PhD Thesis - AL Boyd McMaster University - Biochemistry

INTERACTIVE PROPERTIES OF LEUKEMIA STEM CELLS

WITH THEIR ENVIRONMENT



PhD Thesis - AL Boyd McMaster University - Biochemistry

INTERACTIVE PROPERTIES OF LEUKEMIA STEM CELLS
WITH THEIR ENVIRONMENT

BY

ALLISON L BOYD, BSc, MSc

A Thesis
Submitted to the School of Graduate Studies
In Partial Fulfillment of the Requirements
For the Degree

Doctor of Philosophy

McMaster University

©Copyright by Allison L Boyd, November 2015



PhD Thesis - AL Boyd McMaster University - Biochemistry

Descriptive Note

Wilfrid Laurier University BACHELOR OF SCIENCE (2007) Waterloo, Ontario
(Biology)

Trent University MASTER OF SCIENCE (2009) Peterborough, Ontario (Life Sciences)

TITLE: Interactive Properties of Leukemia Stem Cells With Their Environment
AUTHOR: Allison Boyd
SUPERVISOR: Dr. Mick Bhatia

NUMBER OF PAGES: xiii, 232

ii



PhD Thesis - AL Boyd McMaster University - Biochemistry

Abstract

Rare cancer stem cells are thought to be responsible for relapsed disease in many
malignancies due to their preferential ability to evade cytotoxic therapy. The
hierarchical organization of cancer has been most thoroughly described in acute
myeloid leukemia (AML), in which leukemia stem cells (LSCs) have been shown to
both self-renew, and generate short-lived dysfunctional progeny. To date, most
investigational efforts to eradicate these cells have focused on their intrinsic
attributes. However, stem cell identities in the normal hematopoietic system are
uniquely maintained through associations with the microenvironment. Similar
context-dependent behaviour may also apply to malignant stem cells, although this
has not been well explored in AML. Therefore, I hypothesized that AML-LSCs are
sensitive to the conditions of their external environment, and that these influences can
be used to both understand chemotherapy resistance mechanisms, and to devise novel

therapeutic strategies.

We began by providing evidence that LSCs cannot be distinguished from
healthy hematopoietic stem cells (HSCs) based on a signaling pathway that has been
clinically shown to have therapeutic promise in AML. Instead, we showed that non-
hematopoietic cells in the bone marrow (BM) are more sensitive to these signals,
which may impact neighbouring LSCs in a non-cell-autonomous manner. We then
investigated whether LSCs interact with abnormal “niches” in BM, using

sophisticated xenograft modeling. Based on in situ tissue analysis and in vivo
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functional assays, we found that LSCs directly compete with healthy HSCs for shared
niche occupancy in BM, and equally require niche support to sustain their self-
renewal. Furthermore, this dependence could be exploited by cytokine dissociation
of LSC-niche interactions during transplantation therapy, to promote competitive

replacement by healthy HSCs.

Finally, we investigated the in vivo cellular events that lead to leukemic
relapse after chemotherapy, a process thought to occur due to niche-mediated
protection of quiescent LSCs. Our findings however challenge the conventional view
that LSCs are preferentially spared by cytotoxic therapy. While primitive leukemic
cells are initially suppressed following chemotherapy, we show that a unique
population assembles to regenerate the disease at a rate disproportionate to healthy
recovery. Focusing on these cells, we have described novel molecular hallmarks of
leukemic regeneration, and demonstrated that they can be targeted in combination
with chemotherapy to durably suppress leukemic growth. Collectively, the data
presented within this thesis offer a broader conceptualization of LSCs as interactive
components of the BM environment. This has revealed novel therapeutic paths to

ultimately enable LSC targeting on multiple fronts.
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Chapter 1: Introduction

Preface

Portions of this Chapter have been previously published in an original article.
Specifically, sections 1.3.1 and 1.3.2 have been adapted from a review originally

published in Current Opinion in Hematology:

Boyd, A. L., & Bhatia, M. (2014). Bone marrow localization and functional properties
of human hematopoietic stem cells. Current Opinion in Hematology, 21(4), 249-255.
doi:10.1097/MOH.0000000000000055 Copyright © Wolters Kluwer Health,

Lippincott Williams & Wilkins.

Figure 1.1 was also originally presented in this publication, and was prepared by

Claudia Hopkins.
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1.1 Overview

Hematopoiesis presents an ideal model system to study tissue organization due to
the ease of single cell purification and the availability of robust transplantation-
based assays. Studies of the hematopoietic system have paved our understanding of
somatic stem cell biology, and hematopoietic stem cell (HSC) transplantation
remains the greatest clinical success in regenerative medicine (Gratwohl et al., 2015;

Rouchi etal,, 2015).

The assays and principles that have guided the HSC field have also been used
to transform our perception of malignant hematopoiesis, particularly in acute
myeloid leukemia (AML). We now understand that leukemic cells are
heterogeneous, and possess a complex population structure that resembles the
hierarchical organization of healthy hematopoietic tissue (Dick, 2008). Leukemia
stem cells (LSCs) are hypothesized to provide a renewable source of dysfunctional
cells, and are thought to be the basis of disease relapse (Jordan et al, 2006).
However, these insights have yet to translate into changes in routine clinical
practice, and therapy options for AML patients have remained relatively static over

the last 30 years (Khan et al., 2012).

As the bone marrow (BM) microenvironment is recognized to strictly dictate
HSC activity and cell fate decisions (Mendelson and Frenette, 2014), it is important
to understand LSCs in this full tissue context as well. A careful characterization of

the healthy BM environment has been a prominent research focus within the last ten
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years, and this knowledge is now reaching maturity (Mendelson and Frenette,
2014). An extension of these concepts to leukemia biology is critical, and could

identify novel avenues for therapeutic LSC targeting.

1.2 Healthy hematopoietic stem cells

HSCs are rare BM-resident cells that are responsible for sustainable blood cell
production throughout life. This is achieved by balancing between states of self-
renewal and differentiation according to changing demands for circulating immune
cells and erythrocytes (Wilson et al., 2008). Specialized BM microenvironments or
“niches” play a fundamental role in the coordination of HSC activity based on
oscillating physiological conditions (Scadden, 2014). As a result, HSCs are
considered to principally remain quiescent unless activated to enter the cell cycle by
regulatory niche cues (Arai and Suda, 2007; Wilson et al,, 2008). The direct cellular
descendents of HSCs are transiently self-renewing progenitors that become
progressively lineage-restricted and give rise to terminally differentiated
hematopoietic cells. Accordingly, the hematopoietic system is structured as a

functional hierarchy with HSCs situated at the apex (Doulatov et al.,, 2012).

Initial evidence of hierarchical organization was derived from observations
that remarkable regeneration occurs following the intravenous transfer of
hematopoietic tissue to animals that had received otherwise lethal doses of
radiation (Ford et al., 1956; Till and McCulloch, 1961). Although it was originally

believed that humoral factors were responsible for provoking this regeneration,
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genetic studies indicated that hematopoietic reconstitution was in fact driven by the
cellular fraction of donor material, despite the fact that the majority of
hematopoietic cells are post-mitotic (Ford et al.,, 1956). In the past 60 years, the
hematopoietic hierarchy and related BM microenvironments have been carefully
characterized using a variety of in vitro and in vivo assays. Although they have been
associated with characteristic cell surface phenotypes (Bhatia et al.,, 1997; Notta et
al, 2011), HSCs cannot be recognized morphologically, and are only definitively
defined based on their functional properties. Therefore, indirect methods are
necessary in order to rigorously assess and quantify both HSCs and lineage-

restricted progenitors, based on retrospective analysis of their functional capacity.

