technologies

Table 2.5 — Antibodies used for immunofluorescence.
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2.18 - Human trephine biopsies

Human trephine biopsies were obtained by Andrew Wei and Louise Purton from patients

after informed consent had been obtained, under full ethical approval by the Alfred Hospital,

the Peter MacCallum Cancer Centre Human Research Ethics Committee, and St. Vincent’s

Hospital Melbourne. Information about control and AML samples is provided below. De-

waxed human trephine biopsy sections were stained with vVWF antibody (Anti-Human Factor

VIII-Related Antigen, Ready-to-Use, DAKO; Cat. # N1505), counterstained and mounted for

viewing by Catriona McLean. Representative areas of each section were captured and

analysed by me and Lenny Straszkowski. The samples used are listed in Table 2.6.

Control
# Diagnosis
1 Primary CNS lymphoma

Diffusive large B-cell lymphoma

Mantle cell lymphoma

Non-hodgkin lymphoma

Non-hodgkin lymphoma

AN | | W| N

Non-hodgkin lymphoma

AML
# WHO classification Cytogenetics | Blasts
1 Acute monoblastic and monocytic leukaemia | t(10;11) 94%
2 Therapy-related acute myeloid leukaemia t(9;11) 88%
3 Acute promyelocytic leukaemia t(15;17) 83%

Table 2.6 — Diagnosis of control and AML trephine biopsy samples.
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2.19 - Image quantification

ZEN black (Zeiss, Germany) software was used to stich three-dimensional BM and
spleen tile scans. FIJI/Image J was used to visualize and process raw data. Simulated data
was prepared using a customized FIJI macro to create, and overlay z-stack images on original
tile scan data. Using the internal random number algorithm, spheres matching the size of T-
ALL cells (11-15 pm) were placed at random x,y,z co-ordinates. Automated cell
segmentation, and volume measurements were performed in Definiens (Definiens Developer
64, Germany) using local heterogeneity segmentation (Khorshed et al., 2015) to isolate
Col2.3-GFP", Nes-GFP" Flkl1-GFP', and mTomato’ AML cells. Distance measurements
were done in Definiens through a combination of seed detection algorithm and morphological
growing and shrinking operations to detect leukaemia cells. Vessel-bone colocalization was
analysed using Imaris (Bitplane, Switzerland). After creating a surface for FIk1-GFP" signal
and a surface for bone (SHG) signal from half tile scans, the Imaris XTension “Surface
surface colocalization” was used.

Cell tracking was performed manually using the FIJI plugin MTrack] or semi-
automatically using Imaris. For accuracy in cell tracking data, any displacement in the Z
plane caused by movement artifacts (e.g. breeding) was corrected by applying 4D data
protocols implemented in FIJI (Preibisch et al., 2010) that allow for the registration of the
acquired time-lapses. Imaris was used to detect the leukaemia cells and create either “spots”
or “surfaces”; semi-automatic cell tracking was done using built-in algorithms that were
manually supervised. Data, including track mean speed and cell coordinates were exported
for further analysis. Cell counting was performed manually using the FIJI plugin Cell
Counter and cells enumerated in the ROI manager.

Vessels oscillation was quantified in FIJI. After registration, maximum projections of 3D
movies were produced. In each movie, 2 regions of interest (ROI) were selected and
combined in a single object. After clearing the outside of ROIs, a Gaussian filter and a bleach
correction were applied and the vessel movement automatically tracked using the plugin
TrackMate.

Endosteal vessels were quantified in immunofluorescence sections by dividing the length
of blood vessels (marked with laminin and endomucin) in contact with the bone surface
(SHG signal) by the total length of the endosteal surface. Metaphyseal and diaphyseal vessels

were quantified by thresholding the vascular signal in the metaphysis and diaphysis and
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quantifying the area occupied by blood vessels. Microvascular density was quantified

manually counting blood vessels and dividing the obtained counts by the total area.

2.20 - Statistical analysis

Raw data was visualized and processed using Microsoft Excel, MATLAB and GraphPad
Prism (GraphPad Software Inc.). Group means were compared using the unpaired Student’s
T test. For multiple comparisons, one-way ANOVA with post-hoc Tukey test or Bonferroni
correction were used.

An exact one-tailed permutation test was implemented in MATLAB for the time-course
data in Figure 3.29F by Ken Duffy (Hamilton Institute, Maynooth University). The statistic
used was the sum across days of the difference between the mean infiltration in the Cre” and
Cre' cohorts.

For all data, differences were considered significant whenever p<0.05. * p<0.05; **
p<0.01; *** p<0.001; **** p<0.0001. Specific statistical parameters (e.g. number of animals

used) can be found in the figure legends.
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Chapter 3

Acute myeloid leukaemia selectively remodels the

bone marrow endosteal vascular niche

3.1 - Introduction

HSCs reside in the BM, where they receive survival and differentiation signals from
several cell types, including endothelial and multiple lineages of perivascular mesenchymal
cells (Morrison and Scadden, 2014). Similarly, cancer growth and chemoresistance have been
hypothesized to be dependent on a malignant microenvironment that is highly vascularized
(Duan et al., 2014; Pitt et al., 2015). This relationship is well illustrated in epithelial cancers,
where increased angiogenesis supports growth and metastasis (Quail and Joyce, 2013).

AML is an aggressive leukaemia with poor prognosis (Dohner et al., 2015). Thus, there
is an unmet clinical need for more effective therapies, especially since the mainstay of
treatment has not changed significantly in the last 30 years (Dohner et al., 2015). To develop
more selective and better-tolerated therapies it is critical that we understand how AML cells
grow, outcompete healthy haematopoiesis, and eventually generate an environment
supportive of chemoresistant leukaemia stem cells. Alterations in BM innervation and stroma
have been described in late stages of disease (Hanoun et al., 2014). However, the dynamic
process leading to this stage is unknown, and its dissection promises to uncover new
therapeutic targets. There are reports of VEGF secretion by AML cells (Fiedler et al., 1997)
and of increased BM microvasculature density in patients (Aguayo et al., 2000; Hussong et
al., 2000; Padro et al., 2000) and, more recently, murine models (Hanoun et al., 2014) at
advanced stages of disease. However, clinical trials investigating anti-angiogenic therapy in
AML patients have been disappointing (Fiedler et al., 2003; Ossenkoppele et al., 2012;

Zahiragic et al., 2007). Thus, questions remain about the effect of AML growth on BM
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vasculature, whether vascular remodelling may be beneficial for the disease, and whether BM
vessels may be a valuable therapeutic target.

I hypothesized that AML-induced BM vascular remodelling may be more complex than
simple induction of angiogenesis, and that progressive, nuanced changes could shape the
ecological competition between leukaemia and healthy haematopoiesis. A spatio-temporal
understanding of these changes may point to novel candidate interventions that could restore
BM normal ecology, including HSC function, and in turn make AML cells more susceptible

to chemotherapy.

3.2 — AML model establishment

To study the effects of AML growth on BM vasculature and HSCs as disease propagates
through the tissue, I used the well-established MLL-AF9-driven murine model of AML,
which recapitulates phenotypic and pathological features of human MLL-rearranged AML
(Krivtsov et al., 2006; Somervaille and Cleary, 2006). To generate leukaemia cells detectable
by IVM, I harvested myeloid progenitor cells from donor mice that expressed high levels of
fluorescent proteins (FP), transduced them with a retroviral vector encoding the oncogene
and GFP, and injected them into sub-lethally irradiated recipients. With this approach,
multiple batches of GFP™ FP" primary blasts (Figure 3.1A) were generated. Experiments
were repeated using blasts from different primary recipients to ensure identification of
consistent features of AML growth and to discount any possible primary donor-specific
phenotype. To achieve reliable disease progression while minimizing the number of blasts
injected, 100,000 primary AML blasts were transplanted by tail vein injection into non-
irradiated secondary recipients. This strategy was critical as potential myelo-ablative
conditioning regimens that could favour AML progression and cause haematopoietic and
stromal damage were avoided. In all secondary recipients, progressive blast expansion was
observed from day 8-10 post-transplantation with full BM infiltration typically reached
between day 20 and 28, with the variation depending on the source of the primary blasts
analysed. This leukaemic engraftment was accompanied by infiltration of the spleen,
typically delayed compared to BM infiltration (Figure 3.1A). Blasts could be detected by
flow cytometry in BM, spleen and peripheral blood. In each mouse, healthy haematopoiesis
was progressively lost with AML expansion (Figure 3.1B). The loss of normal

haematopoietic cells in the BM translated in peripheral cytopenias at advanced disease stages.
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Figure 3.1 — MLL-AF9 driven experimental AML model. (A) 100,000 primary mTomato (or YFP

or non-labelled) and GFP double positive AML cells are transplanted into non-irradiated secondary

recipients, where they progressively infiltrate BM and spleen (n=5 mice analysed per time-point). (B)

AML blasts infiltrate and outcompete non-malignant, healthy BM cells over time. Data shown are

from 5 leukaemic per time-point from 2 independent cohorts. Error bars: mean + S.D. Adapted from

(Duarte et al., 2018a).
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3.3 - Characterization of AML subsets during disease progression

AML is a heterogeneous disease with different phenotypic subtypes hypothesized to
contribute to disease development and relapse. To better characterise this model, I therefore
asked whether the proportions of these subsets changed during the development of
leukaemia. To assess this, and following the hypothesis that AML is organized in a
hierarchical way, I used a flow cytometry gating strategy similar to that applied to
characterise normal haematopoiesis (Figure 2.2). The blasts were all CD11b" and contained
varying proportions of cells expressing progenitor markers such as c-Kit, CD34 and CD16/32
(Figure 2.2). I observed significant heterogeneity in populations of AML subsets, with a
decrease in frequency of differentiated Lin" cells at full infiltration (Figure 3.2A). The
absolute number of L-GMPs increased in the BM, particularly at late timepoints (25-fold)
(Figure 3.2B).
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Figure 3.2 — AML subsets over time. (A) Proportions of AML fractions and (B) absolute numbers of
L-GMPs in BM and spleen during disease progression. Data obtained from 5 leukaemic and 3 control

mice per time-point from 2 cohorts. Error bars: mean + SEM.
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As discussed above, there is a debate about the frequency of LSCs, and more
importantly, about the relative abundance of LSCs in the different phenotypically-defined
AML fractions (Dick, 2008; Kelly et al., 2007). It is currently accepted that, in AML,
disease-causing populations are organized according to a similar hierarchy as normal
haematopoiesis and are descendent of LSCs (Bonnet and Dick, 1997; Lapidot et al., 1994)
(Figure 3.3A). In the MLL-AF9 AML model, L-GMPs were shown to be highly enriched for
LSCs. As we observed a significant enrichment for L-GMPs over time, and expansion of a
stem-like population is normally not expected, I hypothesized a different hierarchy may exist
in our disease model, whereby L-GMP could arise from downstream, differentiated blasts
(Figure 3.3B).

To test this, I functionally tested 4 populations sorted at day 24 post-transplantation: L-
GMPs, CD34", c-Kit*™" and Lin" (Figure 3.3C). To prevent an overestimation of L-GMPs, |
considered only cells that expressed very high levels of CD34 for both their analysis and
isolation. Recipient mice developed leukaemia and were euthanized by approximately day
30, with the exception of mice injected with Lin" cells, as they developed disease at a faster
rate (Figure 3.3D). All the groups presented with BM infiltration and peripheral disease, as
demonstrated by spleen enlargement (Figure 3.3E). All AML fractions were generated in all
the groups and the observed proportion of Linc-Kit" cells was higher when compared to the
previous experiment (Figure 3.3F and 3.3C). I also detected L-GMPs in all 4 groups of
recipients (Figure 3.3G). Interestingly, the Lin" group had higher numbers of L-GMPs in the
spleen than the BM. Altogether, this suggests that even Lin" cells, which are classically
viewed as terminally differentiated AML cells, are able to generate less differentiated cells,
including L-GMPs. Altogether, these data suggest that transplantable AML cells able to
generate disease exist at a high frequency in several AML fractions, not just L-GMPs. This is

consistent with (Somervaille and Cleary, 2006).
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Figure 3.3 — L-GMPs are generated from downstream populations. (A) Simplified schematic of

haematopoiesis leading to formation of myeloid cells (B) Organization of AML hierarchy (black

arrows) and alternative view (dashed red arrow). (C) Gating strategy used to sort different AML

populations (red) at day 24 post-transplantation. (D) Survival curves, (E) spleen weight and

representative spleen appearance from mice injected with cells defined in (C). (F) Proportions of

AML fractions and (G) absolute numbers of L-GMPs in BM and spleen at the time of multi-organ

infiltration when the cell populations indicated on the X axis were injected in non-irradiated recipient

mice. Data obtained from 5 leukaemic and 2 control mice per time-point from 1 cohort. Error bars:

mean = SEM.
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3.4 — Multi-modal imaging of AML and the microenvironment

AML cells, vasculature, and haematopoietic cells were visualized by IVM performed on
mouse calvarium BM (Figure 3.4), which has been shown to be representative of long bones
marrow in terms of stroma composition and ability to support functional HSCs, and their
homing and engraftment (Lassailly et al., 2013; Lo Celso et al., 2009). This approach is
minimally invasive, and uniquely allows longitudinal observation of cellular dynamics
(including cell migration, proliferation and death) taking place within the tissue over the

course of hours or days.
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Figure 3.4 — Intravital imaging of the AML-microenvironment crosstalk. Maximum projection of
IVM tile scan image showing AML cells (mTomato’; red) interacting with non-malignant
haematopoietic cells (YFP; yellow) and the vascular microenvironment (Cy5 dextran” blood vessels;

cyan). Adapted from (Duarte et al., 2018a).
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This approach has been essential to uncover previously unappreciated biological
processes such as the ability of HSCs exposed to acute infection to engage wider than normal
BM niches (Rashidi et al., 2014), the continuous migratory behaviour of individual T-ALL
cells at different disease stages, and the rapid remodelling of osteoblastic cells induced by T-
ALL (Hawkins et al., 2016). In particular, tile scan images of the entire BM space contained
within the calvarium provide a comprehensive, three-dimensional, single-cell resolution
overview of the overall organization of the tissue and are therefore ideal to uncover complex
remodelling processes that are still poorly understood.

Furthermore, using a multi-modal imaging approach (Figure 3.5), AML blasts were
detectable not only in the calvarium, but also in the spleen by IVM and in long bone sections
by immunofluorescence imaging and flow cytometry, thereby allowing evaluation of in vivo

cell dynamics and BM structural changes occurring during AML growth.
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Figure 3.5 — Multimodal imaging of AML. MLL-AF9 blasts (left) were transplanted into non-
irradiated secondary recipients (centre) and disease in BM, spleen and peripheral blood was detected
by flow cytometry (right, top). IVM of the calvarium was performed to evaluate interaction of

leukaemia with BM niches (right, middle) and immunofluorescence of bone sections allowed analysis

of additional stromal populations (right, bottom).
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3.5 - AML is associated with remodelling of bone marrow blood vessels

To identify progressive changes of blood vessels during AML progression in situ, |
performed IVM of Flk1-GFP transgenic mice, in which CD45 Ter119°CD31" phenotypic ECs
express GFP (Figure 3.6A) and can be visualized lining BM blood vessels labelled with Cy5-
Dextran (Figure 3.6B). I observed multiple, significant changes in Flk-1 GFP" blood vessels
in mice burdened with AML (Figure 3.6C and D). Importantly, no significant differences in
the total volume of BM blood vessels could be detected (Figure 3.6C).
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Figure 3.6 — Intravital imaging of FIk1-GFP mice. (A) Flk1-GFP" stromal cells (green) express
high levels of CD31. (B) Representative maximum projection of a calvarial area showing Flk1-GFP+
ECs lining blood vessels highlighted by Cy-5 Dextran. Green: Flk1-GFP" cells; Blue: Cy-5 Dextran.
(C) Total FIk1-GFP" cell volume from acquired tile scans. (D) Representative tile scans of control
and leukaemic Flk1-GFP mice. Green: Flk1-GFP" cells (maximum projection); Grey: bone collagen
SHG (median projection); Red: mTomato" leukaemia cells. Data are from 5 control and 4 AML mice.