1.2.1 Original self-renewal assays

Researchers Till and McCulloch pioneered the first experimental assay that provided
clear evidence for the existence of self-replenishing hematopoeitic cell populations
that could serve as reservoirs for continual blood production. They showed that
intravenously transplanted mouse BM cells are capable of forming discrete
macroscopic colonies in the spleens of syngeneic recipient mice pre-conditioned
with total body irradiation (Till and McCulloch, 1961). Further examination showed
that each colony contained as many as 10¢ cells, which were all direct genetic
descendants of individual donor cells (Becker et al., 1963; Till and McCulloch, 1961).
The donor cells capable of seeding these colonies (labeled spleen colony forming

units, CFU-S) were determined to be rare BM cells, estimated on the order of 10
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CFU-S per 10> nucleated cells (Till and McCulloch, 1961). Most importantly,
dissociation of individual colonies revealed heterogeneous mixtures of maturing
lineage-restricted precursors identifiable by histological examination (McCulloch,
1983), as well as infrequent cells able to seed new splenic colonies if transferred
into a new recipient host (Siminovitch et al, 1963). This represented the first
powerful demonstration that a single cell could give rise to both differentiated and

self-renewing progeny, the two necessary and fundamental features of HSCs.

1.2.2 In vitro assays of self-renewal

Although the CFU-S model offered an unprecedented method to quantify cells with
self-renewing potential, immune barriers between species precluded the use of this
transplantation-based assay to study human hematopoiesis at the time. However,
several years later, in vitro systems were developed to study colony forming activity
of mouse hematopoietic cells through culture in semisolid agar or methyl cellulose
preparations in which hematopoietic colonies could grow (Bradley and Metcalf,
1966; Ichikawa et al., 1966; Pluznik and Sachs, 1965). This in vitro colony forming
unit (CFU) assay was rapidly adapted to study human hematopoietic cells as well
(Pike and Robinson, 1970). Because of the viscosity of the semisolid media used,
cultures could be plated to ensure distributed suspensions of single cells, and
limited dispersal of their progeny. Therefore, each cellular aggregate that emerged
following 10-14 days of incubation could be reasoned to represent a colony of

descendant cells that were all derived from a single progenitor (Bradley and Metcalf,
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1966), a conclusion reinforced by genetic colony analysis (Fauser and Messner,
1978). Like the CFU-S assay, individual colonies contained both mature myeloid
cells, as well as rare cells that were capable of initiating new colonies upon physical
collection and re-plating as single cells (Ash et al,, 1981; Terstappen et al., 1991).
However, despite the value offered by the CFU-S and in vitro CFU assays to
understand the relationships between self-renewal and differentiation, both assays
predominantly focused on myeloid differentiation capacity, and it was unclear
whether myeloid and lymphoid lineages shared a common multipotent stem cell
ancestor (Abramson et al., 1977; Lowenberg and De Zeeuw, 1979). Additionally,
studies of mouse BM exposed to the cytoreductive agent 5-fluorouracil
demonstrated that this treatment eliminates CFU-S cells yet preserves a precursor
subset that can repopulate BM and give rise to CFU-S in vivo (Hodgson and Bradley,
1979). These observations suggested that a more primitive multipotent HSC may

exist.

Further refinement of in vitro and in vivo assays to detect more primitive
populations of HSCs required supportive conditions involving cellular elements of
the BM microenvironment, highlighting the cell extrinsic basis of HSC maintenance.
In order to extend the otherwise limited ability to propagate primitive
hematopoietic cells ex vivo, long-term co-culture systems were developed in which
mouse or human hematopoietic cells were cultured in direct physical contact with

adherent non-hematopoietic cells from the BM (Dexter et al.,, 1973; Dexter et al,,
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1980; Sutherland et al, 1990). This adherent support provided enhanced
preservation of cells with CFU capacity, and long-term culture initiating cells (LTC-
IC) were shown to represent upstream precursors relative to CFU cells (Andrews et
al., 1990; Sutherland et al,, 1990). However, LTC-IC cultures could not be extended
beyond 8-10 weeks (Sutherland et al, 1990), ultimately failing to reflect the

longevity of HSC populations in vivo.

1.2.3 In vivo assays of self-renewal

The most influential advance towards understanding human HSC biology was the
development of immune-deficient mouse strains that would allow multi-lineage
repopulation of the human hematopoietic system in a murine host, and provide
long-term maintenance of CFU populations in vivo (Kamel-Reid and Dick, 1988;
Lapidot et al., 1992; McCune et al,, 1988). Early xenotransplantation studies with
human hematopoietic cells were performed using recipient mice that were
homozygous for the severe-combined immunodeficiency (SCID) mutation,
preventing the development of cellular or humoral immune responses to human
antigens due to impaired genetic recombination ability in lymphocytes (McCune et
al., 1988). In order to improve the low levels of engraftment achieved using SCID
mice, this strain was crossbred with non-obese diabetic (NOD) mice to generate the
NOD/SCID strain (Shultz et al, 2005). In addition to the lymphocyte defects
associated with the SCID strain, NOD/SCID mice additionally have reduced natural

killer cell activity, and suppressed innate immune function (Shultz et al., 1995),
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allowing for more robust human engraftment (Larochelle et al., 1996). This strain
has remained popular for xenograft applications, and allowed the first quantitative
measurement of multi-potent repopulating cells by transplanting incrementally
limited hematopoietic cell numbers (Wang et al., 1997). These operationally defined
SCID-repopulating cells (SRCs) were confirmed to have self-renewal capacity as
demonstrated by serial transplantation into secondary recipient mice (Guenechea et
al, 2001), and have been shown to be more primitive than both CFU and LTC-ICs

based on retroviral marking studies (Larochelle et al., 1996).

Serial transplantation and limiting dilution quantification remain the gold
standards to measure the most primitive human HSC populations in vivo. Since these
initial foundational studies, further modification to increase the sensitivity of the
assay has involved cell delivery via intra-femoral transplantation (Mazurier et al.,
2003), as well as the development of increasingly permissive mouse strains. These
include the addition of the IL2Ryn!l mutation on the NOD/SCID background (NSG
mice) (Shultz et al., 1995), as well as the genetic introduction of human-specific
cytokines (Miller et al.,, 2012). In addition to these improvements, both retroviral
marking techniques and cell purification technologies have set the basis for detailed

phenotypic mapping of the human hematopoietic hierarchy (Doulatov et al., 2012).

1.2.4 Purification of hematopoietic stem and progenitor cells
The advent of flow cytometry and cell sorting techniques profoundly advanced the

ability to characterize primitive hematopoietic populations based on prospective
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isolation using cell surface antigen expression, followed by functional interrogation
with in vitro and in vivo assays (Dick, 2008). Consistent with the immature
cytomorphology of hematopoietic stem and progenitors cells (HSPCs), these
techniques established that HSPC populations widely lack mature lineage-specific
markers in both humans and mice (Andrews et al.,, 1990; Spangrude et al., 1988).
Therefore, cell purification measures to isolate primitive hematopoietic cells
routinely involve the physical removal of differentiated cell types using antibody
cocktails directed towards a collection of mature cell markers, a process called
lineage depletion (Lin’)(Spangrude et al., 1988). Beyond the absence of lineage
marker expression, the cell surface antigens that define human and mouse HSCs are
somewhat distinct. In the mouse system, the expression of stem cell antigen-1 and c-
kit are most widely associated with HSPCs and the identification of additional
antigens has led to HSC purification at nearly a single cell level (Benveniste et al,,

2003; Kiel et al., 2005; Matsuzaki et al., 2004; Spangrude et al., 1988).