Adapted from (Duarte et al., 2018a).
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Firstly, most vessels were narrower than those in control mice (Figure 3.7A). Secondly,
they were characteristically further from the endosteal bone surface (Figure 3.7B and C).
Imaging of partially infiltrated mice was consistent with the findings of (Herault et al., 2017)
in revealing that AML cells clustered in patches of highly infiltrated areas, while the
remaining BM space contained only sparse AML cells (Figure 3.7D). Blood vessels in highly
infiltrated areas appeared unusually barbed and presented dynamic subcellular protrusions

towards the parenchyma (Figure 3.7D, right panels).
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Figure 3.7 - Intravital imaging of the bone marrow reveals blood vessel remodelling in AML.
(A) Representative projections and respective orthogonal views of Flk1-GFP" vessels (green) in the
BM, showing vessels from leukaemic mice have reduced diameter and increased distance from bone
(arrows). Grey: bone collagen SHG. (B) Representative 3D renderings of the surface of Flk1-GFP"
vessels (green) with the areas co-localizing with bone highlighted in pink. Dark blue in the
background is bone. (C) The contact area between vessels and bone is significantly reduced in AML-
infiltrated BM. Data in (B-E) are from 5 control and 4 AML mice. (D) Representative tile scan of a
Flk1-GFP mouse partially infiltrated with mTomato" AML cells (red). Time-lapse imaging shows
steady and smooth vascular contours (red lines) in lightly infiltrated areas (P1). Instead, vessels in
heavily infiltrated areas (P2) have irregular contours (red lines) and show active and inefficient

sprouting (red arrows) over time. Adapted from (Duarte et al., 2018a).
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High-resolution time-lapse recording of blood vessels at late stages of AML revealed
sequential formation and retraction of sprouts (Figure 3.8A and Supplementary Video 3A),
similar to those described in response to strong angiogenic stimuli (Gerhardt et al., 2003;
Jakobsson et al., 2010). However, this sprouting process was never efficient and I could not
detect formation of any steady lateral branches. This is consistent with the increased levels of

VEGF-A detected in mice infiltrated with AML (Figure 3.8B).
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Figure 3.8 — Inefficient angiogenesis in AML-burdened areas. (A) Selected frames from
representative time-lapse data from a heavily infiltrated area showing rapid vascular sprout formation
(red arrows) and regression (full time-lapse: Movie S1). (B) VEGF-A levels in serum of control mice
(C), mice with AML (AML) and mice with AML treated with combined cytarabine and doxorubicin
(Post Chemo). n: 4 mice per group. Error bars: mean + SEM. Adapted from (Duarte et al., 2018a).
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I also occasionally observed vascular damage caused by EC breakage into small
fragments (Figure 3.9A and Supplementary Video 3B). Consistent with this observation, I
observed abundant 1 to 4um-sized cellular debris of endothelial origin (GFP") in the vascular
lumen of AML-burdened mice (Figure 3.9B and C, and Supplementary Video 3C). These
debris particles maintained expression of phenotypic endothelial markers, including high
levels of CD31 and endomucin (Figure 3.9D), and contained nucleic acids within an intact

membrane (Figure 3.9E).
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Figure 3.9 — Cellular debris is released from Flk1-GFP" endothelial cells in AML-burdened
mice. (A) Selected time points from representative time-lapse data from a heavily infiltrated area

showing rapid vascular collapse (B, C) GFP' extracellular vesicles are found in circulation in
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leukaemia-burdened Flk1-GFP mice (A: single 2D frame; B: time projection of Supplementary Video
3C). (D) Gating strategy used to identify GFP" debris (“GFP" debris”), expressing high levels of
vascular markers, as assessed by flow cytometry of the BM. (E) GFP" debris is positive for the cell-
permeable SYTO and negative for the cell-impermeable DAPI dyes, suggesting that they are
membrane-layered particles, carrying variable levels of nucleic acids. Data representative of 3-4

leukaemic mice. Adapted from (Duarte et al., 2018a).
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3.6 - Endosteal vessels are specifically lost in mice with AML

Prompted by these initial observations, I performed in-depth analysis of blood vessels in
the endosteal areas of long bones using immunofluorescence of whole, undecalcified long
bone sections from healthy and diseased mice (Figure 3.10A). This approach allowed me to
simultaneously investigate AML-mediated changes in the vasculature of different BM areas:
the central marrow diaphysis, the bone-lining endosteum, and the trabecular metaphysis. I
was able to detect a significant decrease of vessels in the endosteum and metaphysis over
time (Figures 3.10B and C). The endosteal vessels were significantly, and progressively, lost
at both intermediate (40-50% BM infiltration) and advanced (>80% BM infiltration) disease
stages (Figure 3.10C). Notably, vessel loss was specific to these areas, and not observed in
the diaphysis region, where vessels were either maintained or transiently increased (Figures

3.10B and C).
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Figure 3.10 — Endosteal and metaphyseal vessels are decreased in AML. (A) Representative
maximum intensity projection of a tile scan of 20pm thick sections of undecalcified tibias from wild-
type control (top) and fully infiltrated (bottom) mice. Vessels are labelled by laminin and endomucin
(Emcn) immunostaining. dp: diaphysis; ed: endosteum; mp: metaphysis; gp: growth plate; soc: second
ossification centre. (B) Representative maximum intensity projections comparing vascular staining in
the diaphysis, endosteum and metaphysis of control (top row) and fully infiltrated (bottom row) mice.

.+ . .+ .
Grey: bone collagen SHG; green: endomucin” vessels; red: laminin” vessels and extracellular matrix;
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blue: DAPI. (C) Quantification of blood vessels in diaphysis, endosteum and metaphysis at different
stages of AML progression. Data obtained from 11 mice with 0% infiltration (control), 3 mice with
0.2-0.5% infiltration, 3 mice with 40-50% infiltration and 5-10 mice with 80-95% infiltration from 2
independent cohorts. Error bars: mean + SD. Adapted from (Duarte et al., 2018a).
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The relevance of these observations in humans was confirmed by additional histological
analysis of BM trephine biopsies from AML patients with >80% infiltration, obtained
through collaboration with the groups of Prof. Louise Purton (Peter MacCallum Cancer

Centre, Melbourne, Australia) and Dr. Andrew Wei (Department of Haematology, Alfred

Hospital, Melbourne, Australia). We were able to confirm that endosteal vessels were

decreased in AML samples (Figure 3.11A and B).
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Figure 3.11 — Endosteal vessels are decreased in AML patients. (A) Representative images of BM
trephine biopsies from control and AML patients stained with anti-von Willebrand factor antibody to
mark blood vessels (brown). Yellow dotted lines delineate endosteal area within 20pum from the bone.
Yellow arrowheads point at endosteal vessels, black arrowheads at central marrow vessels. (B)
Endosteal vessels are decreased in AML patients. Data obtained from 6 control and 3 AML patients.

Error bars: mean = SEM. Adapted from (Duarte et al., 2018a).
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Additionally, I questioned whether the loss of endosteal endothelium was specific of
AML or rather a general consequence of cancer invasion in the BM. Using a murine model of
Notchl-driven T-ALL, I was able to observe that in this setting endosteal vessels were
maintained (Figure 3.12A and B), suggesting that the vascular remodelling 1 observed is
specific to AML. These findings pointed to a specific depletion of the functionally unique
endosteal endothelium, recently shown to regulate osteogenesis (Kusumbe et al., 2014) and to

maintain HSCs (Itkin et al., 2016; Kusumbe et al., 2016).
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Figure 3.12 — Endosteal vessels are maintained in T-ALL. (A) Representative maximum intensity
projections comparing endosteal vessels in poorly infiltrated (3%) and highly infiltrated (78%) mice
with T-ALL. Grey: bone collagen SHG; green: endomucin® vessels; red: laminin® vessels and
extracellular matrix; blue: T-ALL cells. (B) Quantification of endosteal vessels in mice with different
levels of T-ALL (each dot represents a mouse). Control and AML samples are reproduced from

Figure 3.10C. Error bars: mean = SEM. Adapted from (Duarte et al., 2018a).
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3.7 - AML creates a pro-inflammatory environment in the endosteum

Since I observed differential remodelling of the microenvironment in AML-burdened
mice, | questioned whether they could be triggered by regional variations in leukaemia cells.
To address this question, I performed RNA-seq analysis on sorted AML cells from
trabecular-rich areas (crushed metaphysis) or central BM areas (flushed diaphysis) (Figure
3.13A). Jointly with Isabella Kong from the laboratory of Dr. Edwin Hawkins (The Walter
and Elizabeth Institute of Medical Resarch, Melbourne, Australia), I compared the
transcriptome of endosteal and central AML cells originating from three independent primary
donors to non-transformed GMPs from the BM of healthy mice. Gene expression and multi-
dimensional scale analyses illustrated that each AML batch had its own unique gene
expression signature, consistent with clonal evolution of cancer cells, while control GMPs

were extremely homogeneous (Figure 3.13B, C and D).
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Figure 3.13 — RNA sequencing analysis of AML cells isolated from different BM areas. (A)

Central and endosteal AML cells were isolated and analysed by RNAseq. (B) Most of the variance in

the data is explained by MDS Dimensions 1 (60%) and 2 (21%). (C) Multidimensional scaling (MDS)

plot of distances between gene expression profiles of AML cells and control GMPs. Each dot

represents a sample. Data obtained from 3 AML batches, 3 biological replicates per batch and 9

control mice. (D) Heatmap of all the genes that are differentially regulated, with false detection rate

(FDR) cut-off of 0.05. Gene expression is relative to GMP. Adapted from (Duarte et al., 2018a).
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Despite the similarity in gene expression between endosteal and central AML cells,
GSEA demonstrated endosteal AML cells were enriched for expression of genes involved in
the inflammatory response (Figure 3.14A) and TNF signalling pathways (Figure 3.14B).
Furthermore, the anti-angiogenic cytokine Cxc/2 (also known as MIP-2a or chemokine gro-f;
downstream of TNF (Tessier et al., 1997)) was significantly more expressed in endosteal
AML cells (Figure 3.14C and D). ELISA analysis of TNF and CXCL2 levels in BM fluids
confirmed that both cytokines were specifically and highly increased in endosteal areas of
AML-burdened mice (Figure 3.14E and F). These results highlight the importance of
inflammation in AML pathogenesis and support a role for CXCL2 and TNF in the

remodelling of endosteal vessels.
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Figure 3.14 — AML creates an endosteal pro-inflammatory milieu. (A, B) Gene set enrichment
analysis (GSEA) comparing AML cells isolated from central and endosteal BM areas for genes
involved in (A) inflammatory response and in (B) the TNF signalling pathway. (C) Volcano plot
showing genes that are differentially expressed in endosteal and central AML cells. Red dots
represent individual genes that are differentially expressed with a p-value cut-off of 0.05. Cxc/2 is
highlighted and is overexpressed in endosteal AML cells. (D) Expression of genes encoding cytokines
known to inhibit angiogenesis. (E) CXCL2 and (F) TNF levels in central and endosteal BM fluid
fractions and in the serum of the same mice. Data obtained from 9 control and 9 AML-burdened mice.

Adapted from (Duarte et al., 2018a).
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3.8 - BM stroma is locally and progressively depleted in AML

Flow cytometry analysis (Figures 3.15A and B) demonstrated that although the
proportion of ECs in surviving stroma was increased in AML-burdened mice (Figure 3.15C),
the absolute number of ECs was not statistically significantly different (Figure 3.15D).
However, phenotypically-defined endosteal ECs (CD3lhiEndomucinhi or CD31"Sca-1") were
significantly reduced in diseased mice (Figure 3.15E and F).
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Figure 3.15 — Endosteal endothelial cells are decreased in AML. (A, B) Gating strategy used to
quantify BM stroma cells (A) and ECs (B) by flow cytometry. Although the frequency (C) of ECs is
increased, absolute EC numbers (D) are unaltered in AML-burdened mice. Absolute numbers of (E)
CD31™Emen" and (F) CD31'Sca-1" endosteal ECs are significantly decreased in fully infiltrated
mice. Data obtained from 4 control and 5 leukaemic mice (A-E) and from 4 control and 4 leukaemic

mice (F). Error bars: mean + SEM. Adapted from (Duarte et al., 2018a).
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To better understand how AML affects overall BM stroma, I imaged chimeric mice
bearing membrane-bound Tomato™ stroma and wild-type, non-fluorescent haematopoietic
cells, injected with YFP'GFP" double positive AML blasts. At >50% BM infiltration, I
observed a dramatic reduction of overall stromal cells in vivo, including the stroma
surrounding blood vessels and adjacent to bone (Figure 3.16A).

Consistent with this pattern, extensive IVM time-lapse (7 to 12 hours) of these mice
revealed that blood vessels underwent abnormal oscillations, suggesting that their anchorage
to the surrounding parenchyma had been lost (Figure 3.16B, Supplementary Video 3D,
arrowheads). Extensive stroma loss was confirmed by flow cytometry analysis of non-
chimeric mice, revealing a >10-fold reduction in the number of CD45 Ter119 cells in the
BM of AML-burdened mice (Figure 3.16C). To better understand the process leading to such
dramatic overhaul of BM stroma, we performed live imaging at earlier stages of disease (day
10-12 post-injection of leukaemia blasts, 5-15% infiltration). At these earlier time points, we
could compare areas with low and high infiltration within the same mouse (Figure 3.16D).
Here, perivascular and endosteal stroma were depleted in highly infiltrated areas (P2), while
both components maintained a normal appearance in weakly infiltrated areas (P1), suggesting

that AML cells remodel the stroma locally after reaching a certain threshold density.
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Figure 3.16 — Stroma is locally and progressively remodeled in AML. (A) Representative
maximum intensity projections and orthogonal views of BM areas of mT/mG mice reconstituted with
non-fluorescent wild-type BM (Control and AML) and transplanted with YFP'GFP" leukaemia cells
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vessels (Cy-5 dextran; blue) and bone (SHG; grey). Arrows point at endosteal stroma in control mice.
Dashed arrows evidence the loss of endosteal stroma in AML. Data is representative of 3 control and
3 leukaemic mice. YFP" AML cells not shown for clarity purposes. (B) Vascular oscillation is
significantly increased in mice with AML, as shown in the Movie S4. Data pulled from a total of 2
BM positions per mouse, obtained from 3 control and 3 leukaemic mice. Error bars: mean + SEM (C)
Absolute numbers of overall CD45Terl19™ stromal cells are significantly decreased in AML-
burdened mice. Data obtained from non-chimeric 4 control and 5 leukaemic mice. *** p<0.001. Error
bars: mean = SD. (D) Representative tile scan and selected P1 and P2 areas showing AML cells
(yellow) colonizing the calvarium in clusters and locally depleting mTomato™ stromal cells (red)
adjacent to blood vessels (Cy5 dextran; blue) and bone (SHG; grey). Data is representative of 3 mice.
Adapted from (Duarte et al., 2018a).

118



3.9 - Osteoblastic cells are locally depleted in AML

Because the endosteal endothelium has been shown to locate next to and sustain
osteoblasts (Kusumbe et al., 2014), 1 expanded my analysis of the endosteal
microenvironment to include a focused investigation of osteoblastic cells (CFP" or GFP" cells
in Col2.3-CFP/GFP reporter mice, respectively) during AML growth.

Together with Dr. Olufolake Akinduro, I performed IVM of the calvarium of Col2.3-
GFP mice, which revealed that GFP" osteoblastic cells were significantly reduced in an
infiltration-dependent manner (Figure 3.17A and B). IVM of chimeras containing CFP"
osteoblastic cells, mTomato™ healthy haematopoietic cells, and YFP'GFP" leukaemia
revealed that AML cells, as they remodel stroma and vessels locally, also outcompete healthy
haematopoietic cells and eliminate osteoblastic cells (Figure 3.17C and D). This finding
indicated that microenvironmental and haematopoietic changes induced by leukaemia evolve
focally and in parallel. IVM of healthy and highly infiltrated double transgenic FIlkI-
GFP/Col2.3-CFP mice confirmed that osteoblasts and endosteal vessels were lost in the

presence of AML, while central vessels were maintained (Figure 3.17E).
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Figure 3.17 — AML remodels the endosteal niche and outcompetes normal haematopoiesis. (A)
Representative tile scans of Col2.3-GFP mice transplanted with mTomato ™ leukaemia. Green: Col2.3-
GFP" osteoblastic cells; red: mTomato’ AML; blue: Cy5 Dextran’ blood vessels. (B) Automatic
segmentation and volume calculation (voxels) of osteoblast loss (green line) and leukaemia expansion
(red line), over time. Data obtained from 17 mice, from 2 independent cohorts. Error bars: mean +
SEM. (C) Maximum intensity projection of a tile scan of a Col2.3-CFP recipient with mTomato"
healthy haematopoietic cells and YFP'"GFP™ AML blasts. Leukaemia cells (yellow) infiltrate the
calvarium and deplete osteoblastic cells (cyan) and healthy haematopoietic cells (red) locally. (D) 2D
slice from the area framed in (C) at a depth close to the calvarium surface, including the BM

components from (C) and collagen bone SHG (grey). (C-D): Data obtained from 6 mice. (E) IVM
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images of representative areas of the calvarium BM of control and AML-infiltrated Col2.3-CFP/Flk1-
GFP double-transgenic mice. Cyan: Col2.3-GFP" osteoblastic cells; green: Flk1-GFP" ECs; red:

mTomato” AML cells; grey: bone. n: 3 mice. Adapted from (Duarte et al., 2018a).
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To understand whether one microenvironment component may be lost first, I analysed
long bone sections from mice at intermediate stages of disease (Figure 3.18A). Within the
same bone, osteoblasts were significantly decreased only in areas with high levels of
leukaemic infiltration (Figure 3.18B), while I could detect loss of endosteal vessels in areas
with intermediate levels of infiltration (Figure 3.18C). These data suggest that endosteal

vessels may be lost earlier than osteoblasts.
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Figure 3.18 — Endosteal vessels are lost before osteoblasts. (A) Maximum intensity projection of a
representative tile scan of undecalcified tibia sections from Col2.3-CFP recipients with mTomato"
healthy haematopoietic cells (red) and YFP'GFP™ AML (yellow) blasts. Grey: bone; blue: osteoblasts;
cyan: vessels (endomucin’). Mice had intermediate levels of AML infiltration. Boxes in P1 and P2
higher magnification images illustrate examples of areas within the same bone with low, high and
intermediate levels of infiltration, used to quantify stroma remodeling. (B, C) Quantification of

osteoblasts and endosteal vessels. Data obtained from 3 mice. Adapted from (Duarte et al., 2018a).

122



3.10 - Loss of healthy haematopoiesis is temporally and spatially correlated with

bone marrow and spleen vascular remodelling

I next investigated the haematopoietic changes associated with microenvironment
remodelling. Flow cytometry analysis of non-chimeric mice with increasing AML infiltration
showed a decrease of overall normal haematopoietic cells in the BM (Figure 3.1A) and a
sharp and early decline of differentiated haematopoietic cells, as exemplified by neutrophils
(Figure 3.19A). I also observed a progressive decrease of LKS progenitor cell and LKS
CD48 CD150" HSC populations (Figures 3.19B). Importantly, HSCs in the BM were
significantly reduced later than LKS progenitor, only at late stages of disease (Figure 3.19B),
when endosteal and metaphyseal vessels, as well as osteoblastic cells, were all drastically
reduced (Figure 3.10 and 3.17). Furthermore, while LKS cells were lost in areas both distant
from (flushed diaphysis) and close to (crushed metaphysis) the bone (Figure 3.19C), HSCs
were most dramatically lost in the bone-rich metaphysis (Figure 3.19D).

These observations suggest that the loss of HSCs is closely linked to the remodelling of
the BM microenvironment both in time and space. This is consistent with previous
observations that HSCs are relatively resistant to BM infiltration by leukaemic blasts, when
compared to other haematopoietic cell populations (Cheng et al., 2015; Miraki-Moud et al.,
2013). I also observed that, as disease progresses, there is extramedullary haematopoiesis
(Figure 3.19E) and the number of HSCs in the spleen increases (Figures 3.19F and G).
Notably, this haematopoietic elevation coincides with an increase of splenic ECs (Figure

3.19H).
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Figure 3.19 — HSC dynamics in BM and spleen. (A) Percentage of neutrophils in total BM. Data
obtained from 5 leukaemic and 3 control mice per time-point from 2 cohorts. Error bars: mean =+
SEM. (B) Fold change in LKS cells and HSCs with increasing AML infiltration. HSCs are only lost at
late time points, when endosteal remodeling is more dramatic. Data obtained from 15 mice with 0-
25%, 5 mice with 25-50%, 6 mice with 50-75% and 8 mice with 75-100% AML infiltration, from 2
independent cohorts. Error bars: mean + SEM. (C) LKS cells are significantly decreased in both the
diaphysis (Dp flushed) and in the trabecular bone-rich metaphysis (Mp crushed) of AML-burdened
mice, with no differences between these two fractions. (D) HSCs are significantly lost in the
metaphysis of AML-burdened mice. Data obtained from 3 control and 4 leukaemic mice. Error bars:
mean = SD. (E) Flow cytometry analysis reveals emergence of LKS and HSC populations in the
leukaemic spleen. (F) Paired analysis shows a negative correlation between HSC numbers in spleen
and BM (1 femur, 2 tibias, 2 ileac bones). (G) LKS cells and HSC numbers increase in the spleen
during AML progression. Data obtained from 7 mice with 0-25%, 3 mice with 25-50%, 2 mice with

124



50-75% and 3 mice with 75-100% BM infiltration. Error bars: mean £ SEM. (H) Mice burdened with
AML have significantly increased absolute cell numbers of CD31" ECs in the spleen. Data obtained

from 4 control and 5 leukaemic mice. Error bars: mean £ SEM. Adapted from (Duarte et al., 2018a).
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3.11 - AML disrupts the endosteal vascular niche function

An outstanding question is whether the niche function of BM blood vessels is affected by
AML infiltration. Thus, I decided to investigate the expression of a panel of HSC
maintenance genes (Ang, Angptl, Cxcli2, Kitlg, Vcaml, Vegfa, Opn) by endothelial cells. I
used flow cytometry to sort endothelial cells from the different areas (Central vs. Endosteal;
Control vs. AML) and performed quantitative real-time polymerase chain reaction (QPCR)
(Figure 3.20A). I observed a relocation of niche function to the central blood vessels (4ng,
Angptl, Cxcll2, Kitlg, Opn) and/or loss of niche function in the endosteal blood vessels
(Cxcli2, Vcaml, Vegfa) (Figure 3.20B).
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Figure 3.20 - Impaired vascular niche function in AML. (A) Collagenase-digested BM was split in
crushed (endosteal) and flushed (central) fractions and DAPI'CD45 Ter119°CD31" endothelial cells
sort purified. RNA was extracted and processed for qPCR. (B) Gene expression analysis of HSC-
maintenance genes. Abbreviations and full gene names: 4Ang, angiogenin; Angptl, angiopoietin 1;
Cxcl12, C-X-C motif chemokine 12 or stromal cell-derived factor 1; Kitlg, stem cell factor; Opn,
osteopontin; Vcaml, vascular cell adhesion molecule 1; Vegfa, vascular endothelial growth factor a.

Data obtained from 3 control and 4 AML-burdened mice. Error bars: mean = SEM.
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3.12 - Blood vessels in AML-infiltrated BM are more adhesive and cell permeable

To reconcile my initial observations on the morphological and structural changes in BM
vessels of AML-infiltrated animals with the progressive loss of normal haematopoietic cells,
I asked whether they could result in increased haematopoietic cell trafficking. I performed
paired IVM of BM and spleen in the same AML-burdened and control mice (Figure 3.21A),
and observed increased numbers of healthy haematopoietic cells adhering to (Figure 3.21B
and C; Supplementary Video 3E) and transmigrating across (Figure 3.21D and E;
Supplementary Video 3F) endothelial cells in leukaemic mice. This pattern of egress may

contribute to the loss of BM haematopoiesis.
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Figure 3.21 — Intravital imaging of haematopoietic cell trafficking in BM and spleen. (A)
Maximum intensity projections of representative BM and spleen tile scans of Flk1-GFP mouse

128



chimeras reconstituted with mTomato” haematopoietic cells and transplanted with GFP' AML cells.
mTomato” haematopoietic cells are lost with increasing levels of AML infiltration. For each mouse,
BM and spleen were imaged on the same day. To track single mTomato" healthy haematopoietic cells
in both the BM and spleen, we performed time-lapse imaging with high temporal resolution (30s
acquisition interval). (B) Time-lapse in vivo imaging revealed that in AML-burdened mice, residual
healthy mTomato" cells had increased adhesion to the luminal endothelial surface, particularly in
leukaemic spleens, when normalized by the frequency of surviving cells (e.g. once divided by 0.699
in a mouse with 30.1% blasts in the BM). (C) Examples of healthy tomato” cells maintaining stable
(static) or transient (crawling) adhesion to the splenic endothelium. (D) We observed a significant
increase of healthy mTomato " cells undergoing transendothelial migration (TEM) in the BM of AML-
burdened mice, once normalized for the infiltration level. (E) Examples of cells migrating from the
tissue to the vascular lumen (intravasation) and in the opposite direction (extravasation) are shown. (C
and E): Green: Flk1-GFP" ECs; red: mTomato " healthy haematopoietic cells; blue: Cy5 Dextran. Data
obtained from the analysis of 521 (BM) and 588 (spleen) tomato™ cells from 3 control and 3
leukaemic mice. * p<0.05. Error bars: mean = SEM. Adapted from (Duarte et al., 2018a).

129



I also observed AML cell clusters that adhered to the endothelial cells on their
intravascular surface and compromised blood flow (Figure 3.22A; Supplementary Video 3G),
likely contributing to the observed functional alterations of the endothelium (Ramasamy et
al., 2016). Analysis of surface molecules involved in cell adhesion revealed a higher
expression of CD34 in the overall CD45 Ter119Flk1" BM endothelium of AML-burdened
mice (Figure 3.22B). CD34 is a well-known mediator of lymphocyte adhesion and TEM
(Butcher and Picker, 1996). The expression of both intercellular adhesion molecule-1
(ICAM-1) and endomucin (Emcn), respectively involved in the attraction (Springer, 1994)
and repulsion (Zahr et al., 2016) between leukocytes and endothelial cells was maintained in
the endothelium of AML-burdened mice. Moreover, the expression of vascular endothelial
cadherin (VECadh, VE-cadherin), which is an adhesion molecule involved in the stabilization
of endothelial cell junctions (Vestweber et al., 2009), was also maintained in mice fully
infiltrated with AML. These data suggest that the observed increased cell adhesion is, at least
in part, mediated by CD34, which is involved in leukocyte-endothelial cell adhesion.
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Figure 3.22 — Increased endothelial adhesion in AML-burdened mice. (A) Time-lapse of dark

AML cells in a vessel bifurcation adhering to the endothelium, clumping together (white lines) and

making the blood flow turbulent (white arrow). Representative Green: Flk1-GFP™ ECs; red:

mTomato™ normal cells; blue/yellow: Cy5 dextran. (B) ECs were isolated from digested BM of Flk1-

GFP mice, stained for adhesion molecules involved in leukocyte-endothelial adhesion and assessed by

flow cytometry. Data are from 3 control and 3 leukaemic mice. Error bars: mean £ SD.
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3.13 - AML-induced endosteal remodelling regulates HSC numbers

To confirm that HSC loss from the BM was due to the microenvironmental changes I
observed rather than a direct effect of leukaemia cells on the stem cells, I asked whether the
remodelled BM would still have the capacity to support homing of HSCs. To this end, I
transplanted DiD-labelled HSCs into lethally irradiated control and leukaemic mice (Figure
3.23A). Two days after transplantation, significantly lower numbers of HSCs were found in
the BM of leukaemic mice (Figure 3.23B). This observation suggests that AML leads to a
specific collapse of HSC-supportive BM niches, as previously hypothesized for B-cell acute
lymphoblastic leukaemia (Colmone et al., 2008).
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Figure 3.23 — The endosteal remodeling in AML impairs HSC homing. (A) 12,000 sort-purified
HSCs were labelled with DiD and transplanted into irradiated control or AML recipient mice. 2 days
after transplantation DiD" HSCs resident in the BM were quantified by flow cytometry. (B) Homing
of transplanted DiD" HSCs was significantly impaired in the BM of AML-burdened mice. n= 3

control and 3 leukaemic mice. Adapted from (Duarte et al., 2018a).
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To address if cell death could be playing a role in the loss of HSCs and progenitors, I
performed Annexin V and DAPI staining on c-Kit enriched haematopoietic cells harvested
from mice at advanced stages of AML progression. I observed that HSCs and MPPs isolated
from AML-burdened mice had very low proportions of apoptotic and dead cells, comparable
with healthy controls (Figure 3.24). In contrast, ST-HSCs from leukaemic mice had increased
cell death levels. While it remains to be clarified why apoptosis is increased in ST-HSCs,
these results reinforce the idea that HSC dynamics are tightly connected with their niches.
These observations suggest that HSCs are probably lost through cell ousting from the BM

upon the collapse of endosteal vessels at late stages of AML.
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Figure 3.24 — Apoptosis of HSPC populations in AML. In AML, cell death is only significantly
increased in ST-HSCs. Data representative from 3 control and 3 leukaemic mice. Error bars: mean =

SEM. Adapted from (Akinduro et al., 2018).
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I then investigated whether maintenance of BM endosteal endothelium during AML
growth would protect HSCs in endosteal areas. To address this, we treated leukaemic mice
with deferoxamine (DFO), a clinically-approved prolyl-4-hydroxylase (PHD) inhibitor
normally administered as an iron chelator, but also recently described to induce endosteal
vessel expansion through enhancement of hypoxia-inducible factor 1a (Hif-1a) stability and
activity (Kusumbe et al., 2014). DFO or control (PBS) treatment started 8 days post-injection
of AML blasts and continued until day 22 post-transplantation, at which time point the BM
was heavily infiltrated (Figure 3.25A). DFO-treated mice had similar numbers of AML cells
in the BM (Figure 3.25C), and similar disease progression (Figure 3.25B and D) and survival
(Figure 3.25E). Endosteal blood vessels were increased in DFO-treated mice (Figure 3.25F
and G).
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Figure 3.25 — DFO rescues endosteal vessels in AML. (A) Mice transplanted with AML were
treated with either PBS or DFO from day 8 post-transplantation. (B) Percentage of mTomato" blasts
in the peripheral blood remained unaltered by DFO treatment. (C) DFO did not affect the total
number of AML cells in the BM. (D) Percentage of red blood cell (RBC) counts and (E) survival of
DFO- and PBS-treated mice shows similar disease progression between the two groups. Data obtained
from 5 control (PBS) and 5 DFO-treated mice. (F, G) DFO increased the number of endosteal vessels.
Grey: collage bone SHG; green: endomucin’ vessels; red: laminin” vessels and extracellular matrix;
blue: AML cells. Each dot represents a mouse. Error bars: mean + SEM. Adapted from (Duarte et al.,
2018a).
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Consistent with the hypothesis that HSC numbers depend on endosteal vessels, |
observed that leukaemic mice receiving DFO had significantly higher numbers of HSCs in
the trabecular-rich metaphysis, but not in flushed diaphyseal BM (Figure 3.26A and B). A
direct positive effect of DFO on HSC numbers was excluded through in vitro culture (Figure
3.26C-F). To further investigate the clinical utility of DFO, I investigated the homing of
HSCs in mice infiltrated with AML and treated with DFO or vehicle (Figure 3.26G). In line
with my hypothesis, DFO-treated mice supported HSC homing to the BM (Figure 3.26H).
Altogether, these data suggested that rescue of endosteal vessels can support both HSC
survival and homing despite AML growth.
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Figure 3.26 — DFO effect on HSCs in vivo and in vitro. (A, B) AML-burdened mice treated with
DFO had similar numbers of HSCs in the diaphysis (Dp flushed) but a significant increase of HSCs
remaining in the metaphysis (Mp crushed) in comparison to controls. Data obtained from 4 mice
treated with PBS and 5 treated with DFO. (C) Live Lin'c-Kit'Sca-1" (LKS) cells were sorted, plated
and incubated with increasing concentrations of DFO. 2 days later the (D) number and (E, F)
frequency of Linc-Kit'Sca-1"CD48'CD150" HSCs were assessed by FACS. Experiment done in
triplicate. (G) Mice transplanted with AML cells were treated with either PBS or DFO. At full
infiltration, mice were lethally irradiated and transplanted with DiD-labeled HSCs that had not been
exposed to DFO. (H) DFO improves the homing of transplanted DiD" HSCs in the BM of AML-
burdened mice. Data obtained from 4 recipients treated with PBS and 4 recipients treated with DFO.
(B-J). Error bars: mean = SEM. Adapted from (Duarte et al., 2018a).
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3.14 - Rescue of endosteal vessels improves chemotherapy efficiency

The observed remodelling of blood vessels in AML-burdened mice, and especially the
loss of endosteal vessels led us to hypothesize that these changes could not only contribute to
outcompeting healthy haematopoiesis, but also compromise delivery of chemotherapy. In a
xenograft transplantation model of AML, chemoresistant leukaemia cells were previously
shown to locate near the endosteum (Ishikawa et al., 2007). This suggests that localization of
leukaemia cells in areas of BM stripped of their vasculature could provide them with a
survival advantage. To investigate the impact of chemotherapy on AML cells in vivo, 1
treated mice with over 30% infiltration with drugs used for induction therapy in the clinical
setting: cytarabine (Ara-C) and doxorubicin (Doxo). Following previous mouse studies
(Wunderlich et al., 2013), I adapted the 7+3 regimen used in human patients to a 5+3, where
Ara-C (100mg/kg, 1.V.) is given daily for 5 days and Doxo (3mg/kg, 1.V.) for 3 days (Figure
3.27A). Mice receiving chemotherapy had a significant reduction in AML cell numbers in

BM (Figure 3.27B and C) and a significant reduction in spleen size (Figure 3.27D)
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Figure 3.27 - Experimental model of AML induction chemotherapy. (A) Schematic
representation of the schedule of cytarabine and doxorubicin administration and IVM. (B) Maximum
projection tile scan of calvarium BM of Col2.3-GFP mice (green: osteoblastic cells) carrying
mTomato” AML cells (red) before and after chemotherapy (3 days of cytarabine and doxorubicin
followed by 2 days of cytarabine alone). (C) Flow cytometry quantification of absolute numbers of
AML cells in the BM. Data obtained from 4 control and 4 leukaemic mice. Error bars: mean + S.D.
(D) Appearance of spleens from control, untreated and 5 days-treated mice. Adapted from (Duarte et

al., 2018a).
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In our model, trabecular areas were enriched for AML cells both at early and late stages

of infiltration and following induction chemotherapy (Figure 3.28).
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Figure 3.28 — Enrichment of AML cells in the endothelium. Paired comparison shows that
leukemic cells are more frequent in crushed metaphysis (Mp) than in flushed diaphysis (Dp) at very
early (3 mice) and late (5 mice) infiltration and post-chemotherapy (3 mice). Adapted from (Duarte et
al., 2018a).
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I hypothesized that by rescuing blood vessels in endosteal areas, I could increase

iAE .
IAEC mutant mice,

chemotherapy delivery and therefore efficacy. To test this, I utilized Fbxw7
in which tamoxifen administration leads to increased-activation of Notch signalling
specifically in ECs, thereby increasing the number of endosteal vessels and arterioles
(Kusumbe et al., 2016; Ramasamy et al., 2014). Fully infiltrated Fbxw7“5“ mutants had
increased numbers of endosteal vessels (Figure 3.29A and B). At this point, I treated both
Fbxw7“5¢ and control mice with the adapted form of clinical induction chemotherapy
(Figures 3.29C and 3.27).