In the human system, CD34 was identified as a surface marker associated
with morphologically primitive hematopoietic cells (also referred to as blasts) (Civin
et al.,, 1984), and the first phenotype described to enrich for cells with functional BM
repopulation ability was Lin"Thy1+*CD34* (Baum et al., 1992). Further quantitative
analysis demonstrated that functional repopulating cells were enriched in the Lin-
CD34+CD38- fraction, while Lin-CD34+CD38* cells only contained CFU progenitor

capacity (Bhatia et al., 1997; Hao et al., 1995). Recently, a refined cell surface
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phenotype was reported to purify human repopulating cells to a frequency of
approximately 1 in 4 cells, based on multi-lineage reconstitution of NSG mice upon
intra-femoral transplantation of single cells. These cells were distinguished by Lin-
CD34+CD38-CD45RA-Thy1+CD49f* surface marker expression and high rhodamine
dye efflux activity, and were shown to self-renew by serial transplantation (Notta et
al., 2011). However, it is important to note that although this may represent a nearly
pure fraction of HSCs, analysis of this population may not always provide a
comprehensive representation of the entire HSC pool, as repopulating cells also exist
within other phenotypic fractions, although at lower frequencies (e.g. CD34-; Bhatia

et al.,, 1998).

1.2.5 Signaling pathways critical to self-renewal

The processes of tissue pattern formation during embryogenesis and tissue repair in
adulthood share common regulatory pathways that dictate stem cell fate decisions
(Beachy et al, 2004). The Wnt, Hedgehog (Hh), and Notch signaling pathways
represent morphogen signals that are critical to embryonic development, and have
also been implicated in the regulation of HSC homeostasis (Campbell et al., 2008).
The Hh pathway has recently received particular attention as an appealing target in
several hematopoietic neoplasms (Lin et al, 2009), therefore it has become

important to clarify its role and requirement for healthy adult hematopoiesis.

The Hh pathway is structured with multiple ligand-dependent feedback

loops, which contribute to a sensitive level of regulatory control (Figure 1.1). The
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pathway becomes activated when one of three Hh ligands (Sonic Hh, Desert Hh, or
Indian Hh) bind to the transmembrane protein Patched 1, which interrupts its
repression of Smoothened, another transmembrane protein. Smoothened activity
results in the nuclear translocation of Gli transcription factors, of which target genes
include pathway components Glil and Ptchl, as well as cell cycle and cell fate
regulators cyclinD1, Bmp4, and Bcl2 (Duman-Scheel et al.,, 2002; Hooper and Scott,

2005).

While in vitro studies have indicated that Hh stimulation may be sufficient to
directly promote the expansion of human HSCs (Bhardwaj et al., 2001), mouse
models suggest that it may not be a necessary condition, as genetic inactivation of
the pathway throughout the hematopoietic system produces no remarkable
phenotype (Gao et al.,, 2009; Hofmann et al., 2009). However, mice with germline Hh
mutations affecting all tissue lineages manifest distinct alterations in their ability to
recover from hematopoietic injury resulting from chemotherapy treatment
(Merchant et al, 2010; Trowbridge et al, 2006). This suggests that intact Hh
signaling may instead be required within elements of the BM microenvironment that
support hematopoietic regeneration. In fact, in some solid tissues, it is well
established that epithelial cells secrete Ihh to the mesenchyme, which responds by
releasing factors that stimulate epithelial cell proliferation (Fabian et al, 2012;
Lamm et al.,, 2002; Shin et al,, 2011). Although BM osteoblasts have been shown to

be particularly responsive to Hh ligands (Kiuru et al, 2009), it remains to be
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determined whether HSC function is influenced by paracrine Hh signaling within the

niche, as is seen in solid tissues.

1.3 The HSC microenvironment

The mechanisms that either maintain self-renewing HSCs or direct their
differentiation are largely cell extrinsic in nature, as well evidenced by the loss of
functional HSC capacity that accompanies prolonged in vitro culture (Walasek et al,,
2012; Williams, 1993). In order to explain the rapid exhaustion of primitive cell
pools cultured ex vivo or through serial transplantation of CFU-S, Raymond Schofield
first theorized that the cellular identities of HSCs can only be maintained in the
context of their BM niches (Schofield, 1978). This concept of HSCs as “fixed tissue
cells” has since gained increasing experimental support. Together, in vivo analyses
employing genetic models, in situ high-resolution microscopy and sophisticated
transplantation experiments have proven to be invaluable towards the identification
of key specialized BM elements contributing to long-term HSC preservation (Joseph

etal., 2013).

1.3.1 Micro-architecture of the HSC microenvironment

Other than vasculature and neural innervation that are common to all tissues,
hematopoietic cells reside amongst specific mesenchymal cell lineages in the BM,
which form important structural components of bone. The heterogeneous cell types
that compose BM mesenchymal populations are often collectively referred to as

“stromal cells” (Krebsbach et al., 1999), however the diverse identifies of these cells
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and their relevance to HSC biology has been established with greater precision in
recent years. Although the hierarchical structure of mesenchymal populations is not
as well defined as in the hematopoietic system, mesenchymal stem cells (MSCs) have
been functionally described, which possess both self-renewal and multi-lineage
differentiation potential (Méndez-Ferrer et al,, 2010). MSCs have been shown to give
rise to adiopcytes, chondrocytes, and osteoblasts, and can be passaged in vivo
through serial transplantation (Méndez-Ferrer et al., 2010). In both humans and
mice, MSCs are most commonly identified by their adherence to plastic in culture, as

well as typical CD105*CD73+CD90+ cell surface phenotypes (Dominici et al., 2006).

Since the initial theoretical reasoning supporting the existence of HSC-
specific niches in BM (Schofield, 1978), concentrated efforts have systematically
evaluated the HSC-supportive capacities of BM-resident cell types on an individual
lineage basis. Such studies, informed mostly by promoter-driven cell ablation
techniques and static in situ microscopy, included the consideration of osteoblasts
(Calvi et al., 2003; Zhang et al., 2003), endothelial cells (Kiel et al., 2005), osteoclasts
(Lymperi et al, 2011), other BM-resident macrophages (Winkler et al.,, 2010),
megakaryocytes (Olson et al., 2013), non-myelinating Schwann cells (Yamazaki et
al,, 2011), T-regulatory cells (Fujisaki et al., 2011), adipocytes (Naveiras et al., 2009),
and MSCs (Mendez-Ferrer et al., 2010) (Figure 1.2). Of these cell types, osteoblasts
and endothelial cells initially emerged as promising candidates that attracted the

most attention as fundamental HSC regulators. In this context, endosteal and
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vascular BM regions were often juxtaposed as mutually exclusive territories, largely
based on the premise that the endosteum offers a hypoxic microenvironment, and
therefore must be poorly perfused (Eliasson and Jonsson, 2010). Current
understanding, however, favors a more integrated view between vasculature and
the endosteum. Endothelial cells have been reported to situate in close association
with osteoblasts in both the calvarium (Lo Celso et al., 2009) and the long bones
(Ellis et al., 2011; Hooper et al., 2009; Lassailly et al.,, 2013; Nombela-Arrieta et al.,,
2013; Xie et al., 2009), with suggestions that osteoblast-rich trabeculated areas may
even be more vascularized than central BM cavities (Lassailly et al., 2013; Xie et al,,
2009). Both osteoblasts and endothelial cells have been suggested to directly
contribute to the maintenance of HSC quiescence by supplying factors such as Stem
Cell Factor and Angiopoietin (Arai et al., 2004; Ding and Morrison, 2013; Zheng et al,,

2011),

More recently, important interactions between HSCs and functionally
primitive MSCs have been described within the BM (Mendez-Ferrer et al,, 2010).
However, it remains to be resolved whether MSCs unilaterally influence HSCs, or
whether these two cell types are reciprocally dependent, or are mutually regulated
by other sources. Under homeostatic conditions, both HSCs (Guezguez et al., 2013;
Kunisaki et al., 2013; Nombela-Arrieta et al., 2013) and MSCs (Kunisaki et al., 2013)
have been consistently observed to localize peripherally near the bone surface

rather than in central medullary regions. The interface between vasculature and the
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endosteum represents a site of arteriolar sympathetic innervation (Kunisaki et al.,
2013) and circulatory exchange between arteriolar and venous vessels (Nombela-
Arrieta et al., 2013). Therefore, the positioning of HSCs and MSCs at these bone-
proximal perivascular areas may in fact poise them to receive instructive signals

from neural (Katayama et al., 2006) and endocrine (Nakada et al., 2014) sources.

Although the exact BM microdomains that house HSCs have yet to be
discretely visualized, indirect evidence suggests that they are limited within BM and
can become saturated when the supply of HSCs exceeds available niches
(Czechowicz et al., 2007). This property has enabled the use of competitive
transplantation models to measure relative BM repopulation abilities between
different HSC populations with genetically identifiable markers (Harrison, 1980).
Such transplantation systems have even shown that metastatic solid tumor cells can
compete with HSCs to seed common BM niches (Shiozawa et al, 2011), but
competitive dynamics relative to malignant hematopoietic cells have not been

well studied.

1.3.2 Macro-architecture of the HSC microenvironment

In addition to detailed characterization of the cellular complement in the immediate
vicinity of phenotypic HSCs, multiple groups have also observed heterogeneous
localization of functionally defined HSCs across the gross anatomical topography of
BM space (Ellis et al., 2011; Grassinger et al., 2010; Guezguez et al., 2013; Haylock

and Nilsson, 2005). Using rigorous xenotransplantation assays, phenotypic and
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functional analyses by our group have revealed that transplanted human HSCs non-
randomly localize with preference to the trabecular-rich metaphyses of murine long
bones. In fact, primitive human CD34+CD38- cells isolated from trabecular bone ends
contained higher frequencies of repopulating cells over those isolated from the
central bone cavity, regardless of identical cell surface phenotypes (Guezguez et al.,
2013b). Others have come to similar conclusions using congenic mouse systems,
identifying enhanced reconstitutive capacities of HSCs based on their physical
isolation from metaphyseal rather than diaphyseal bone sites (Grassinger et al,
2010; Haylock and Nilsson, 2005; Lord et al., 1975). Critically, this finding was
reinforced by the examination of primitive hematopoietic populations according to
trabeculation gradients within primary human trephine biopsies, confirming the
direct clinical relevance of HSC spatial distribution within BM (Guezguez et al,

2013).

The selectively HSC-supportive potential of trabecular regions has been
collectively attributed to the unique molecular composition of regional osteoblasts
including elevated Jagged-1 expression (Guezguez et al, 2013), enriched bone
remodeling activity in the long bone extremities (Lassailly et al., 2013), and the
metaphyseal abundance of hyaluronic acid (Ellis et al.,, 2011), a cognate ligand for
HSC-expressed CD44 (Avigdor et al., 2004)(Figure 1.2). Ultimately, these studies
provide strong evidence that spatial BM localization can allow for the isolation of

functionally superior HSC populations despite cell surface phenotypic equivalence

16



PhD Thesis - AL Boyd McMaster University - Biochemistry

(Grassinger et al, 2010; Guezguez et al, 2013; Haylock and Nilsson, 2005),
highlighting the instructive role of the microenvironment in defining and

maintaining HSC cellular identities.

1.3.3 Trafficking and mobilization of HSCs

In early ontogenetic development of mammalian organisms, HSCs undergo
successive colonization of different microenvironmental sites before settling in BM
niches, where they reside throughout adult life (Mikkola and Orkin, 2006). The first
“definitive HSCs” capable of repopulating the BM of irradiated adult recipients
initially appear in the aorta-gonad-mesonephros region within the developing
embryo, and then seed the fetal liver, where they expand dramatically prior to
colonizing the BM at birth (Dzierzak and Speck, 2008; Medvinsky and Dzierzak,
1996). In addition to the migratory behaviour of HSCs during developmental
ontogeny, HSCs are thought to traffic in and out of the BM throughout life,
particularly in response to requirements for elevated hematopoietic cell production
(Lemoli and D'Addio, 2008). Several adhesion molecules have been identified to play
critical roles in regulating the homing and retention of HSCs in BM, including C-X-C
chemokine receptor type 4 (CXCR4), very late antigen 4 (VLA-4), and CD44
(Méndez-Ferrer and Frenette, 2007). Of these, genetic ablation of CXCR4 produces
the most profound hematopoietic phenotype, leading to embryonic lethality (Arroyo
et al.,, 1999; Protin et al,, 1999; Zou et al,, 1998). This developmental defect is also

mirrored by the genetic deletion of the CXCR4 ligand, C-X-C ligand 12
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(CXCL12)(Nagasawa et al., 1996). In both CXCR4-/- and CXCL12-/- mice, embryonic
HSC development proceeds normally to the fetal liver stage, however HSC
colonization of BM is severely impaired (Nagasawa et al.,, 1996; Zou et al,, 1998). In
BM, CXCL12 is highly expressed on osteoblasts, vascular cells, and MSCs
(Greenbaum et al., 2013) and its expression on these cells is regulated dynamically
in response to injury and hematopoietic demand (Casanova-Acebes et al., 2013;

Dominici et al.,, 2009; Mendez-Ferrer et al., 2008).

The CXCR4-CXCL12 axis plays a fundamental role in promoting HSC egress
from the BM under conditions of stress. Part of the hematopoietic injury response
involves the production of granulocyte colony stimulating factor (G-CSF) by
endothelial and hematopoietic cells (Cook et al., 2013), which stimulates the release
of proteolytic enzymes that cleave CXCL12 (Petit et al, 2002). As a result of
disrupted niche anchorage, HSCs become mobilized into the periphery (Petit et al,
2002). G-CSF also suppresses CXCL12 mRNA and protein levels within osteoblastic
populations, although this mechanism is incompletely understood (Katayama et al.,
2006; Semerad et al., 2005). Because of the potency of G-CSF mobilization, this
cytokine has been adopted in clinical settings to induce HSC egress from the BM to
facilitate HSC collection from venous circulation for transplantation purposes
(Méndez-Ferrer and Frenette, 2007). Other clinical mobilization strategies include
small molecule antagonists of CXCR4, such as AMD3100, which can also synergize

with G-CSF (Broxmeyer, 2005). While treatments targeted towards other adhesion
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molecules have also been shown to provoke HSC mobilization (e.g. VLA-4
antibodies) (Craddock et al, 1997), the CXCR4-CXCL12 axis remains the most

important molecular target of current clinical mobilization protocols.