In agreement with a previous report (Hooper et al., 2009), 1 observed significant
chemotherapy-induced damage to the BM vasculature, including endosteal vessels, in both
control and mutant mice (Figure 3.29D). I observed that after treatment, the Fbxw7'“F¢
mutants had reduced numbers of surviving AML cells in the BM (Figure 3.29E), delayed
relapse (Figure 3.29F) and increased survival (Figure 3.29G). Altogether, these data suggest

that the rescue of endosteal vessels before induction chemotherapy can improve its efficacy.
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Figure 3.29 — Rescue of endosteal vessels increases induction chemotherapy efficiency. (A, B)
Immunofluorescence staining of endosteal areas showing a significant increase of blood vessels in
Fbxw7“F mutants infiltrated with AML. Grey: bone collagen SHG; green: endomucin’ vessels; red:

iAE! .
IAEC mice.

laminin” vessels and extracellular matrix. Data obtained from 5 control mice and 4 Fbxw?7
(C) Scheme of treatment regimen used to delete Fbxw7 in ECs. (D) Maximum projections of
immunofluorescence staining of representative endosteal areas showing dilated blood vessels (green:
endomucin; red: laminin) after therapy in both control and mutant animals, as well as surviving AML
cells (cyan) scattered through the tissue. Data representative of 3 control mice and 3 Fbxw7FC
mutants. (E) After chemotherapy, there was a significant decrease of surviving AML cells in
Fbxw7"“E¢ mutants, where the endosteal vessels had been rescued. Data obtained from 8 control mice
and 5 Fbxw7"“* mutants. (F) Although disease progression before chemotherapy is similar, relapse is
delayed in Fboxw7“F mutants. n=3 Cre” and 6 Cre’ mice. (G) Kaplan-Meyer curve showing improved

iAEC

survival in treated Fbxw7"*"" mutants transplanted with AML. n=5 Cre” and 6 Cre" mice. (B-F) Error

bars: mean = SEM. Adapted from (Duarte et al., 2018a).
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3.15 - Discussion

I have described how AML cells focally and progressively remodel BM vasculature to
transform HSC niches into preferential leukaemia microenvironments. In particular, BM
vasculature editing is anatomically diverse, with endosteal vessels being progressively
obliterated, while central marrow vessels survive, albeit with compromised function. The two
main consequences of this are HSC loss specifically from endosteal areas, and survival of

leukaemia cells following chemotherapy treatment (Figure 3.30).
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Figure 3.30 — Schematic representation of the selective osteo-vascular remodelling occurring in
AML. In steady state, HSCs are regulated by different BM niches, including endosteal blood vessels.
During AML progression there is remodelling of the BM microenvironment and loss of non-
malignant haematopoiesis. The loss of HSCs is temporarily and spatially associated with the
destruction of specialized endosteal microenvironments, namely osteoblastic cells (Ob) and endosteal
vessels. AML cells secrete high levels of VEGF-A but the angiogenic stimuli is not effective.
Endothelial cells are more permeable to transendothelial cell migration (TEM), which likely
contributes to the loss of normal haematopoietic cells from the BM, as AML expands. Moreover, the
increased levels of CXCL2 and TNF in the endosteum create a pro-inflammatory environment and
likely contribute to the vascular remodelling occurring in this area. Adapted from (Duarte et al.,

2018a).
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IVM provided us with the unique opportunity to perform detailed, longitudinal analysis
of progressive changes occurring across the entire vascular bed irrigating the calvarium BM.
This approach identified dynamic and area-specific changes previously overlooked by studies
of AML patient samples that focused on central BM areas or examined vasculature as a
whole (Aguayo et al., 2000; Hanoun et al., 2014; Hussong et al., 2000; Padro et al., 2000).
Consistent with initial reports of the angiogenic potential of AML cells (Fiedler et al., 1997),
I observed increased levels of VEGF-A in leukaemic mice and endothelial cell dynamics
resembling angiogenic sprouting (Gerhardt et al., 2003). However, these sprouts never gave
rise to the formation of new vessels, which might be driven by VEGF-A-mediated tip cell
competition (Jakobsson et al., 2010). This might explain the disappointing results of the
clinical trials testing anti-angiogenic therapies for AML patients (Fiedler et al., 2003;
Ossenkoppele et al., 2012; Zahiragic et al., 2007). Furthermore, the combination of high-
resolution IVM and quantitative flow cytometry analysis of BM ECs showed that the
apparent relative increase in ECs is a consequence of the overall loss of BM stroma. This
finding contrasts with observations made in solid tumours, where most often accumulation of
stroma and pro-fibrotic changes are reported adjacent to the cancerous cells (Quail and Joyce,

2013).

While central marrow vessels were maintained during AML infiltration, we observed
dramatic remodelling of endosteal vessels. These vessels were initially remodelled in areas
containing foci of disease, but eventually almost disappeared from the BM of heavily
infiltrated animals. AML cells in endosteal areas were enriched in inflammatory signatures,
including response to TNF, and expressed higher levels of CXCL2. Both TNF and CXCL2
levels were locally increased in endosteal areas. This is consistent with the recently described
role of TNF in vascular destruction (Kammertoens et al., 2017). Furthermore, CXCL2 is an
angiogenesis inhibitor (Cao et al., 1995) that has also been shown to mobilize HSCs from the
BM (Fukuda et al., 2007) and to be associated with poor prognosis and reduced survival in
AML (Katsumura et al., 2016). Overall my data support future investigation of the role of
CXCL2 and TNF in the vascular remodelling and loss of HSCs induced by AML in endosteal
regions.

In parallel with endosteal vessel remodelling, 1 also observed a similar pattern of
osteoblastic cell loss. It was shown previously in a mouse model of myeloprofilerative
neoplasia based on widespread induction of BCR-ABL that aberrant differentiation of

mesenchymal progenitor cells led to an expansion of dysfunctional osteoblasts associated
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with loss of HSC activity (Schepers et al., 2013). Here, I observed the depletion of not only
osteoblasts but also endosteal vessels. This interpretation does not exclude “re-wiring” of
mesenchymal progenitors, however, it highlights a dramatic imbalance between osteoblast
generation and loss. Most importantly, my findings are consistent with studies that reported
decreased numbers and activity of osteoblasts in patients with AML (Krevvata et al., 2014).
Using a complementary experimental model, Hanoun and colleagues have shown that
sympathetic neuropathy promotes the expansion of Nestin® MSCs but limits their
differentiation into HSC-supportive NG2" cells in the arteriolar niche of mice with AML
(Hanoun et al., 2014). These data, when combined with our results presented here, suggest
that fast-growing AML depletes stroma with niche function.

By combining longitudinal IVM and immunoflourescence analyses with the study of
mice with intermediate disease burden we obtained detailed temporal information on the
progression of AML-induced BM remodelling. Our group has recently reported a similar
collapse of the osteolineage at late stages of T-ALL (Hawkins et al., 2016). In contrast with
AML, here 1 observed that endosteal vessels are not lost in T-ALL, highlighting the
specificity of microenvironment remodelling in different types of leukaemia. Analysis of
human AML samples revealed endosteal vessel remodelling in unrelated AML types. These
findings, together with clinical evidence demonstrating that cytopenias are more common and
severe in AML than in T-ALL, suggests that endosteal vessel remodelling may be the cause
of dramatic cytopenias associated with AML.

Splenomegaly, though rare in AML patients, is present and accompanied by
extramedullary haematopoiesis in experimental mouse models of acute leukaemia. In the
model I studied, increased EC numbers in the spleen likely form de novo vascular niches able
to support HSCs and extramedullary haematopoiesis, consistent with the recent discovery of
a perisinusoidal niche in the spleen (Inra et al., 2015). Moreover, I was able to detect
functional changes in endothelial cells allowing for greater adhesion and trans-endothelial
migration of haematopoietic cells in diseased mice. This is consistent with a recent study
highlighting increased vascular permeability in AML (Passaro et al., 2017). These changes
likely contribute to the egress of healthy haematopoietic cells from the BM (Bixel et al.,
2017; Itkin et al., 2016) and relocation to the spleen.

Consistent with previous studies indicating that HSCs are relatively resistant to AML
invasion (Cheng et al., 2015; Miraki-Moud et al., 2013), I observed that HSC loss occurs at

late stages of disease infiltration, when we show that endosteal remodelling is more evident.
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Treatment with DFO significantly increased the number of endosteal blood vessels together
with endosteal HSCs and improved the homing of HSCs to the BM of mice previously
burdened with disease. DFO has been reported to limit leukaemic cell proliferation and to
potentiate the effect of differentiation therapies in AML through iron chelation (Callens et al.,
2010). Here, no significant changes in the number of AML cells or disease progression were
observed in DFO-treated mice. This suggests that potential off target effects of DFO on AML
proliferation did not play a major role in the protection of HSCs.

Apart from leading to HSC loss, elimination of endosteal vessels may favour AML cells
during chemotherapy administration by providing them with a vessel-poor microenvironment
where drug delivery would likely be challenged and/or inefficient, and therefore would foster
chemoresistance. Consistent with our hypothesis, chemoresistant AML has been shown to
initiate relapse from endosteal areas (Ishikawa et al., 2007). This genetic approach showed
that endosteal vessels can be rescued in AML-burdened animals and, in doing so, the efficacy
of chemotherapy treatment increases. This study suggests that induction of endosteal vessels
and vascular normalization are promising avenues to both safeguard residual healthy

haematopoiesis and improve chemotherapy treatment of AML patients.
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Chapter 4

Chemoresistant  T-cell acute lymphoblastic
leukaemia is iIindependent from specific bone

marrow niches

4.1 - Introduction

How important are specific HSC niches to support the expansion and chemoresistance of
leukaemic cells is a question that remains unanswered. T-ALL is a particularly aggressive
type of leukaemia and once it relapses the prognosis is dismal (see section 1.3). It is therefore
pivotal to understand better the physiopathology of T-ALL, including how T-ALL cells
interact with surrounding BM microenvironments. Our understanding of these interactions
has the potential to impact T-ALL therapy. In simple terms, we might conclude that
particular niches (rather than the tissue as a whole) are key for T-ALL development and/or
chemoresistance and in this way support the development of new strategies that target
leukaemia-stroma communication in T-ALL. Alternatively, we might conclude that cell
autonomous processes are overly important, that specific microenvironments are only
accessory and turn our focus to therapies that target cell intrinsic mechanisms. Moreover, the
development of new techniques and strategies that allow the direct and dynamic visualization
of cell to cell interactions in the BM has the potential to contribute to future studies analysing
other leukaemias, metastasis, HSCs and bone physiology.

Our group has previously used IVM to show that in the calvarium BM, seeding single T-
ALL cells are first seen at day 10 post-transplantation, cell clusters at day 12-18 and full
infiltration at day 18 post transplantation (Hawkins et al., 2016). Importantly, we concluded
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that T-ALL is environment-agnostic by stochastically infiltrating the BM and that T-ALL
remodels the endosteum by destroying osteoblastic cells (Hawkins et al., 2016).

Although previous studies have suggested that leukaemia depends on specific
microenvironments to evade chemotherapy, in vivo, dynamic information is lacking to
support these claims. For the present study, I applied IVM to ask if chemoresistant T-ALL is
dependent on particular microenvironments.

T-ALL onset in primary recipients transplanted with Notchl-transduced foetal liver cells
is highly variable (Sanda et al., 2010). Therefore, I transplanted blasts into secondary
recipients, which develop disease in a well-defined manner both in time and space,
colonizing first the BM and then spleen, lymph nodes and thymus (Hawkins et al., 2016).
Using osteoblast (Col2.3-GFP and —CFP), perivascular mesenchymal stem/progenitor cell
(Nestin-GFP) and endothelial cell (Flk1-GFP and vascular dyes) reporters it is possible to
directly observe interactions between DsRed” T-ALL blasts and specific BM niche
components (Figure 4.1). To measure leukaemia-to-stroma distances, 1 acquired tile scans
that allow single cell resolution observation of the whole marrow tissue and applied an
automated computational algorithm based on local heterogeneity segmentation (Khorshed et
al., 2015). To record cell behaviour, I selected and time-lapsed specific areas for 3 hours or

more (Figure 4.1).
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Figure 4.1 — Intravital imaging of T-ALL cells in heterogeneous BM microenvironments. Notch1
blasts were transplanted into secondary recipients and disease in BM was detected by IVM and flow
cytometry. IVM of the calvarium was performed to evaluate interaction of leukaemia with BM niches,
similarly to what is described in Chapter 3. In this case, for each typical imaging session, tile scans
(which allow whole tissue analysis with single cell resolution) where acquired to analyse tissue T-
ALL cell distribution in relation to specific niches (e.g. Col2.3" osteoblastic cells). Areas of interest

were then time-lapsed for 3 hours or more and T-ALL cell behaviour (e.g. cell migration) analysed.
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4.2 - Dexamethasone treatment in experimental T-ALL

At day 18 post-transplantation, mice were tile scanned to confirm heavy BM infiltration,
recovered and then treated with daily dexamethasone (15 mg/kg, I.V.) for 2 days (Figure 4.2).
Importantly, tile scans and time-lapses were performed immediately after administration of

the third dose of dexamethasone, to guarantee that captured cells were under the effect of

high doses of the drug.
bd 8 1stinjection 2nd injection  3rd injection
Heavy infiltration Dexamethasone J J / Resistant cells
E{ (15mg/kg; 1.V.) | | | > j;'gv
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2 e
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Figure 4.2 — Dexamethasone schedule. Schematic representation of the schedule of IVM and
dexamethasone administration. Mice were imaged at day 18 post administration of primary blasts to
confirm full infiltration and immediately afterwards received the first dose of dexamethasone. Two
further doses were administered at 24 hours intervals, and 30 minutes following the third dose animals

were imaged again.
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4.2.1 — T-ALL cells surviving dexamethasone are chemoresistant

Upon maintenance of dexamethasone treatment for 7 days, I detected a progressive
increase in T-ALL cell numbers both in peripheral blood and BM. Together with
observations that after 7 days of continuous dexamethasone treatment leukaemia has

regrown, this suggests that these blasts are truly chemoresistant (Figure 4.3A and B).
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Figure 4.3 — T-ALL cells surviving dexamethasone treatment are chemoresistant. Continuous
daily treatment with dexamethasone (15mg/kg) causes a dramatic loss of T-ALL cells initially but
eventually leads to later resistance and regrowth of T-ALL cells in the BM (A) and re-emergence of
blasts in the peripheral blood (PB) (B) after 7 days. (C) Representative maximum projection of
calvarium BM of a mouse after 7 days of daily dexamethasone treatment (15mg/kg). Red: DsRed" T-
ALL cells. Data are representative of 4 independent experiments using 4 independent T-ALL batches.

Error bars = Mean + S.E.M. Adapted from (Hawkins et al., 2016).
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Moreover, to control for potential effects of dexamethasone and sub-lethal irradiation on
the BM stroma, I measured the cell volume of osteoblasts and Nestin' cells in healthy mice

and observed no changes in BM stroma cellularity (Figure 4.4A and B).
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Figure 4.4 — Dexamethasone and sub-lethal irradiation do not affect stromal cellularity. (A)
Col2.3-GFP or (B) Nestin-GFP mice were treated with combinations of sublethal irradiation
(administered >18 days before measurement to reproduce the experimental timeframe) or
dexamethasone treatment (administered greater than 2 days before treatment) as indicated. Then,
using 3D image analysis, the total area of GFP" was quantified. Groups were analysed using ANOVA
with Bonferroni correction for multiple groups. Error bars = Mean = S.D. Adapted from (Hawkins et

al., 2016).
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4.3 - Chemoresistant T-ALL is randomly distributed within the BM

Before initiating treatment, the BM cavity was fully infiltrated with T-ALL blasts
(Figure 4.5A). Upon treatment completion, after 2 days, the marrow cavity was significantly
emptied of leukaemic cells (Figure 4.5A) and only few surviving T-ALL cells were found

scattered across the tissue (Figure 4.5B).