1.4 Acute Myeloid Leukemia

AML is a blood disorder characterized by uncontrolled proliferation of non-
functional myeloid blasts arrested at various stages of maturation (Dohner et al,,
2010). AML cells are well suited to experimental manipulation using in vivo models,
and leukemic subpopulations have been empirically demonstrated to be functionally
heterogeneous (Bonnet and Dick, 1997; Hope et al,, 2004; Lapidot et al., 1994). For
these reasons, AML has become an appealing paradigm to better understand the
biological significance of hierarchical organization within neoplastic cell populations
(Dalerba et al., 2007; Felipe Rico et al.,, 2012). Since the original description of LSCs
(Bonnet and Dick, 1997; Hope et al,, 2004; Lapidot et al., 1994), evidence for similar
concepts of functional diversity has been pursued in multiple solid tumors such as
the breast and the brain (Al-Hajj et al., 2003; Singh et al., 2004). Therefore, novel
conceptual insights derived from AML studies have the potential to extend beyond
the scope of leukemia, and could be applied to other hierarchically organized
cancers. It is critical to develop novel therapy strategies to clinically target LSCs and
related cancer stem cell populations, as these unique and rare cells have been
hypothesized to underlie therapy resistance and disease relapse in both leukemia

patients and in solid tumors (Horton and Huntly, 2012; Jordan et al., 2006).

19



PhD Thesis - AL Boyd McMaster University - Biochemistry

1.4.1 Clinical characteristics and pathophysiology

AML is the most common form of adult leukemia and has a higher incidence among
older individuals, with newly diagnosed patients having a median age of 70 years
old (Estey and Dohner, 2006). Patients with AML frequently present with symptoms
related to underlying conditions of pancytopenia, including general fatigue,
weakness, and bleeding (Estey and Dohner, 2006; Meyers et al., 2005). Untreated
AML can ultimately result in serious infection as a consequence of the non-
functional nature of leukemic blasts, as well as inhibited maturation of healthy HSCs
(Estey and Dohner, 2006). These suppressive mechanisms of leukemic cells towards
healthy HSCs are likely to extend beyond physical crowding alone, as the
percentages of leukemic blasts do not reliably correlate with the severity of

cytopenia (Estey and Dohner, 2006).

Diagnostic assessments of suspected AML cases routinely comprise complete
blood counts and morphological examination of smears prepared from peripheral
blood (PB) and BM aspirates (Dohner et al., 2010). Multicolor flow cytometric
immunophenotyping of BM and PB cells are used to confirm the myeloid nature of
the disease and to determine blast cell lineages (Dohner et al,, 2010; Estey, 2011).
BM cells are additionally subjected to structural cytogenetic analysis, and are often
also analyzed by molecular cytogenetic techniques such as fluorescence in situ
hybridization, and molecular genetics to detect fusion genes or somatic mutations by

polymerase chain reaction (Déhner et al., 2010). Unless characteristic chromosomal
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rearrangements are detected such as t(8;21) or inv(16), a BM or PB blast percentage
of 220% is required for a definitive diagnosis of AML (Dohner et al,, 2010; Harris et

al,, 1999; Vardiman et al., 2002).

1.4.2 Etiological factors and risk stratification

There are few hereditary risk factors known to contribute to AML pathogenesis
other than germline trisomy 21 abnormalities (Nickels et al.,, 2013; Xavier et al,
2009). Recognized environmental risk factors include histories of exposure to
benzene, ionizing radiation, and chemotherapy (Estey and Dohner, 2006). As a
result, intensive cytotoxic therapy for solid tumors and other hematopoietic
disorders can cause predispositions towards developing AML as a secondary
malignancy (Larson, 2007). Progression to AML is particularly common among
patients with myelodysplastic syndromes (MDS), a group of clonal malignant
diseases leading to ineffective cell maturation in one or more hematopoietic lineages
(Corey et al., 2007; Shih and Levine, 2011). In addition to hallmark dysplastic
hematopoiesis, a BM blast percentage threshold of less than 20% represents the
main feature that distinguishes MDS from AML (Harris et al., 1999). Despite this
distinction, transformation to overt AML eventually occurs in approximately 30% of

MDS cases (Porwit and Saft, 2011).

Forms of AML that are secondary to antecedent neoplastic conditions are
often more aggressive than de novo disease and reliably carry a poor prognosis

(Godley and Larson, 2008; Larson, 2007). Other than previous history of malignant
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disease, current patient sub-classification and risk stratification schemes in AML
rely heavily on genetic characterization of leukemic cells (Harris et al, 1999;
Vardiman et al, 2002). The historical French-American-British (FAB) system
previously used to sub-stratify AML was originally founded upon cytomorphological
and cytochemical analyses aimed to determine the cell lineages represented by
leukemic blasts, as well as the extent of their maturation (Bennett, 1985; Bennett et
al, 1976). However, more contemporary Word Health Organization (WHO)
standards consolidate cytomorphological, genetic, and disease history data for a
more comprehensive classification of myeloid neoplasms according to features that
will reliably predict disease progression (Harris et al.,, 1999; Vardiman et al., 2002;

Vardiman et al.,, 2009).

Based on these WHO guidelines, the European LeukemiaNet organization has
devised a prognostic scoring system to divide AML patients into three genetic risk
tiers (Dohner et al.,, 2010). This defines several specific cytogenetic lesions as either
reliably favorable (e.g. t(8;21)(q22;922)) or unfavorable (inv(3)(q21q26.2))
prognostic indicators. Molecular genetics play an important role in appropriately
categorizing patients with normal karyotypes (consisting of almost 50% of the AML
patient population) (Doéhner et al., 2010; Estey and Dohner, 2006). Mutations in
recognized leukemia-associated genes such as CCAAT/enhancer binding protein o
(CEBPA), nucleophosmin 1 (NPM1) and fms-related tyrosine kinase 3 (FLT3)

determine whether normal karyotype patients fall into favorable or intermediate
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prognostic categories (Dohner et al., 2010). Together, these distinctions directly
inform therapeutic management decisions, particularly at the juncture of post-

remission therapy to prevent relapse (Dohner et al,, 2010).

1.4.3 Current standard of care and therapy response assessment

Upon diagnosis, therapeutic intervention is divided into two phases when pursued
with curative intent: induction therapy aimed to establish a state of remission,
followed by consolidation therapy designed to prevent recurrence of disease if
remission is successfully achieved (Estey and Dohner, 2006). Genetically defined
acute promyelocytic leukemia (APL) represents a unique subtype of myeloid
leukemia that is adequately managed by treatment with all-trans retinoic acid,
which can be delivered in combination with other agents such as arsenic trioxide
(Coombs et al., 2015). With this exception, the majority of AML cases are initially
treated according to common standardized induction chemotherapy protocols,
regardless of prognostic subtyping. Over the last 40 years, first line induction
therapy for AML has involved the nucleoside analogue cytarabine (AraC), which is
regularly paired with an anthracycline agent such as daunorubicin, typically

delivered for first 3 of 7 days of AraC treatment (Estey and Déhner, 2006).

Following induction chemotherapy, complete remission (CR) criteria includes
a reduction in leukemic blast percentages below 5% of BM nucleated cells, as well as
restoration of absolute platelet and neutrophil counts to normal ranges (Cheson et

al., 2003; Dohner et al,, 2010). Generally, induction therapy successfully establishes
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CR in 60-80% of younger patients below 60 years of age, and in 40-60% of older
adults (Rowe, 2009). If CR is achieved, preferred strategies for consolidation therapy
are informed by genetic risk stratification as well as patient age and physical

condition (Estey and Déhner, 2006).