A Pre-dexamethasone 2 days dexamethasone B

Zoom

2 days
Pre-dexamethasone dexamethasone

Position 1
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Figure 4.5 — IVM of dexamethasone-resistant T-ALL cells. (A) Representative Nestin—-GFP mouse
transplanted with T-ALL cells and imaged 18 days post-transplant to confirm complete BM
infiltration (left). Tile scan imaging was repeated after 2 days of treatment with 15 mg/kg
dexamethasone 1.V. (right). (B) Magnified view of representative positions, framed in (A). Red:
DsRed” T-ALL cells; green: Nestin-GFP" cells; blue: blood vessels (Cy5-Dextran); grey: bone
(SHG). Adapted from (Hawkins et al., 2016).
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At this point, the localisation of the leukaemic cells (real cells) was compared to
randomly positioned dots (virtual data). A stochastic distribution of T-ALL cells relative to
osteoblasts, Nestin' cells and blood vessels was observed. This suggests that evasion from

chemotherapy is not dependent on these microenvironment components (Figure 4.6).
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Figure 4.6 — Chemoresistant T-ALL cells are stochastically distributed. 3D measurement of the
position of surviving cells and of artificial cells randomly positioned within the same 3D tile scans
relative to the closest (A) Col2.3-GFP" osteoblastic cell (n: 303 real and 91 artificial cells), (B) blood
vessel (n: 143 real and 55 artificial cells) or (C) Nestin-GFP" mesenchymal cell (n: 97 real and 43
artificial cells) Data shown are representative mice from five independent experiments using 2

independent T-ALL batches. Error bars: mean + S.D. Adapted from (Hawkins et al., 2016).
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To further explore any possible microenvironmental bias of chemoresistant T-ALL cells,
I included the first day of treatment in the imaging schedule. Re-imaging of treated mice
revealed a dramatic cell burden reduction after 1 day and very few resistant cells after 2 days
of treatment (Figure 4.7A). During disease reduction, T-ALL distribution relative to
osteoblasts and Nestin" cells was maintained, providing evidence against a chemo-protective

niche (Figure 4.7B).
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Figure 4.7 - Multi-day timecourse of response to chemotherapy. (A) Representative maximum
projection of calvarium BM of Col2.3-CFP and Nestin-GFP mice 18 days post T-ALL transplant
followed by 2 days of dexamethasone treatment (15mg/kg). (B) 3D measurement of the position of
surviving cells in the same mice following 1 and 2 days of dexamethasone treatment relative to
Col2.3-GFP" osteoblastic cells (day 1 n: 1499 and day 2 n: 352) and Nestin-GFP" cells (day 1 n: 363
and day 2 n: 496). Data is representative from 3 individual mice. Error bars in B: mean = S.D.

Adapted from (Hawkins et al., 2016).
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4.4 - Chemoresistant T-ALL is highly migratory

Although the random distribution of chemoresistant T-ALL cells suggests independence
from specific niches, there is the possibility that these surviving leukaemic cells may depend
on long-lasting interactions with non-labelled surrounding stroma. To address this question, I
performed time-lapse imaging of specific BM areas immediately after the third dose of
dexamethasone was administered (Figure 4.8A). Importantly, residual T-ALL cells were still
able to undergo division at the same time as cell death events were detected (Figure 4.8B, I
and J and Supplementary Video 4A). When tracking single surviving T-ALL cells, I was able
to observe that they were extremely migratory, fast moving and maintained only short-lived
interactions with osteoblastic cells and Nestin” MSCs (Figure 4.8B and C and Supplementary
Video 4A). Notably, these cells migrated faster than seeding disease (Hawkins et al., 2016)
(Figure 4.8H).

To explore whether increased migration was a dexamethasone-specific effect, I decided
to test additional chemotherapy drugs used in T-ALL patients and analysed their effects using
a combination of IVM to test for cell motility, and flow cytometry analysis to test for
enrichment in quiescence, a known trait of chemo-resistant cells. I first tested vincristine
(Figure 4.8A), which was more effective than dexamethasone in reducing T-ALL cells
numbers (Figure 4.81). After 3 doses of vincristine, I observed a higher enrichment for
quiescent surviving T-ALL cells (Figure 4.8]), although some proliferation could still be
detected (Figure 4.8D). Time-lapse imaging revealed that vincristine-resistant T-ALL cells
were highly migratory (Figure 4.8E and Supplementary Video 4B) and, notably, faster that T-
ALL cells surviving dexamethasone treatment (Figure 4.8H).

T-ALL patients are normally treated with combination therapy. To mimic the clinical
setting, I combined dexamethasone, vincristine and L-asparaginase (DVA) (Figure 4.8A).
This combination was the most effective at reducing the leukaemic burden, as evidenced by
the low number of surviving blasts (Figure 4.81), the majority of which were in GO phase of
the cell cycle (Figure 4.8J). Still, proliferation could be detected (Figure 4.8F). After 3 doses
of combination DVA, I imaged the fastest cells recorded (Figure 4.8F and G and
Supplementary Video 4C), when comparing to seeding, dexamethasone alone and vincristine

alone treatments (Figure 4.8H).
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Figure 4.8 - Multi-day imaging of chemotherapy. (A) IVM and treatment schedule. [.V.,

intravenous. (B, D, F) Positions imaged at 3 min intervals for 3 h in mice treated with dexamethasone

(B), vincristine (D) and dexamethasone, vincristine and l-asparaginase (DVA) (F). Arrows: mitosis;

green: osteoblastic (B) or Nestin™ cells (D); blue: vasculature; red: T-ALL cells; grey: bone (D, F).
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Corresponding cell tracks (red lines) for each treatment are in (C), (E), and (G). (H) Mean speed of
cells at early disease and with dexamethasone, vincristine or DVA treatment (n = 91, 184, 199 and
180 cell tracks, respectively). Data are pooled from seven early infiltrated, three dexamethasone-, five
vincristine- and four DV A-treated mice (biological replicates) from eight independent experiments
using T-ALL from two primary donors (early infiltration and dexamethasone treatment), one primary
and two secondary donors (vincristine) and one secondary donor (DVA). (I, J) Cell number (I) and
cell cycle analysis (J) before (day (D) 0) and after treatment (D2). Data are pooled from three mice
(biological replicates) per time point, injected with T-ALL from one secondary donor. Error bars:

mean = S.D. NS, not significant. ****P <(0.0001. Adapted from (Hawkins et al., 2016).
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It 1s possible that the observed migratory behaviour of T-ALL cells is specific to cells
that have overactivation of Notchl and one might argue that T-ALL driven by alternative
genetic alterations may have a different migratory phenotype. To address this problem, I
injected non-irradiated recipients with murine TEL-JAK2-driven T-ALL blasts and
performed IVM of the BM at different disease stages (Figure 4.9A). Similarly to Notchl-
driven T-ALL, single TEL-JAK2 blasts were migratory at seeding early stages (Figure 4.9B).
To visualize the behaviour of chemoresistant TEL-JAK?2 blasts, I applied a dexamethasone
regimen treatment analogous to what was described earlier for Notchl T-ALL cells (Figure
4.2). Upon full BM colonization with TEL-JAK2 T-ALL cells, mice were treated with daily
doses of dexamethasone (15 mg/kg) for 3 days and imaged on the third day (Figure 4.2).
After 3 doses of dexamethasone I performed IVM of the BM to track dexamethasone-
resistant TEL-JAK2 T-ALL cells (Figure 4.9A). Although no increase in cell migration was
observed, motility was still a distinct feature of chemoresistant cells (Figure 4.9B and
Supplementary Video 4D). Altogether, these observations challenge the hypothesis that
chemoresistant T-ALL cells sit in specific BM hot spots.
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Figure 4.9 - Intravital imaging of TEL-JAK2 T-ALL cells in the BM during response to
chemotherapy. (A) IVM was performed to track single TEL-JAK2 GFP" T-ALL cells at early
seeding stages and after dexamethasone treatment. (B) Quantification of the mean speed of T-ALL
cells at early disease and after dexamethasone. n = 156 seeding and 153 post-therapy cell tracks. Data
pooled from 4 mice at early disease (Seeding) and 4 mice after dexamethasone treatment (Post

therapy). Error bars: mean £+ S.D. NS, not significant.
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4.5 - Human T-ALL is highly migratory

To expand the significance of these observations to the human disease, I used our IVM
methods to study the migratory behaviour of xenotransplanted patient-derived T-ALL cells in
NOD/SCID/y recipient mice (Figure 4.10). I used a dexamethasone regimen adapted from
(Chiu et al., 2010) that allowed the study of resistant human blasts.

Briefly, primary human T-ALL samples were obtained and injected into
immunodeficient NOD/SCID/y (NSG) recipient mice and retransplanted into secondary NSG
recipients by our collaborators, Drs. John Gribben, Dominique Bonnet and Diana Passaro
(Figure 4.10A). Upon early/intermediate infiltration of these mice, I performed in vivo
labelling of the T-ALL blasts by injecting a PE-conjugated anti-human CD45 antibody.
Thirty minutes after injection, these blasts can be imaged and tracked (Figure 4.10B and
Supplementary Video 4E), using the IVM methods described earlier (Figure 4.1). This
timepoint provided the opportunity to analyse the behaviour of single human T-ALL cells in
vivo, before exposure to dexamethasone (Figure 4.10B). I was able to observe that these
expanding blasts, contrarily to what has been previously suggested, are migratory, and not
immotile (Figure 4.10B and E).

To gain insight into the effect of dexamethasone, I studied an additional group of mice
that were treated with dexamethasone upon full infiltration. After 14 days of dexamethasone
treatment, | observed a significant reduction in the number of blasts (Figure 4.10 C and D).
Furthermore, double staining for human CD45 and Ki-67 of undecalcified bones from
untreated and treated mice revealed no differences in leukaemia proliferation frequency,
suggesting genuine chemoresistance (Figure 4.11). At this point, [ was able to identify single
surviving blasts that I then time-lapsed. Similarly to the murine Notchl-driven T-ALL,
chemoresistant human T-ALL cells were faster and highly migratory (Figure 4.10E and
Supplementary Video 4E). These data show that migration is associated with
chemoresistance in T-ALL. Furthermore, T-ALL cells evading chemotherapy are not
immotile, and instead maintain very transient interactions with their surrounding

environment.
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Figure 4.10 - Intravital imaging of human T-ALL during response to chemotherapy. (A) Human

T-ALL samples were transplanted into NOD/SCID/y mice and the response to dexamethasone
measured. (B) For IVM, human T-ALL were labelled by injection of 10 pg anti-human CD45-PE 15

minutes before imaging. 18 days post-transplant, daily dexamethasone treatment at 15 mg/kg was

initiated. 14 days later, the response was measured by flow cytometry (C) and (D). Cells were imaged

at 3 minute intervals for > 60 minutes and migration was measured by manual tracking of cells

imaged either before or after dexamethasone treatment (E). (pre-dex: n=82 cells from 2 independent

mice, post-dex: n=100 from 3 independent mice). Error bars = mean +/- S.D. Patient information —

Sample ID: JH; Sex: male; Age: 44; Cytogenetics: Del(6) (q12-13g21); Notch status: wild-type.

Adapted from (Hawkins et al., 2016).
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Figure 4.11 - Dexamethasone treatment does not enrich for quiescent/dormant T-ALL cells.
NSG mice xenotransplanted with human T-ALL cells were either left untreated or received
dexamethasone treatment for 14 days. At this point BM sections were stained for human CD45 (red)
and Ki-67 (green). In addition, nuclei were visualized using DAPI (blue) and bone by means of
second harmonic generation signal (grey). (A) BM areas in the white boxes are shown magnified and
each channel separated. (B) Analysis of 2338 (untreated) and 1576 (dex) hCD45" cells in sections
from 3 mice per condition reveals no change in the fraction of Ki-67" cells by the end of

dexamethasone treatment. Error bars: mean + S.D. Adapted from (Hawkins et al., 2016).

163



4.6 - T-ALL induces the apoptosis of osteoblasts

When analysing mice at late disease stages (after day 18 post-transplantation), at which
time the BM was fully infiltrated by T-ALL, we observed a dramatic reduction in the number
of osteoblasts (Hawkins et al., 2016). This was confirmed in trephine biopsies of human T-
ALL patients, who also had lost bone-lining osteoblasts (Hawkins et al., 2016). Time-lapse
recording of heavily infiltrated areas revealed blebbing of osteoblasts, a morphological
hallmark of apoptosis (Hawkins et al., 2016). In order to understand the mechanisms
underlying the observed cell loss, I performed TUNEL and cleaved caspase-3 histological
staining, which confirmed that osteoblasts were undergoing apoptosis (Figure 4.12). 1
hypothesize that by targeting the osteoblastic remodelling observed in T-ALL it will be

possible to ameliorate bone mass reduction and rescue healthy haematopoiesis.
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Figure 4.12 — Apoptosis of osteoblasts in T-ALL. Bone sections from Col2.3GFP mice stained for
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TUNEL or cleaved caspase-3. DNAse pre-treated sections (top) were TUNEL positive control. Grey:
bone; green: GFP; blue: TUNEL/DAPI; purple: cleaved caspase-3; arrows: apoptotic osteoblasts;
asterisks: surviving osteoblasts. Representative from three heavily infiltrated mice injected with T-

ALL from two primary donors. Adapted from (Hawkins et al., 2016).
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4.7 - Discussion

Previous work in the group had led to the conclusion that T-ALL seeding and onset is
niche-agnostic (Hawkins et al., 2016). Using four-dimensional intravital imaging I directly
measured the interactions of chemoresistant T-ALL with the surrounding BM
microenvironments, namely osteoblasts, perivascular Nestin® MSCs and blood vessels. I
chose these three stroma components because they have been shown to regulate HSC
function in the BM (Calvi et al., 2003; Mendez-Ferrer et al., 2010; Nombela-Arrieta et al.,
2013). Furthermore, Col2.3" osteoblasts were associated with the maintenance of lymphoid
progenitors (Ding and Morrison, 2013; Greenbaum et al., 2013).

Using a combined approach of tile scan and time-lapse microscopy, followed by bespoke
computational measurement of data (Khorshed et al., 2015), I made unbiased quantification
of chemoresistant T-ALL cells’ proximity to stroma as well as observations of T-ALL cell
behaviour. 1 concluded that surviving T-ALL cells were extremely motile, maintaining
transient interactions with their surroundings. This observation is in contrast with another
study suggesting that immotile T-ALL cells reside in vascular sites (Pitt et al., 2015).
However, this study is based on short-term (about 20 minutes) imaging sessions with variable
temporal resolution, which I have highlighted to be insufficient to identify the migratory
behaviour of T-ALL cells. Using 3 hour-long time-lapse imaging with constant Z stack (3
dimensional) acquisition every 3 minutes (temporal resolution), it was possible to generate
cell tracks sufficiently long to demonstrate the migratory behaviour of T-ALL cells and to
reveal the niche-agnostic characteristics of T-ALL cells. 1 also observed a stochastic
distribution of resistant T-ALL relative to osteoblasts, Nestin' cells and blood vessels, which
again supports the view that chemoresistant T-ALL is niche-independent.

To highlight the translational potential of these conclusions I also studied primary human
T-ALL cells xenotransplanted into NSG mice. After dexamethasone treatment, surviving
human cells in the BM space were highly migratory, corroborating the notion that
chemoresistant T-ALL is not dependent on long-lived interactions with specific stromal cell
types. Nevertheless, it is important to know whether the increased migration and active
proliferation reported here are exclusive to dexamethasone resistance or a more general
behaviour following chemotherapy. Since vincristine is another commonly used
chemotherapy drug in T-ALL treatment but with a different mechanism of action, I also
tested its effect of Notchl T-ALL cell migration. I observed similar results to the ones

obtained with dexamethasone. I expanded further the analysis of the effect of chemotherapy
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on T-ALL motility by ultimately testing combination treatment of dexamethasone, vincristine
and L-asparaginase. Surprisingly, T-ALL cells surviving this aggressive cocktail were the
fastest I could record. These data suggest that cell migration may be directly correlated with
chemoresistance in Notch-driven T-ALL. To test if non Notch-dependent T-ALL cells would
display a similar phenotype, I further explored the migratory behaviour of T-ALL cells by
timelapsing mice transplanted with TEL-JAK2 T-ALL cells both at seeding early disease and
post-dexamethasone treatment. Similarly to Notchl-driven T-ALL, TEL-JAK2 cells were
motile, although their speed did not increase upon dexamethasone treatment. Furthermore I
did not test the additional therapies, namely the co-treatment with dexamethasone, vincristine
and L-asparaginase. Such a stronger selective pressure could have led to the selection of
faster chemoresistant T-ALL clones. Nevertheless, the maintained migratory behaviour of
TEL-JAK2 T-ALL cells after dexamethasone therapy argues against the idea of specific BM
niche maintaining stable, long-lived interactions with T-ALL cells. The mechanisms that
explain the migratory behaviour of chemoresistant T-ALL cells is however unexplored.

Altogether, these findings have potential to influence the design of future therapies
targeting clinical resistance to chemotherapy, highlighting the importance of leukaemic cell
intrinsic mechanisms over extrinsic regulation by niches. Nevertheless, targeting stroma
might be an important strategy to protect normal haematopoiesis during leukaemia. Indeed,
our previous findings show a dramatic destruction of osteoblasts, cells that sit in the
endosteum, participate in bone formation and regulate HSC function (Hawkins et al., 2016).
Here, I show that the loss of osteoblasts happens through apoptosis. In the endosteum, a
unique population of endosteal blood vessels is found regulating osteogenesis (Kusumbe et
al., 2014) and HSCs (Kusumbe et al., 2016). Endosteal vessels are selectively lost in ageing
(Kusumbe et al., 2016) and AML (Chapter 3). In Chapter 3, I reasoned that T-ALL could be
changing this population as well. I observed, however, that endosteal vessels were maintained
in T-ALL (Chapter 3). Altogether, I demonstrate that osteoblasts, but not endosteal blood
vessels, are lost in T-ALL. Osteoblasts are responsible for bone production and associated
with HSC maintenance, including in the context of leukaemia. Therefore, targeting the
reported osteoblastic apoptosis may improve the reduced bone mass frequently observed in
patients and survivors of T-ALL (Wilson and Ness, 2013) and contribute to maintain healthy
haematopoiesis, commonly disrupted in leukaemia patients (Bowers et al., 2015).