A common form of consolidation therapy consists of multiple courses of high
intensity chemotherapy, of which AraC is a popular choice (Rowe, 2009; Stone,
2013). Patients classified in unfavorable cytogenetic risk groups are often offered
HSC transplantation (HSCT) from allogeneic donors, in the form of adult BM, G-CSF
mobilized peripheral blood, or umbilical cord blood (Hamilton and Copelan, 2012).
Although HSCT represents the most curative approach in AML, the benefits are
balanced by high morbidity risks, and this option becomes less practical for elderly
patients who have greater difficulty tolerating the procedure (Champlin et al.,, 2001;
Hamilton and Copelan, 2012; Rowe, 2009). The high intensities of the preparative
conditioning regimens and complications such as graft-versus-host disease result in
high rates of treatment-related mortality (Champlin et al, 2001; Rowe, 2009).
Therefore, continued efforts to reduce toxicity associated with HSCT are
strongly needed to advance post-remission therapy measures in AML, for
application across a wider patient population (Champlin et al, 2001).
Unfortunately, despite promising initial CR induction rates, only 10-30% of AML

patients benefit from durable disease-free survival over 5 years, due to frequent
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leukemic relapse and therapeutic toxicities that limit dose escalation (Bloomfield et

al,, 1997; Rowe, 2009; Rowe and Tallman, 2010).

1.4.4 The development of experimental AML models

Other than immortalized cell lines which have been suggested to deviate from their
original biology over time (Gillet et al., 2011), primary AML cells exhibit poor growth
in vitro (Clutterbuck et al., 1985; Sawyers et al., 1992). However, mononuclear cells
from AML patients have been shown to form colonies in semi-solid culture assays
developed to study the normal hematopoietic hierarchy (Moore and Metcalf, 1973).
In these studies, the leukemic origin of clonal growth has been confirmed by
karyotype analysis identifying patient-specific aberrations (Moore and Metcalf,
1973). Although AML cells often give rise to morphologically irregular colonies,
these colonies have been shown to produce progeny with moderate properties of
both self-renewal and differentiation (Griffin and Lowenberg, 1986), reminiscent of
healthy hematopoietic progenitors. These functional conclusions were based on the
observations of serial re-plating ability from individual colonies (Buick et al., 1979),
as well as the detection of cells that had acquired progressively differentiated
surface phenotypes and cytomorphology (Marie et al.,, 1981; Moore and Metcalf,
1973). While only rare cells have the capacity to form colonies in semisolid media,
and fewer maintain serial re-plating capacity (Buick et al.,, 1979), these assays are
considered to read out short-term progenitors with restricted regeneration

potential (Larochelle et al, 1996). Therefore, in vivo repopulation studies are
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necessary to comprehensively study long-term self-renewal capacity in AML

populations (Figure 1.3).

Initial efforts to transplant primary AML cells into SCID mice were challenged
by the inability to create orthotopic xenografts by intravenous transplantation
(Sawyers et al., 1992). However, this limitation was overcome by supplementing
SCID mice with human cytokine injections following transplantation (Lapidot et al.,
1992), and by the eventual application of the more permissive NOD/SCID strain
(Bonnet and Dick, 1997). Using these assays, SCID leukemia-initiating cells (SL-ICs)
were operationally defined to be rare cells with extensive regenerative capacity
(Bonnet and Dick, 1997; Lapidot et al,, 1994). Importantly, like their healthy SRC
counterparts (Bhatia et al, 1997), SL-ICs were restricted to the CD34+CD38-
phenotypic fraction, with little to no engraftment activity within CD34+CD38* or
CD34- cells (Bonnet and Dick, 1997; Lapidot et al., 1994). Engrafted human cells
lacked evidence of healthy hematopoiesis based on the exclusively myeloid
composition of reconstituted cells (Bonnet and Dick, 1997), and the consistent
identification of patient-specific chromosomal abnormalities (Lapidot et al., 1994). A
closer examination of leukemic grafts showed that the phenotypic diversity
characteristic of original patient cells had been faithfully recapitulated in the mice
(Bonnet and Dick, 1997), indicating a capacity for limited maturation along myeloid

lineages. In addition to this modest differentiation potential, xenografted AML cells
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also maintained self-renewal capacity, through serial transplantation and CFU

assessments (Bonnet and Dick, 1997; Lapidot et al., 1994).

The finding that CD34+*CD38- cells could engraft NOD/SCID mice and
maintain CFU capacity, but that CD34+*CD38* populations were restricted to CFU
formation was initially suggestive of a hierarchical organization in AML (Lapidot et
al., 1994). This hypothesis was further reinforced by lentiviral marking studies,
which established that like the healthy hematopoietic system (Guenechea et al,,
2001), the clonal lineages that compose the SL-IC pool possess variable capacities
for self-renewal (Hope et al., 2004). These seminal studies therefore provided the
first experimental evidence to support the hypothesis of rare LSCs that perpetuate
the production of short-lived leukemic blasts in vivo (Figure 1.3). Murine models of
AML have additionally been generated by the retroviral transduction of mouse BM
progenitors with characteristic AML fusion genes (e.g.,, MLL-AF9) (Krivtsov et al,,
2006). These studies also supported the emergence of an LSC-driven model in which
disease initiation capacity is limited to specific phenotypic subsets (Krivtsov et al.,
2006). While such engineered models of oncogene-driven AML offer valuable
insights into the causal contributions to disease by individual genetic lesions,
xenograft models have become favoured for pre-clinical testing of investigational
therapeutics, as they can capture a broad spectrum of realistic genetic mutations

(Sausville and Burger, 2006).
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1.4.5 Clinical implications of the cancer stem cell theory

In contrast to hierarchical models of disease, stochastic models of tumorigenesis
would predict that it would not be possible to purify specific sub-fractions with
reliable tumor-initiating capacity or lack thereof. Despite the strong experimental
evidence for the hierarchical organization of AML and other solid tumors (Al-Hajj et
al., 2003; Bonnet and Dick, 1997; Hope et al., 2004; Lapidot et al., 1994; Singh et al,,
2004), some groups have challenged the cancer stem cell theory (Kelly et al., 2007;
Quintana et al., 2008). Their work suggested that the inter-species boundaries
presented by xenotransplantation cause an underestimation of cancer stem cell
frequencies. Accordingly, they provided demonstrations that when immune barriers
were minimized, tumor-initiating capacity could be detected in the majority of cells
from human melanoma and transgenic murine hematopoietic malignancies (Kelly et
al,, 2007; Quintana et al., 2008). This distinction has important clinical ramifications,
as it informs whether it is necessary to uniformly target the entire tumor bulk or
whether the development of novel therapies should be tailored towards rare

functional subsets that may be molecularly distinct.

Despite these reports that some tumors may not be hierarchically arranged
(Kelly et al., 2007; Quintana et al., 2008), several lines of evidence reinforce the
continued relevance of the cancer stem cell model in many malignancies including
AML. First, recent in situ lineage tracing experiments suggest that rare clones drive

the growth of several types of murine tumors, with variable proliferative potential
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among clonal lineages (Driessens et al., 2012; Schepers et al., 2012). Second, not all
syngeneic transplantation models suggest that tumor-initiating populations are rare.
Syngeneic mouse transplants of mammary carcinoma or retinoblastoma cells have
shown that tumorigenic populations can be prospectively partitioned into tumor
initiating versus benign subpopulations (Kruger et al., 2006). Furthermore, over 50
years ago, tumor biopsies of volunteer human patients were dissociated and
autologously transplanted into their own thighs or forearms at various cell doses
(Southam and Brunschwig, 1961). These human studies showed that >10¢ tumor
cells were required to seed autologous tumor growth with no immune rejection
barriers, consistent with rare frequencies of tumor initiating cells (Southam and
Brunschwig, 1961). Third, increasing the immune deficiency of xenograft recipients
does not always indicate that cancer stem cells are abundant. While the
transplantation of human melanoma cells into NSG mice was shown to increase
engraftment capacity by several orders of magnitude relative to the less immune
compromised NOD/SCID strain (Quintana et al., 2008), the use of NSG mice as
recipients did not alter LSC estimates as dramatically in AML (Vargaftig et al., 2011).
Despite the moderately enhanced sensitivity of SL-IC detection in NSG mice, there
remain AML patient samples that fail to engraft even under these more permissive
conditions (current reports suggest sample engraftment rates of approximately
40%) (Shlush et al,, 2014), and estimated LSC frequencies remain rare (Agliano et
al,, 2008; Ishikawa et al., 2007; Sanchez et al., 2009; Sarry et al,, 2011; Vargaftig et