It is not clear what are the specific signal transduction pathways involved in the

apoptosis of osteoblasts (Hock et al., 2001). There are putative mechanisms that might lead to
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programmed cell death of osteoblastic cells in T-ALL, namely an increase in the levels of
TNF. TNF was previously shown to induce apoptosis of both murine and human osteoblasts
(Jilka et al., 1998; Kitajima et al., 1996; Tsuboi et al., 1999). Furthermore, TNF contributes to
bone turnover and loss (Kimble et al., 1997). Whether TNF is increased and leads to the
observed loss of osteoblasts in mice burdened with T-ALL cells remains to be explored.
Remodelling of the extracellular matrix (ECM) might also underlie the loss of osteoblasts.
For example, fibronectin fragments, in contrast with full-length fibronectin, induce apoptosis
of mature osteoblasts (Globus et al., 1998). Fibronectin is a fundamental ECM component
and is cleaved by metalloproteinases (MMPs) (Zhao et al., 2004). Paediatric and adult ALL
patients have increased expression of MMP-2 and MMP-9 (Kuittinen et al., 2001). It is
possible that the increased levels of MMPs induce osteoblast apoptosis through fibronectin
fragmentation. Future studies should therefore explore the factors involved in the apoptosis of
osteoblasts in T-ALL and investigate targeted anti-apoptotic strategies to salvage the

endosteal microenvironment.
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Chapter 5

Impact of chemotherapy and CXCR4 inhibition on
T-cell acute lymphoblastic leukaemia and acute

myeloid leukaemia in vivo cell migration

5.1 - Introduction

The majority of AML patients (Dohner et al., 2015) and a significant number of relapsed
T-ALL patients (Pui et al., 2008) have a bad prognosis with poor response to conventional
chemotherapy. There is therefore a need for understanding drug resistance mechanisms in
these diseases and a demand for new and more effective drugs. A popular theory is that
leukaemic cells depend on nurturing and protective BM niches to expand and survive (Lane
et al., 2009). Nalm-6 cells (an ALL cell line) were shown to home to specific vascular
domains expressing E-selectin and CXCL12 (Sipkins et al.,, 2005). Furthermore,
chemoresistant AML LSCs were shown to preferentially engraft and survive in osteoblastic-
rich endosteal areas (Ishikawa et al., 2007). However, currently there is little information on
the dynamics of leukaemia cells themselves in vivo to support the hypothesis that BM niches
regulate the behaviour of leukaemia cells. Using IVM, our group has recently showed that
Notchl-driven T-ALL is not dependent on specific microenvironments (Hawkins et al.,
2016). Notably, in Chapter 4, I describe my observations that chemoresistant T-ALL cells are
highly motile, maintaining only short-lived interactions with the surrounding stroma (Chapter
4 and (Hawkins et al., 2016)). An open question is how other types of leukaemic cells,

including AML cells, migrate and respond to chemotherapy in their natural in vivo BM
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environment. Additionally, the importance of leukaemia-microenvironment interactions and
in vivo role of its mediators, such as CXCL12, in driving leukaemic cell motility is unknown.

CXCR4 is the main CXCL12 receptor, with major roles in cardiovascular development,
neurogenesis and haematopoiesis (Sugiyama et al., 2006; Tachibana et al., 1998; Zou et al.,
1998). CXCR4 is an essential component responsible for maintenance of HSCs (Sugiyama et
al., 2006) and B cells (Beck et al., 2014) in the BM, and has been implicated in BM
metastasis of breast cancer cells (Muller et al., 2001). A recent study has shown that
CXCL12, a chemokine abundantly secreted in the BM, is key for T-ALL survival (Pitt et al.,
2015). Similarly, small molecule antagonists of CXCR4, the principal CXCL12 receptor,
were shown to promote mobilization and apoptosis of AML cells (Abraham et al., 2017;
Nervi et al., 2009; Zeng et al., 2009). CXCR4 antagonists combined with existing treatment
regimens are currently in clinical trials for relapsed or refractory AML, with positive results
(Borthakur et al., 2014; Uy et al., 2012). These studies suggest that inhibiting CXCR4 might
form an important arm of future therapeutic approaches for specific blood cancer lineages.
Nevertheless, the direct effect of CXCR4 inhibition on either T-ALL or AML in situ is
unknown. Understanding the specific biological response of leukaemia cells to CXCR4
inhibition will significantly aid in refining the use of CXCR4 antagonists to maximise
therapeutic efficacy. CXCR4 is a known regulator of cell migration (Doitsidou et al., 2002).
Our group previously showed that HSCs exposed to nematode infection become migratory in
transplant recipients and express higher levels of CXCR4 than naive HSCs (Rashidi et al.,
2014). This raises the question whether CXCR4 modulation may affect leukaemia cell
migration, as this may relate to disease outcome.

Thus, in this study I have combined [IVM of calvarium BM with preclinical models of T-
ALL (Notchl-driven T-ALL (Hawkins et al., 2016)) and AML (MLL-AF9-driven AML
(Krivtsov et al., 2006)) to perform in depth characterization of (1) response of leukaemia
cells to chemotherapy and (2) effect of CXCR4 inhibition on the migratory behaviour of T-
ALL and AML in situ.
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5.2 - Chemotherapy differentially affects T-ALL and AML cell migration in situ

Using time-lapse IVM, I analysed the motility of single leukaemic cells during disease

establishment, when cells were either isolated or grouped in small clusters, and following

treatment with clinically relevant chemotherapy regimens (Figure 5.1).

Notch1 T-ALL
MLL-AF9 AML

IVM

BM seeding
(D10-D14)

- >

Full infiltration Chemotherapy

IVM

(D18-D22) >

Chemoresistant
cells

Figure 5.1 - Intravital imaging schedule. Mice carrying either T-ALL or AML blasts are imaged at

early disease stages (day 10-14), when individual seeding cells could be tracked, and at later stages,

after fully infiltrated mice were treated with disease-specific chemotherapy and single chemoresistant

cells could be monitored.
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Consistent with our previous studies (Hawkins et al., 2016), T-ALL cells were highly
migratory (Figure 5.2). However, a previously unreported finding is that AML cells are also
highly dynamic and indeed migrate faster than T-ALL cells in the BM at early stages of
disease (Figure 5.2). Together, these findings suggest that migration is a conserved trait of

malignant cells of both lymphoid and myeloid origin.
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Figure 5.2 — AML cells are more motile than T-ALL cells. Mean speed of single blasts at early
disease stages (“Seeding”). Data obtained from 3-4 mice per condition. Plotted data represent semi-

automatic tracking of 187 seeding T-ALL cells and 198 seeding AML cells.
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5.3 - Chemotherapy differentially affects T-ALL and AML in vivo cell migration

As described in Chapter 4 and (Hawkins et al., 2016), T-ALL cells resistant to combined
dexamethasone, vincristine and L-asparaginase were consistently more migratory than
untreated cells (Figure 5.3). In contrast, AML cells surviving cytarabine and doxorubicin
induction chemotherapy were less migratory than seeding AML cells (Figure 5.3). This
observation highlights previously unknown differences in cell migration between AML and
T-ALL cells that survived chemotherapy. This is consistent with the hypothesis that, although
dynamic, AML cells may depend on specific niches to survive (Lane et al., 2009).
Furthermore, the increase in migration was specific to chemoresistant Notchl T-ALL cells,
not MLL-AF9 AML cells, suggesting that the observed phenotype is unlikely to be a
consequence of BM space being emptied, but rather a unique, cell-intrinsic trait of

chemoresistant T-ALL cells.
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Figure 5.3 — Chemotherapy differentially affects T-ALL and AML cell migration. Mean speed of
single blasts at early disease stages (“Seeding”) (same data as in Figure 5.1) and after chemotherapy
(“Post-chemo”). Data obtained from 3-4 mice per condition. Plotted data represent semi-automatic
tracking of 187 seeding T-ALL cells, 97 post-chemo T-ALL cells, 198 seeding AML cells, 103

chemoresistant AML cells.
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5.4 - CXCR4 expression in AML and T-ALL blasts

To investigate the role of CXCLI12 in leukaemic cell motility, I first assessed the
expression of CXCR4. T-ALL and AML blasts expressed higher amounts of CXCR4
compared to healthy lymphoid and myeloid counterparts (Figure 5.4A). Interestingly, the
proportion of CXCR4" chemoresistant cells was variable in T-ALL, but increased in
chemoresistant AML as compared to early disease (Figure 5.4B). This observation is
consistent with the hypothesis that AML cells survive in CXC12-rich BM niches (Lane et al.,
2009), but chemoresistant T-ALL cells’ distribution is stochastic in nature (Hawkins et al.,

2016).
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Figure 5.4 - CXCR4 expression in AML and T-ALL blasts. (A) Flow cytometry analysis of
CXCR4 expression in AML, T-ALL, CD3" T and CD11b" myeloid cells. Plots are representative of 5
independent AML and 4 T-ALL batches, and BM from 3 control mice. (B) Frequency of CXCR4"
AML (left) and T-ALL (right) cells before and after chemotherapy treatment, assessed by flow
cytometry. Left panel (AML): data obtained from 5 mice burdened with AML (5 AML batches)
untreated and 3 mice co-treated with cytarabine and doxorubicin (1 AML batch). Right panel (T-
ALL): data obtained from 7 mice burdened with T-ALL, untreated, and 5 mice co-treated with

dexamethasone, vincristine and L-asparaginase (1 T-ALL batch). Error bars: mean + SEM.
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5.5 - CXCR4 inhibition mobilizes AML and T-ALL blasts in vivo

To understand the short-term effect of CXCR4 inhibition, I performed time-lapse [IVM
(Figure 5.5A) of the same BM areas before and after administering AMD3100 (4mg/kg,
[.V.). AMD3100 is a clinically approved CXCR4 antagonist (plerixafor) used to mobilize
HSPCs for transplantation. The efficacy of AMD3100 was confirmed by visualization of T-
ALL and AML cells’ mobilization from the BM parenchyma into circulation (Figure 5.5B
and C, Supplementary Videos 5A and 5B), a known effect of CXCR4 antagonism (Nervi et
al., 2009; Pitt et al., 2015).

A

1.5hours AMD3100 |15 min 3 hours _Image
IVM cell tracking | (4mglkg; IV) | Wait VM cell tracking  analysis
in same area
B T-ALL C AML

Pre-AMD3100 Post-AMD3100 Kym. Pre-AMD3100 Post-AMD3100 Kym.

awn

Chemoresistant
awn
Chemoresistant
awn

Figure 5.5 — AMD3100 mobilizes blasts from the BM. (A) In each imaging session, several
positions within the BM space were selected and time-lapse recorded every 3 minutes, for 90 minutes.
15 minutes after injection of AMD3100, the same positions were timelapsed at the same rate for a
further 3 hours. (B, C) Maximum intensity projections of representative BM areas showing seeding
and chemoresistant T-ALL (B) and AML (C) cell mobilization upon AMD3100 injection. Left and
middle panels: red, leukaemia cells; green, FIk1-GFP" endothelial cells; blue, Cy5- labelled dextran
inside blood vessels. Right panels are kymographs displaying a time projection of the vessel sections
highlighted by the yellow lines in the left and middle panels. The dotted yellow lines separate time
prior to (top) and following (below) AMD3100 administration.
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5.6 - CXCR4 inhibition restrains T-ALL but not AML cell migration within the
BM

I next investigated the effect of CXCR4 antagonism on non-mobilized, parenchymal T-
ALL and AML cell migration. AMD3100 strikingly decreased T-ALL cell speed at both
seeding and post-chemotherapy stages (Figure 5.6A-C, Supplementary Video 5C). In
contrast, the speed of AML cells was not affected by AMD3100 (Figure 5.6A-C,
Supplementary Video 5D). This was confirmed by the analysis of local displacement of T-
ALL and AML blasts before and after AMD3100 treatment (Figure 5.6D). These
observations are consistent with previous in vitro work showing that CXCR4-deficient T-

ALL cells have decreased migration (Passaro et al., 2015).
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Figure 5.6 — The effect of AMD3100 on in vivo leukaemic cell migration. (A) Mean speed of

single T-ALL and AML cells tracked before (-) (same data as in Figure 5.3) and after (+) exposure to
AMD?3100. Data obtained for T-ALL seeding: n=187 cells (-), n=265 cells (+) from 3 mice; T-ALL
chemoresistant: n=97 cells (-), n=83 cells (+) from 3 mice; AML seeding: n=198 cells (-), n=262 (+)
from 4 mice; AML chemoresistant: n=103 cells (-) and n=134 cells (+) from 3 mice. (B) Paired
analysis of mean speed of tracks in the same areas before and after AMD3100 injection. Original
tracking data obtained as in panel A; each dot represents average measures from one position. (C)
Representative tracks of seeding T-ALL cells before (1.5 hours) and after (3 hours) exposure to
AMD3100. (D) AMD3100 significantly diminishes the local cell displacement of seeding and
chemoresistant T-ALL cells, but not of AML cells. Shown is the averaged local displacement

measured in each of the positions shown in panel A.
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5.7 — AML receives multiple chemokine signals

The data described in sections 5.6 suggest that while CXCL12 is key for chemoresistant
T-ALL cell behaviour, this is not the case for AML cells. Therefore, these cells may rely on
additional factors and more complex crosstalk with the BM microenvironment. This was
supported by Gene Set Enrichment Analysis (GSEA) of Notchl T-ALL cells (data generated
by the Hawkins group - (Waibel et al., 2017)) and AML cells (Chapter 3) isolated from
infiltrated mice. GSEA showed that AML cells are enriched for expression of genes involved
in chemokine signalling pathways (“chemokine mediated signalling pathway” and “reactome
peptide ligand binding receptor”) and chemotaxis (“regulation of chemotaxis” and “leukocyte
chemotaxis™) (Figure 5.7). Together, these data suggest that redundancy in chemokine-

mediated migration might be a specific feature of AML
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Figure 5.7 — RNA sequencing analysis of AML and T-ALL blasts. GSEA comparing AML and T-
ALL cells isolated from fully infiltrated BM for genes involved in chemotaxis and chemokine

signaling pathways. Data obtained from 6 mice (T-ALL) and 9 mice (AML).
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5.8 - CXCR4 inhibition reduces T-ALL, but not AML cell clusters sizes

Interestingly, the size of T-ALL cell clusters diminished following AMD3100 treatment
(Figure 5.7A and B, Supplementary Video 5E), as a result of combined intravasation and cell
death. At this stage, cell death was qualitatively identified based on the phenotype of cells
that stopped moving entirely and became increasingly smaller until they disappeared

(Supplementary Video 5E).
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Figure 5.8 - AMD3100 effect on T-ALL cell clusters. (A) Representative maximum projections
from IVM 3-dimensional stacks acquired prior to and 180 minutes following AMD3100
administration, showing the effect of the drug on T-ALL cell clusters. Red: T-ALL cells; green: Flk1-
GFP' endothelial cells; blue: Cy5-labelled blood vessels. (B) CXCR4 antagonism produced a
significant reduction of early colonizing and chemoresistant T-ALL cell clusters as quantified by
paired analysis of mean fluorescence intensity of the same areas before and 180 minutes after
AMD3100 injection. Data obtained from 3 mice with early T-ALL infiltration and 4 mice with
chemoresistant T-ALL.
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In contrast, there was minimal AML cell death and a smaller reduction of AML cell
cluster sizes after AMD3100 injection (Figure 5.9A and B, Supplementary Video 5F). This

suggests that in contrast to T-ALL, the effect of CXCR4 inhibition on AML is mainly
restricted to mobilization.
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Figure 5.9 - AMD3100 effect on AML cell clusters. (A) Representative maximum projections from
IVM 3-dimensional stacks acquired prior to and 180 minutes following AMD3100 administration,
showing the effect of the drug on AML cell clusters. Red: T-ALL / AML cells; green: Flk1-GFP"
endothelial cells; blue: Cy5-labelled blood vessels. (B) CXCR4 antagonism produced minimal effect
on AML cluster sizes as quantified by paired analysis of mean fluorescence intensity of the same

areas before and 180 minutes after AMD3100 injection. Data obtained from 4 mice with early AML
infiltration and 3 mice with chemoresistant AML.
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5.9 - Discussion

Given the interest on a putative leukaemic niche that supports both early infiltration and
chemoresistant cells, | aimed to unravel the role of conventional chemotherapy and of
emerging anti-CXCR4 therapies in T-ALL and AML cell behaviour, in their natural BM
context.

I showed that cell motility is a characteristic feature of both types of leukaemia.
However, I demonstrate that in contrast with chemoresistant T-ALL, chemoresistant AML
cells are less motile and more engaged with the microenvironment.

The importance of the CXCL12/CXCR4 axis in BM homing is illustrated by the clinical
application of the CXCR4 antagonist AMD3100 to mobilise progenitors for HSC
transplantation (Chen et al., 2006). The use of AMD3100 and related antagonists has been
explored in AML (Nervi et al., 2009; Tavor et al., 2004; Zeng et al., 2009) and recently, in T-
ALL (Pitt et al., 2015). It should be noted that in pre-clinical studies, despite the encouraging
results, the response to CXCR4 antagonists is only partial and complete remission following
CXCR4 antagonists alone is not achieved (Pitt et al., 2015). Importantly, it is not known what
is the effect of these drugs on the in vivo behaviour of leukaemic cells. As recently
acknowledged (Hawkins et al., 2016), understanding the mechanisms driving the movement
of leukaemic cells might have therapeutic value.