al, 2011).
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Although LSC frequency estimates are consistently low, the use of
increasingly permissive recipient mice has however suggested that LSC phenotypes
are not always restricted to CD34+CD38- fractions, and can be variable across
patients (Eppert et al,, 2011; Sarry et al,, 2011; Taussig et al., 2010). However, CD34+*
cells have been consistently found to possess higher LSC frequencies than their
CD34- counterparts, preserving the relative relationships originally described in
NOD/SCID mice (Eppert et al.,, 2011; Ishikawa et al., 2007; Martelli et al., 2010; Sarry
et al, 2011; Taussig et al., 2010). A recent report has directly addressed the
heterogeneity of LSC surface phenotypes, and systematically identified LSC-
containing fractions across a collection of AML patient samples (Eppert et al., 2011).
Independent of cell surface phenotypes, LSC-containing subsets were found to have
a unique gene signature relative to those that were devoid of LSC activity.
Furthermore, an application of this signature to a large cohort of unfractionated
AML samples revealed that poor survival outcomes were correlated with the
expression of LSC-related genes, emphasizing the clinical relevance of LSC biology
(Eppert et al,, 2011). Additional studies have also supported a relationship between
patient survival and leukemia initiating ability, using either NOD/SCID or NSG mice
as recipients (Monaco et al., 2004; Pearce et al., 2006; Vargaftig et al., 2011). These
findings reinforce the notion that LSCs are likely involved in therapy resistance
mechanisms in AML, as evidence of high LSC frequencies reliably predicts poor

patient outcomes following treatment, regardless of mouse strain used.
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1.4.6 Theories of therapy failure in AML

Relapsed disease becomes much less responsive to subsequent therapeutic
intervention (Forman and Rowe, 2013), and is the most frequent cause of mortality
among patients diagnosed with AML (Estey, 2012). There are several prevailing
theories to explain therapy resistance in AML, either involving selective fitness
advantages thought to be cell intrinsic in nature, or relating to the preferential

sparing of LSCs through their associations with the BM microenvironment.

To understand the genetic basis of disease recurrence, several studies have
performed longitudinal genomic profiling of AML cells retrieved from individual
patients at diagnosis and also at the point of subsequent relapse. Using single
nucleotide polymorphism arrays and whole genome sequencing, many patients
across three studies were found to have acquired novel mutations upon relapse
(Ding et al., 2012; Kronke et al,, 2013; Parkin et al.,, 2013). Although this provided
evidence of genetically evolving disease, relapsed leukemic populations were
however found to reliably reflect the characteristic background mutations originally
detected at diagnosis (Ding et al., 2012; Kronke et al., 2013; Parkin et al., 2013). This
finding is consistent with similar reports in acute lymphoid leukemia (Mullighan et
al, 2008) and suggests that rather than creating novel leukemic clones,
chemotherapeutic interventions primarily fail due to incomplete eradication of the
founding lineage of clonal leukemic cells. This does not eliminate the possibility that

chemotherapy may preferentially select for specific genetic subsets of leukemic
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disease. However, these studies were unable to identify distinct genetic lesions that
reliably associate with the dominantly emerging subclones across different relapsed
AML patients (Ding et al., 2012; Kronke et al., 2013; Parkin et al., 2013). As in-depth
exploratory studies of gene expression patterns between paired diagnosis and
relapse samples have not yet been performed, common molecular themes of
resistant disease are also not understood at the more global pathway level. As a
result, the molecular attributes that underlie selective chemoresistance
remain poorly characterized in AML, presenting a challenge for the design of

novel preventative measures against relapse.

More recent perspectives on chemoresistance in AML incorporate an
understanding of the hierarchical structure of the disease. LSCs are thought to
selectively survive chemotherapy due to their cell cycle quiescence, which
attenuates the effectiveness of agents that selectively target actively proliferating
cells (Jordan et al., 2006). In fact, AraC has been reported to less potently induce
apoptosis within phenotypically primitive CD34+CD38- AML cells relative to the bulk
leukemic population (Costello et al., 2000; Guzman et al., 2001; Ishikawa et al,,
2007), consistent with the relative cell cycle quiescence that has been documented
within this phenotypic subset (Guan et al., 2003; Ishikawa et al., 2007). The close
association between LSCs and the BM microenvironment has been specifically
hypothesized to maintain their dormant non-proliferative states. Accordingly, in

vitro experiments have shown that co-culture with BM-derived mesenchymal cells
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can reduce cell cycle activity in AML cell lines (Konopleva et al., 2002; Ramasamy et
al., 2007), and can protect primary patient AML cells from chemotherapy-induced
apoptosis (Garrido et al., 2001; Konopleva et al,, 2002). Therefore, increasing efforts
have been directed to better define the relationship between LSCs and the BM
microenvironment, to understand potential cell extrinsic mechanisms of therapy

failure in AML.

1.4.7 Therapeutic targeting of LSCs

The ability to prospectively purify LSC-enriched populations has led to efforts to
seek distinctive molecular features between HSCs and LSCs, for the ultimate
development of novel selective therapies to limit disease relapse. Gene expression
profiling or antigen screening using phage display libraries have identified several
surface proteins preferentially expressed in phenotypically primitive leukemic cells
relative to matched healthy populations (Bakker et al., 2004; Hosen et al., 2007;
Jordan et al., 2000; Majeti et al., 2009; Saito et al., 2010a). These LSC-specific surface
proteins include CD123, CD96, T-cell Ig mucin 3, C-type lectin-like molecule-1,
variant isoforms of CD44 , and the tyrosine kinase HCK (Hosen et al., 2007; Jan et al.,
2011; Jin et al,, 2006; Jordan et al., 2000; Saito et al., 2010a; van Rhenen et al., 2007).
Antibody or small molecule inhibitors have been developed against several of these
antigens, and have shown promise against AML in preclinical xenograft models (Jin
et al., 2006; Jin et al., 2009; Kikushige et al., 2010; Saito et al., 2010a). Although no

LSC-targeted therapies have yet been adopted in routine clinical practice, several of
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these agents are currently being tested in Phase 1 or Phase 2 clinical trials (Pollyea
et al., 2014). In addition to the targets already described, Hh pathway antagonists
have also shown encouraging efficacy results in Phase 1 clinical trials in AML, and
have been proposed to suppress LSC self-renewal (Jamieson et al,, 2011). However,
this mechanism remains unclear as sensitivity to Hh signaling has yet to be
demonstrated in AML-LSCs using in vitro or in vivo experimental systems. In
several solid cancers, Hh inhibition has been shown to restrain carcinogenesis by
acting through the tumor microenvironment (Tian et al., 2009; Yauch et al,, 2008), a

possibility that has not been examined in AML.