Recently, Pitt et al. showed that T-ALL cells sit within CXCL12"¢" areas and are
partially killed by CXCR4 inhibition (Pitt et al., 2015). One might speculate that these
inhibitors increase cell migration, which contradicts our observation of fast moving
chemoresistant cells. Thus, I used our IVM system to investigate the effect of AMD3100 on
both T-ALL and AML cells, to identify whether this inhibitor may trigger some shared
responses between the two disease types. AMD3100 is also known as plerixafor and is a
clinically approved CXCR4 inhibitor used for progenitor recruitment in case of G-CSF
failure. Many studies looking at CXCR4 inhibition in leukaemia have used AMD3100, while
others have used more recently developed inhibitors, such as AMD3465, with a longer half-
life and higher potency (Pitt et al., 2015). Because the purpose of my study was to analyse the
short-term effect of CXCR4 inhibition, I decided to use the broadly available AMD3100
administered via [.V. injection.

As expected, I detected high CXCR4 expression on AML and T-ALL blasts in the BM.

Unexpectedly, chemotherapy seemed to select for a population of cells expressing higher
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levels of CXCR4 in AML, while no differences in CXCR4 levels were found when
comparing untreated and chemoresistant T-ALL cells.

When performing the IVM experiments, I observed a dramatic decrease of treatment-
naive and chemoresistant T-ALL cell migration following AMD3100 administration. These
data suggest that CXCL12 regulates T-ALL residence and migration inside the BM. It also
suggests that the high motility of chemoresistant cells might be targeted by CXCR4
inhibition.

In contrast with T-ALL, AML cell migration was not affected by AMD3100.
Interestingly, AML cells express high levels of CXCR4 and have a significant enrichment for
genes involved in chemokine-driven migration. It is possible that AML cells are more
engaged with the surrounding microenvironment and receive additional and redundant niche
signals, when compared to T-ALL. This would explain the lack of AML cell migration
response to AMD3100.

In summary, in this chapter I show that CXCR4 regulates retention in the BM for both
leukaemias, but that it is only fundamental for the exploratory behaviour of T-ALL cells
(Figures 5.10). These results suggest that CXCR4 targeting might be particularly useful in
relapsed or refractory T-ALL and support future investigations into the mechanisms

underlying the observed migratory phenotypes of leukaemic cells.
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Figure 5.10 - Proposed model for the effect of CXCR4 inhibition on T-ALL and AML cells.
CXCL12 is a crucial niche factor that binds CXCR4. Both T-ALL and AML cells express high levels
of CXCR4 at the cell surface level. CXCR4 antagonism can be achieved through the use of the
clinically available small molecule AMD3100 or plerixafor. Using IVM, I show that administration of
AMD3100 promotes the in vivo ousting of both propagating and chemoresistant T-ALL and AML
cells from the BM. This is consistent with the knowledge that CXCL12 is a key BM retention and
homing signal. In contrast, the motility of leukaemia cells from different lineages is differentially
impacted by CXCR4 antagonism. While AMD3100 significantly decreases the migration of both
propagating and chemoresistant T-ALL cells, it does not affect the movement of AML cells.
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Chapter 6

General Discussion and Conclusion

Tissue development and maintenance are determined by interactions between stem cells
and the surrounding microenvironment or niche. BM perivascular niches maintain adult
HSCs. Osteoblasts, endothelial cells and MSCs are key cell types that participate in the
regulation of HSCs and influence healthy haematopoiesis.

Acute leukaemias, including T-ALL and AML, develop rapidly and are characterised by
high relapse rates. Despite significant advances in our understanding of leukaemia genetics,
our failure to detect disease at early stages, prevent leukaemia and chemotherapy-induced
BM failure and the high resistance to chemotherapy have significantly affected improvement
in patient survival. Because HSCs and leukaemia share dependence on stroma-derived factors
such as CXCL12, an attractive hypothesis is that leukaemia resides in chemo-protective,
quiescence-inducing BM niches, similar to the endosteal and vascular niches known to
nurture HSCs (Lane et al., 2009; Morrison and Scadden, 2014). Alternatively, it has been
proposed that leukaemia cells disrupt the microenvironment and in this way favour their own
expansion (Arranz et al., 2014) and impair the maintenance of non-malignant haematopoiesis

(Colmone et al., 2008; Hanoun et al., 2014; Schepers et al., 2013).
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Figure 6.1 — The role of the BM microenvironment in leukaemia. It is currently not well
understood whether the HSC-supportive niches are co-opted by leukaemia cells to favor their
expansion and survival from chemotherapy. Inversely, leukaemic cells can also remodel the existing

microenvironment and in this way negatively impact on healthy haematopoiesis.
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In this work, I studied how AML cells remodel the HSC-supportive microenvironment in
vivo (Chapter 3), whether a specific niche supports T-ALL chemoresistance in vivo (Chapter
4) and how chemotherapy and CXCR4 influence leukaemic cell behaviour in vivo (Chapter
5). To address these questions, I used pre-clinical mouse models of leukaemia and studied
them using intravital confocal and 2-photon microscopy of the calvarium BM, complemented
by immunofluorescence stainings of BM sections, gene expression and protein quantification

assays (RNA-seq, qPCR, ELISA) and functional analyses.

In Chapter 3, I used a multi-modal microscopy strategy to monitor AML progression. It
revealed a focal and progressive endosteal vessel remodelling, coupled to loss of osteoblastic
cells and haematopoiesis. AML dramatically remodels endosteal stroma with osteoblastic
cells and endosteal vessels, which are locally decreased at earlier disease stages and globally
affected in advanced disease. The decrease of healthy haematopoietic cells was both
temporally and spatially correlated with the endosteal remodelling. HSCs were lost from the
BM when endosteal niches collapsed. Contrarily, HSCs increased in the spleen when splenic
blood vessels expanded. /n vivo cell tracking revealed increased vascular adhesion and
transendothelial migration of healthy haematopoietic cells. This likely promotes the loss of
healthy haematopoietic cells from the BM. To target the endosteal blood vessels I used the
iron-chelator and HIF-1a stabilizer deferoxamine (Kusumbe et al., 2014). Deferoxamine
administration partially rescued both vasculature and HSCs in endosteal areas. It has been
shown that AML relapse is initiated in endosteal areas (Ishikawa et al., 2007). I therefore
hypothesized that by inducing the endosteal endothelium it may be possible to increase
chemotherapy delivery to these areas. Indeed, genetic induction of endosteal vessels in
Fbxw7"“5¢ mutant mice (Kusumbe et al., 2016; Ramasamy et al., 2014) enhanced the action
of induction chemotherapy. Altogether, promotion of endosteal vessels rescued HSC loss and
improved the efficacy of chemotherapy, demonstrating the therapeutic value of preserving
endosteal vessels.

These results add endosteal transition blood vessels to the group of BM
microenvironment components disrupted in AML, which include Nestin® MSCs and NG2"
periarteriolar cells (Hanoun et al., 2014) and adipocytes (Boyd et al., 2017). The downstream
consequences of haematopoiesis shutdown and cytopenias in AML include infection,
anaemia and bleeding and can be fatal. A recent study has shown that AML patients with

lower HSC frequency have lower disease-free survival (Wang et al., 2017). Furthermore,
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mathematical modelling suggests that the loss of HSCs before AML relapse rely on the
dislodgment of HSCs from their niches (Wang et al., 2017). The results presented in Chapter
3 suggest that the destruction of the endosteal vascular niche in AML may be a key event in
the loss of HSCs. Future studies should explore the mechanisms underlying the remodelling
of the endosteal vasculature. For example, it should be assessed whether the increased local
levels of CCL2 and TNF act directly on the endothelium or contribute to the stromal

remodelling indirectly, through the recruitment of inflammatory cells.

In Chapter 4, I built on our previous observations that T-ALL seeding and expansion was
independent from known specific niche cell types (osteoblasts, blood vessels and Nes-GFP"
MSCs) (Hawkins et al., 2016) to ask whether chemoresistant T-ALL cells were dependent on
these microenvironments. I used IVM tile scans of the calvarium BM and automatic distance
quantification as an unbiased strategy to measure the distribution of single chemoresistant T-
ALL cells in the whole BM. I observed that individual T-ALL cells surviving dexamethasone
were randomly distributed in relation to osteoblasts, blood vessels and Nes-GFP™ MSCs. 1
then decided to track the behaviour of these cells. The assumption in the field is that cancer
cells survive in specific tissue areas where they are mainly immotile and maintaining long-
lasting interactions with surrounding stroma. Unexpectedly, I observed that chemoresistant
(dexamethasone-, vincristine- and dexamethasone plus vincristine plus asparaginase-
resistant) T-ALL cells were very motile. T-ALL cells surviving the more effective
combination drug treatment were the fastest I could record. Furthermore, I observed that
human T-ALL cells surviving dexamethasone were also more motile and that syngeneic
murine TEL-JAK2 T-ALL cells were still migratory after dexamethasone treatment. Overall,
these data argue against an important role of specific microenvironments in T-ALL and
suggest that new therapies targeting migration should be explored against chemoresistant T-
ALL. Further studies are needed to understand whether the observed migratory behaviour is
driven by cell-intrinsic or cell-extrinsic changes. If cell-extrinsic, it might be the result of
increased extracellular space to migrate, altered extracellular matrix or altered
cytokine/growth factor milleu that promotes cell motility. If cell-intrinsic, it should be
explored whether there are drug-induced changes in gene expression (e.g. because of new
mutations) or whether the observed migration is a consequence of selection of faster clones.

I also investigated the mechanism driving the decay of osteoblasts in T-ALL. We had

previously shown that osteoblasts were rapidly lost at late stages of T-ALL infiltration
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(Hawkins et al., 2016). In Chapter 4, I used immunofluorescence to show that osteoblasts
undergo apoptosis. Interestingly, I had observed that endosteal blood vessels were maintained
in T-ALL (Chapter 3), while dramatically lost in AML. In comparison to AML, blood
cytopenias are not as severe in T-ALL. This might be due to the coupled decay of endosteal

blood vessels and osteoblasts in AML and single loss of osteoblasts in T-ALL.

In Chapter 5, I explored the cell migratory behaviour of not only T-ALL but also AML
cells surviving chemotherapy. A major challenge in the treatment of patients with leukaemia
is the effective targeting of chemoresistant leukaemic cells. I had observed that T-ALL
surviving chemotherapy were characteristically more motile in the marrow space (Chapter 4).
A question that remained open was whether this observation was specific for T-ALL cells or
whether it was a more generalized trait of leukaemias, including leukaemias derived from
alternative lineages, such as AML. To address this problem, I resorted to the previously
described pre-clinical murine models of MLL-AF9 AML (Chapter 3) and Notchl-driven T-
ALL (Chapter 4). The treatment of mice fully infiltrated with AML and T-ALL cells was
carried out using the previously established regimens. Mice burdened with AML received
three days of co-treatment with Ara-C and Doxo followed by two days of Ara-C alone
(Chapter 3). Mice burdened with T-ALL were treated with three daily doses of
dexamethasone plus vincristine plus L-asparaginase (Chapter 4). The application of these
combination therapies is challenging because of the cumulative toxicity and narrow
therapeutic window. Nevertheless, these treatment strategies have the great advantage of
mimicking clinically relevant regimens used in patients with AML and T-ALL. A potential
pitfall of this approach is the use of different drugs in AML and T-ALL. At the end of the
treatment course, | used IVM to time-lapse single surviving leukaemic cells. In contrast to T-
ALL, chemoresistant AML cells were less migratory than their treatment-naive counterparts.
This is consistent with the hypothesis that the BM microenvironment is important in the
survival of AML cells.

The decreased mobility of chemoresistant AML cells suggests that these cells are more
engaged with the surrounding tissue. The CXCR4/CXCL12 axis is one of the mediators of
this crosstalk (Lane et al., 2009) and was recently shown to play a role both in AML and in
T-ALL survival and propagation. Using AMD3100, a well-established CXCR4 antagonist, I
showed that seeding and particularly chemoresistant T-ALL cells are highly dependent on
CXCLI12 to maintain their constant migration within the BM tissue. On the other hand, AML
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cells do not respond to AMD3100, suggesting that additional signals and more complex
crosstalk with the microenvironment might compensate for the loss of CXCL12 signals. This
hypothesis was corroborated by the analysis of RNA-seq data (Chapter 3 and (Waibel et al.,
2017)), which showed enrichment for genes involved in chemokine-driven motility in AML .
Altogether this work shows that CXCR4 is key for the residence of both AML and T-ALL in
the BM but that only T-ALL, and particularly chemoresistant T-ALL cell migration is
effectively halted by CXCR4 inhibition in vivo. These results highlight differences between
T-ALL and AML. Similarly to the observation that endosteal vessels are lost in AML bot not
in T-ALL (Chapter 3), the migratory phenotype and response to CXCR4 antagonism is also
leukaemia type-specific. Future studies should detail the specific components of the CXCR4
signalling pathway that are responsible for driving the migration of T-ALL cells.

Furthermore, the factors that drive AML cell migration in vivo should be further explored.

In summary, in this thesis I aimed to study the interplay of acute leukaemic cells with
their native BM microenvironment. To directly visualise this interplay in vivo, I studied well-
established syngeneic mouse models of AML and T-ALL. A comprehensive imaging
approach was applied by combining IVM with bone immunofluorescence. Using IVM, 1 was
able to capture dynamic events (e.g. cell migration) and to analyse with high-resolution
cellular events in their 3D natural in vivo marrow environment. Immunofluorescence was
complementary because it allowed a more complex phenotypic analysis (e.g. the
identification of Ki-67" proliferating cells, TUNEL" apoptotic cells) and the high-resolution
study of stromal cell populations in long bones, which was not possible with IVM of the
calvarium. Together, these imaging strategies have the advantage of providing spatial and
tissue-context information, which is not assessable through flow cytometry. Nevertheless,
flow cytometry was also frequently applied to provide quantitative power to the analyses and
to obtain sensitive and extended phenotypic information. This approach allowed me to gain
unique insight into previously unknown phenomena and biological behaviour in acute
leukaemias, such as failed angiogenesis in central mattow and endosteal vascular remodelling
in AML, apoptosis of osteoblasts in T-ALL, niche-independence and increased migration of
chemoresistant T-ALL cells and a differential role of CXCR4 activity in T-ALL and AML

cell migration.
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I believe the data presented in this thesis contribute to the understanding of the
physiopathology of T-ALL and AML and should be followed up by translational studies with

the ultimate aim of improving the morbidity and mortality of leukaemia patients.
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Appendix A — Supplementary Video legends

Chapter 3

Supplementary Video 3A — Inefficient angiogenesis in AML-burdened mice.
Representative maximum projection of 3D time-lapse data (shown at 10 frames per second)
of an area from a control (left) and leukemic (right) Flk1-GFP mouse collected every 90s for
90min (shown in figure 2G). Red arrowheads point to vascular sprouts that rapidly retract.
Black: Flk1-GFP+ cells. Representative of 4 control and 3 leukemic mice. Adapted from
(Duarte et al., 2018a).

Supplementary Video 3B — Blood vessel fragmentation in mice with AML.

Maximum projection of 3D time-lapse data (shown at 10 frames per second) of vascular
disintegration (circled area; red arrows) in a leukemic Flk1-GFP mouse. Filmed every 90s for
90min. Black: Flk1-GFP" cells. Equivalent events were never observed in control mice.

Adapted from (Duarte et al., 2018a).

Supplementary Video 3C — Circulating endothelial debris in BM vessels of AML-
burdened mice.

Representative 2D time-lapse data collected every 156ms for 4min 24s (shown at 5 frames
per second) from a Flk1-GFP mouse reconstituted with mTomato' healthy hematopoietic
cells (left; Control) and a Flk1-GFP mouse infiltrated with mTomato” AML (right; AML). In
control mice (left) no debris particles are detected in circulation but in leukemic mice (right)
frequent endothelial debris is found inside the vascular lumen, sometimes adhering to the
endothelium. Green: GFP signal; red: mTomato" healthy hematopoietic cells (left) or AML
cells (right); blue: Cy5-Dextran. Arrowheads follow some of the debris observed in
circulation. Representative of 3 control and 4 leukemic mice. Adapted from (Duarte et al.,

2018a).
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Supplementary Video 3D — Stroma dynamics in mice with AML.

Representative maximum projections of 3D time-lapse data (shown at 10 frames per second)
collected at ten-minute intervals for 7h and 20min from a mT/mG control (left) chimera and a
mT/mG chimera with high infiltration of GFP"YFP"™ AML (right). AML cells not shown for
clarity purposes. Red: mTomato" stromal cells; blue: Cy-5 dextran’ blood vessels. Arrows
follow oscillating vessels in AML-burdened mouse. Representative of 3 control and 3

leukemic mice. Adapted from (Duarte et al., 2018a).

Supplementary Video 3E — Cell adhesion to the splenic endothelium.

Representative maximum projections of time-lapse data (shown at 7 frames per second) of 2
areas scanned every 30s for 15min from the spleen of a leukemic Flk1-GFP mouse with
mTomato" residual healthy hematopoietic cells. In area 1, the arrow points to a healthy
hematopoietic cell adhering statically to the endothelium. In position 2, a cell adheres, crawls
and detaches from the endothelium. Green: Flk'™ GFP ECs; red: mTomato™ healthy

hematopoietic cells; blue: Cy5-Dextran. Adapted from (Duarte et al., 2018a).

Supplementary Video 3F — Transendothelial migration in the bone marrow.

Representative maximum projections of time-lapse data (shown at 7 frames per second) of 2
areas scanned every 30s for 15min from the BM of a leukemic Flk1-GFP mouse with
mTomato" residual healthy hematopoietic cells. In position 1, the arrow points to a normal
hematopoietic cell intravasating and leaving the BM. In position 2, a cell adheres and
extravasates towards the tissue. Green: Flk1® GFP ECs; red: mTomato’ non-malignant

hematopoietic cells; blue: Cy5-Dextran. Adapted from (Duarte et al., 2018a).

Supplementary Video 3G — Turbulent blood flow in vessels within AML infiltrated BM.
Representative maximum projection (shown at 7 frames per second) of a vascular bifurcation
area collected every 30s for 15min from the spleen of a healthy (left) and a leukemic (right)
Flk1-GFP mouse. Dark circles: AML cells form intravascular clusters that adhere to the
endothelium and block blood flow; Green: Flk1™ GFP ECs; Red: mTomato™ non-malignant
hematopoietic cells; Yellow: Cy5-Dextran. Adapted from (Duarte et al., 2018a).
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Chapter 4

Supplementary Video 4A — T-ALL cell migration and mitosis in dexamethasone treated
Nestin-GFP" mice.

Maximum projection of three-hour time-lapse data collected at three-minute intervals (15
frames per second) from mice after 2 days of treatment with 15mg/kg. Red: T-ALL cells;
green: Nestin-GFP" cells; blue: blood vessels. Arrows in paused frames point at cells about to

undergo mitosis. Adapted from (Hawkins et al., 2016).

Supplementary Video 4B - T-ALL cell migration and mitosis in vincristine treated
Nestin-GFP* mice.

Maximum projection of three-hour time-lapse data collected at three-minute intervals (shown
at 15 frames per second) from mice after 2 days of treatment with 0.15mg/kg. Red: T-ALL
cells; green: Nestin-GFP" cells; blue: blood vessels. Arrow in paused frame point at a cell
about to undergo mitosis. Bone and blood vessel signals of the first frame were maintained

throughout the movie for clarity purposes. Adapted from (Hawkins et al., 2016).

Supplementary Video 4C - T-ALL cell migration and mitosis in DVA treated mice.

Maximum projection of three-hour time-lapse data collected at three-minute intervals (shown
at 15 frames per second) from mice after 2 days of treatment with DVA combination therapy
(dexamethasone 15 mg/kg, vincristine 0.15mg/kg, L-asparaginase 1000 IU/kg). Red: T-ALL
cells; blue: blood vessels. Arrow in paused frame point at a cell about to undergo mitosis.
Bone and blood vessel signals of the first frame were maintained throughout the movie for

clarity purposes. Adapted from (Hawkins et al., 2016).

Supplementary Video 4D — Cell migration in TEL-JAK2 T-ALL disease burdened mice
Maximum projection time-lapse data collected at three-minute intervals (shown at 15 frames
per second) from mice at early seeding stages and from mice treated with dexamethasone
(15mg/kg) upon full intiltration. Green: GFP* TEL-JAK2 T-ALL blasts; blue: blood vessels;
grey: bone SHG.
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Supplementary Video 4E — Supplementary Video 2 - Human T-ALL cell migration in
dexamethasone treated NOD/SCID/y mice.

Maximum projection of time-lapse data collected at three-minute intervals (9 frames per
second) from NOD/SCID/y mice before, and after 14 days of treatment with 15mg/kg
dexamethasone treatment. Red: human T-ALL cells labelled by I.V. injection of CD45-PE;
grey: bone SHG. Adapted from (Hawkins et al., 2016).

Chapter 5

Supplementary Video SA — Seeding and chemoresistant T-ALL cell mobilization.

Representative maximum projection of 3D time-lapse data (shown at 10 frames per second)
of areas from Flk1-GFP mice acquired every 3min for 90 min prior and 180 min post-
AMD3100 administration. Single cells at seeding (first part) and chemoresistant (second part)
stages were tracked. Red: T-ALL cells; green: FlkI-GFP" endothelial cells; blue: Cy5-
labelled dextran inside blood vessels. The first frame of the blue channel was copied across
the full movie to correct for cy5 signal bleaching. Upon CXCR4 inhibition, mobilized T-ALL

cells are visible inside vessels.

Supplementary Video SB — AMD3100 promotes intravasation of AML cells.

Representative maximum projection of 3D time-lapse data (shown at 10 frames per second)
of areas from Flk1-GFP mice acquired every 3min for 90 min prior and 180 min post-
AMD3100 administration. Single cells at seeding (first part) and chemoresistant (second part)
stages were tracked. Red: AML cells; green: Flk1-GFP" endothelial cells; blue: Cy5- labelled
dextran inside blood vessels. The first frame of the blue channel was copied across the full
movie to correct for cy5 signal bleaching. Upon CXCR4 inhibition, mobilized AML cells are
visible inside vessels. Parenchymal cells maintain the same migratory behavior as prior to

AMD3100 administration.
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Supplementary Video SC — AMD3100 affects in situ migration of parenchymal T-ALL
cells.

Representative maximum projection of 3D time-lapse data (shown at 10 frames per second)
of areas from Flk1-GFP mice acquired every 3min for 90 min prior and 180 min post-
AMD3100 administration. Single cells at seeding (first part) and chemoresistant (second part)
stages were tracked. Red: T-ALL cells; green: FlkI-GFP" endothelial cells; blue: Cy5-
labelled dextran inside blood vessels. The first frame of the blue channel was copied across
the full movie to correct for cy5 signal bleaching. Upon CXCR4 inhibition, parenchymal T-
ALL cells are significantly less migratory.

Supplementary Video 5D — AMD3100 does not affect in situ migration of parenchymal
AML cells.

Representative maximum projection of 3D time-lapse data (shown at 10 frames per second)
of areas from Flk1-GFP mice acquired every 3min for 90 min prior and 180 min post-
AMD3100 administration. Single cells at seeding (first part) and chemoresistant (second part)
stages were tracked. Red: AML cells; green: Flk1-GFP" endothelial cells; blue: Cy5- labelled
dextran inside blood vessels. The first frame of the blue channel was copied across the full
movie to correct for cy5 signal bleaching. Upon CXCR4 inhibition, parenchymal cells

maintain the same migratory behavior as prior to AMD3100 administration.

Supplementary Video SE - AMD3100 induces T-ALL cell death, contributing to
dramatic reduction in cell cluster sizes.

Representative maximum projection of 3D time-lapse data (shown at 10 frames per second)
of areas from Flk1-GFP mice acquired every 3min for 90 min prior and 180 min post-
AMD3100 administration. Single cells at seeding (first part) and chemoresistant (second part)
stages were tracked. Red: T-ALL cells; green: FlkI-GFP" endothelial cells; blue: Cy5-
labelled dextran inside blood vessels. The first frame of the blue channel was copied across
the full movie to correct for cy5 signal bleaching. Clusters of early colonizing (first part) and
chemoresistant (second part) T-ALL cells are significantly reduced upon injection of
AMD3100. Arrows point at intravasating cells. Cell death caused by AMD3100 is frequent
and evidenced by reduction of the cell size and disappearance of fluorescent red signal over

time (arrowheads and circles).
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Supplementary Video 5F - AMD3100 induces little AML cell death and minimal impact
on cell clusters.

Representative maximum projection of 3D time-lapse data (shown at 10 frames per second)
of areas from Flk1-GFP mice acquired every 3min for 90 min prior and 180 min post-
AMD3100 administration. Cell clusters at seeding (first part) and chemoresistant (second
part) stages are marginally affected by AMD3100. Red: AML cells; green: Flk1-GFP"
endothelial cells; blue: Cy5-labelled dextran inside blood vessels. The first frame of the blue
channel was copied across the full movie to correct for cy5 signal bleaching. Arrows point at

intravasating cells.
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full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
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20. Other Conditions: Permission is granted to submit your article in print and electronic
format. This license permits you to post this Elsevier article online on your Institution’s
website if the content is embedded within your thesis.
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3. Scope of License; Limitations and Obligations.

3.1 All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder.
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terms and conditions, and conveys no other rights in the Work(s) to User. All rights not expressly granted are hereby
reserved.

3.2 General Payment Terms: You may pay by credit card or through an account with us payable at the end of the month.
If you and we agree that you may establish a standing account with CCC, then the following terms apply: Remit Payment
to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are payable upon
their delivery to you (or upon our notice to you that they are available to you for downloading). After 30 days,
outstanding amounts will be subject to a service charge of 1-1/2% per month or, if less, the maximum rate allowed by
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issuance of the Order Confirmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or through a
payment agent, such as a credit card company.

3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is “one-time” (including the
editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii) is subject to any
and all limitations and restrictions (such as, but not limited to, limitations on duration of use or circulation) included in the
Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the licensed use, User shall either
secure a new permission for further use of the Work(s) or immediately cease any new use of the Work(s) and shall render
inaccessible (such as by deleting or by removing or severing links or other locators) any further copies of the Work
(except for copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4 In the event that the material for which a republication license is sought includes third party materials (such as
photographs, illustrations, graphs, inserts and similar materials) which are identified in such material as having been used
by permission, User is responsible for identifying, and seeking separate licenses (under this Service or otherwise) for, any
of such third party materials; without a separate license, such third party materials may not be used.

3.5 Use of proper copyright notice for a Work is required as a condition of any license granted under the Service. Unless
otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as follows: “Republished
with permission of [Rightsholder’s name], from [Work's title, author, volume, edition number and year of copyright];
permission conveyed through Copyright Clearance Center, Inc. ” Such notice must be provided in a reasonably legible font
size and must be placed either immediately adjacent to the Work as used (for example, as part of a by-line or footnote
but not as a separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the Rightsholder and
CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified in
the Order Confirmation, in addition to the use fee itself and any other fees and charges specified.
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used in any way that is defamatory, violates the rights of third parties (including such third parties' rights of copyright,
privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In
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tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
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license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30 days of written
notice thereof shall result in immediate termination of such license without further notice. Any unauthorized (but
licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the
Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated
immediately for any reason (including, for example, because materials containing the Work cannot reasonably be
recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less than three times
the Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's and/or CCC's
costs and expenses incurred in collecting such payment.
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8.1 User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and
conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise for the purposes of
notifying User of such changes or additions; provided that any such changes or additions shall not apply to permissions
already secured and paid for.

8.2 Use of User-related information collected through the Service is governed by CCC's privacy policy, available online
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Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.If
you have any comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
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Nature Publishing Group hereby grants you a non-exclusive license to reproduce this material for this purpose, and for no
other use, subject to the conditions below:

1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse of this material. However, you
should ensure that the material you are requesting is original to Nature Publishing Group and does not carry the copyright
of another entity (as credited in the published version). If the credit line on any part of the material you have requested
indicates that it was reprinted or adapted by NPG with permission from another source, then you should also seek
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2. Permission granted free of charge for material in print is also usually granted for any electronic version of that work,
provided that the material is incidental to the work as a whole and that the electronic version is essentially equivalent to,
or substitutes for, the print version. Where print permission has been granted for a fee, separate permission must be
obtained for any additional, electronic re-use (unless, as in the case of a full paper, this has already been accounted for
during your initial request in the calculation of a print run).

3. Permission granted for a first edition does not apply to second and subsequent editions and for editions in other
languages (except for signatories to the STM Permissions Guidelines, or where the first edition permission was granted for
free).

4, Nature Publishing Group's permission must be acknowledged next to the figure, table or abstract in print. In
electronic form, this acknowledgement must be visible at the same time as the figure/table/abstract, and must be
hyperlinked to the journal's homepage.

5.  The credit line should read:Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference
citation), copyright (year of publication)For AOP papers, the credit line should read:Reprinted by permission from
Macmillan Publishers Ltd: [JOURNAL NAME], advance online publication, day month year (doi: 10.1038/sj.[JOURNAL
ACRONYM].XXXXX) Note: For republication from the British Journal of Cancer, the following credit lines apply.Reprinted by
permission from Macmillan Publishers Ltd on behalf of Cancer Research UK: [JOURNAL NAME] (reference citation),
copyright (year of publication) For AOP papers, the credit line should read:Reprinted by permission from Macmillan
Publishers Ltd on behalf of Cancer Research UK: [JOURNAL NAME], advance online publication, day month year (doi:
10.1038/sj.[JOURNAL ACRONYM].XXXXX)

6. Adaptations of single figures do not require NPG approval. However, the adaptation should be credited as
follows:Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME] (reference citation), copyright (year of
publication)Note: For adaptation from the British Journal of Cancer, the following credit line applies.Adapted by
permission from Macmillan Publishers Ltd on behalf of Cancer Research UK: [JOURNAL NAME] (reference citation),
copyright (year of publication)
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[JOURNAL NAME] (reference citation), copyright (year of publication).Note: For translation from the British Journal of
Cancer, the following credit line applies.Translated by permission from Macmillan Publishers Ltd on behalf of Cancer
Research UK: [JOURNAL NAME] (reference citation), copyright (year of publication)
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to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are payable upon
their delivery to you (or upon our notice to you that they are available to you for downloading). After 30 days,
outstanding amounts will be subject to a service charge of 1-1/2% per month or, if less, the maximum rate allowed by
applicable law. Unless otherwise specifically set forth in the Order Confirmation or in a separate written agreement signed
by CCC, invoices are due and payable on “net 30” terms. While User may exercise the rights licensed immediately upon
issuance of the Order Confirmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or through a
payment agent, such as a credit card company.

3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is “one-time” (including the
editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii) is subject to any
and all limitations and restrictions (such as, but not limited to, limitations on duration of use or circulation) included in the
Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the licensed use, User shall either
secure a new permission for further use of the Work(s) or immediately cease any new use of the Work(s) and shall render
inaccessible (such as by deleting or by removing or severing links or other locators) any further copies of the Work
(except for copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4 In the event that the material for which a republication license is sought includes third party materials (such as
photographs, illustrations, graphs, inserts and similar materials) which are identified in such material as having been used
by permission, User is responsible for identifying, and seeking separate licenses (under this Service or otherwise) for, any
of such third party materials; without a separate license, such third party materials may not be used.

3.5 Use of proper copyright notice for a Work is required as a condition of any license granted under the Service. Unless
otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as follows: “Republished
with permission of [Rightsholder’s name], from [Work's title, author, volume, edition number and year of copyright];
permission conveyed through Copyright Clearance Center, Inc. ” Such notice must be provided in a reasonably legible font
size and must be placed either immediately adjacent to the Work as used (for example, as part of a by-line or footnote
but not as a separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the Rightsholder and
CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified in
the Order Confirmation, in addition to the use fee itself and any other fees and charges specified.

3.6 User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work may be
used in any way that is defamatory, violates the rights of third parties (including such third parties' rights of copyright,
privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In
addition, User may not conjoin a Work with any other material that may result in damage to the reputation of the
Rightsholder. User agrees to inform CCC if it becomes aware of any infringement of any rights in a Work and to cooperate
with any reasonable request of CCC or the Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein, or any use of a Work which has been altered in any
unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy or other
tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO
USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for this license. User assumes full liability for the actions and omissions of its principals,
employees, agents, affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT
LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL
RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER
PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER
UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO
GRANT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of
the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of the
license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30 days of written
notice thereof shall result in immediate termination of such license without further notice. Any unauthorized (but
licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the
Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated




immediately for any reason (including, for example, because materials containing the Work cannot reasonably be
recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less than three times
the Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's and/or CCC's
costs and expenses incurred in collecting such payment.

8. Miscellaneous.

8.1 User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and
conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise for the purposes of
notifying User of such changes or additions; provided that any such changes or additions shall not apply to permissions
already secured and paid for.

8.2 Use of User-related information collected through the Service is governed by CCC’s privacy policy, available online
here: http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html.

8.3 The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign or
transfer to any other person (whether a natural person or an organization of any kind) the license created by the Order
Confirmation and these terms and conditions or any rights granted hereunder; provided, however, that User may assign
such license in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User’s rights in
the new material which includes the Work(s) licensed under this Service.

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its principals,
employees, agents or affiliates and purporting to govern or otherwise relate to the licensing transaction described in the
Order Confirmation, which terms are in any way inconsistent with any terms set forth in the Order Confirmation and/or in
these terms and conditions or CCC's standard operating procedures, whether such writing is prepared prior to,
simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the Order
Confirmation or in a separate instrument.

8.5 The licensing transaction described in the Order Confirmation document shall be governed by and construed under
the law of the State of New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy,
suit, action, or proceeding arising out of, in connection with, or related to such licensing transaction shall be brought, at
CCC's sole discretion, in any federal or state court located in the County of New York, State of New York, USA, or in any
federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order
Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.If
you have any comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
8400 or send an e-mail to info@copyright.com.
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