1.5 The leukemic BM niche

Historically, malignant transformation has been conceptually linked with a cellular
state of self-sufficiency (Hanahan and Weinberg, 2000), implying a lack of
dependence on a supportive microenvironment. However, sustained ex vivo cell
culture of AML and maintenance of primitive phenotypes has proven prohibitively
difficult in the absence of cell line immortalization (Clutterbuck et al., 1985; Mayani
et al., 2009; Pabst et al., 2014; Sawyers et al., 1992), but can be improved by culture
on BM stromal cell lines (Konopleva et al., 2002). Together, these findings suggest
that clonal leukemic growth is dependent upon extrinsic cues. In fact, contemporary
views of cancer now more broadly recognize the importance of tumor
microenvironments across many types of malignancies (Hanahan and Weinberg,

2011), and this is most central to cancers thought to be hierarchically organized,
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such as AML (Plaks et al., 2015). Therefore, focus has shifted towards characterizing
LSC-niche interactions, and distinguishing potential overlap between LSC and HSC

niches.

1.5.1 Spatial localization of LSCs

While some studies have reported endosteal BM localization of phenotypically
primitive leukemic cells (Ishikawa et al, 2007; Ninomiya et al., 2006), consistent
with localization properties of normal HSCs, others have argued that LSCs are likely
to reside in aberrant niches (Zipori, 2014). LSC retrieval from anatomical sites such
as the spleen has been proposed to indicate that their niches must differ from HSCs,
as these locations rarely house stable HSC-resident populations (Somervaille and
Cleary, 2006; Zipori, 2014). However, HSCs can alter their activity and spatial
distribution in response to environmental conditions, and may similarly relocate to
unconventional sites during leukemic disease states. Indeed, genetic MLL-AF9
mouse models have documented increased mobilization of phenotypic HSCs into
both peripheral circulation and splenic sites as a consequence of leukemic
infiltration (Hanoun et al, 2014). Xenograft experiments employing human
leukemia cell lines have similarly suggested that HSCs become physically relocated
to aberrant BM niches in leukemic conditions, based on dysregulated BM gradients
of Stem Cell Factor secretion (Colmone et al., 2008). Therefore, the detection of LSCs

in irregular anatomic sites may reflect microenvironmental restructuring that is
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likely to occur during leukemia pathogenesis, and does not necessarily imply niche-

interactive properties that are distinct from HSCs.

1.5.2 Targeting LSC interactions with the niche

Like healthy HSCs, LSCs have been reported to physically interact with mesenchymal
BM cells through adhesion proteins such as CXCR4, CD44, and VLA-4 (Jin et al., 2006;
Matsunaga et al, 2003; Tavor, 2004). These axes therefore represent attractive
therapeutic targets that have been explored in preclinical xenograft studies. For
example, antibody-mediated targeting of hyaluronan receptor CD44 has been shown
to compromise LSC homing abilities and can diminish the self-renewal of established
leukemic disease (Jin et al, 2006). Furthermore, antagonism of both VLA-4 and
CXCR4 has been used to distance LSCs from their protective niches, as a
chemotherapy sensitization strategy (Nervi et al, 2009; Saito et al., 2010b).
However, these chemosensitization approaches have been controversial, as they are
likely to lack selectivity against leukemic cells, and could be accompanied by
increased toxicity to the normal hematopoietic system (Murashige et al., 2003).
Therefore, it is critical to clearly resolve the relationships between HSC and LSC
niche properties in order to inform strategic design of niche-targeted therapy

in AML.
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1.6 Summary of Intent

The focus of my studies was to understand leukemia as a dysfunctional tissue rather
than at the level of individual mutated cells. This begins with an appreciation of the
functional diversity within leukemia populations, and the hierarchical organization
that mirrors healthy tissue structure (Dick, 2008). In the past 20 years, extensive
effort has been invested to phenotypically and molecularly characterize the rare LSC
populations that resist therapy and drive relapse. However, it is not known how
sensitively LSCs are influenced by their surroundings, or how distinct spatial and
temporally changing conditions in BM may affect their behaviour. These details are
required to interpret sources of conventional therapy failure, and to appropriately
direct novel therapeutic approaches. Recent advances in the study of healthy
hematopoiesis have carefully detailed the spatial and molecular properties of HSC
niches, as well as dynamic changes that occur when homeostasis is disturbed.
Equipped with these insights, I sought to apply similar principles to understand
leukemia biology. Three central questions provided me with a solid starting basis to

characterize the importance of LSC interactions with their environment:

1) Can elements of the BM niche serve as therapeutic targets in AML?
2) What are the characteristics of the in vivo niches that house LSCs?

3) How do leukemic populations respond to injury states?
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Based on emerging evidence, I hypothesized that AML-LSCs are sensitive to the
conditions of their external environment, and that these influences can be
used to both understand chemotherapy resistance mechanisms, and to devise
novel therapeutic strategies. To test this hypothesis, | defined three discrete
objectives, all with the explicit goal of generating new perspectives towards

therapeutic innovation for AML (Figure 1.4):

1) Evaluate non-hematopoietic BM cells as putative targets of therapeutics shown to
have clinical promise in AML.

2) Determine whether LSCs compete directly with HSCs to occupy shared BM niches.
3) Characterize the cellular and molecular chronology of leukemic responses to
cytoreductive therapy.

As an initial foundation to examine the potential for niche-directed targeting
in AML, small molecule inhibitors of the Hh signaling pathway offered an appealing
entry point. This family of Hh pathway antagonists has been recently proposed to be
clinically effective against AML (Jamieson et al, 2011), however the cellular
mechanism of these effects have not been described. Furthermore, the significance
of Hh signaling in the normal hematopoietic system has been controversial. Adjusted
views now suggest that cell intrinsic Hh signaling is dispensable for healthy
hematopoiesis (Gao et al, 2009; Hofmann et al, 2009). This has made the Hh
pathway appealing as a potential selective target for diseased hematopoietic cells.

However, this observation does not exclude the possibility that intact Hh signaling
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may be required within other cell lineages in the BM, to indirectly support either
normal or malignant hematopoeisis. Indeed, in other tissues it is well understood
that Hh signaling in important within mesenchymal niche cells in order to support
tissue-specific cell types or tumor cells in a non-cell autonomous fashion (Fabian et

al, 2012; Lamm et al., 2002; Shin et al,, 2011; Tian et al., 2009; Yauch et al., 2008).

In order to first clarify whether small molecule Hh inhibitors may be
selectively discriminating between healthy and leukemic hematopoietic cells, we
performed molecular analyses of bulk mononuclear cells and purified primitive
fractions, as well as progenitor assays to test the functional effects of
pharmacological Hh inhibition. These assessments failed to provide evidence for
selective cell intrinsic effects against AML. However, gene expression and protein
analysis showed that non-hematopoietic cells from BM were highly enriched for Hh
signaling machinery, and are therefore much more likely targets of small molecule
Hh inhibitors. This work supported the hypothesis that individual cellular
components of the BM niche could represent indirect conduits of LSC modulation.
However, it did not address whether the niche structures that house LSCs are
compositionally unique, which is an important determination for selective targeting

efforts.

In order to directly examine whether LSCs occupy unique niches in vivo, we
built upon strengths in the lab initially developed to characterize the healthy HSC

microenvironment (Guezguez et al, 2013). High-resolution multi-parameter
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imaging of AML-xenografted bones suggested remarkable overlap between LSC and
HSC spatial distribution profiles. In order to test this on a functional level, we
applied a unique co-transplantation model to capture both HSCs and LSCs of human
origin within individual murine hosts. This indicated a direct competition between
healthy and malignant stem cells for shared BM niche space. We then used xenograft
preclinical modeling to demonstrate the proof-of-principle that this shared property
of BM niches could be used to advantage HSC repopulation of LSC-occupied sites, by

G-CSF cytokine displacement.

Recognizing that LSCs are remarkably sensitive to their spatial surroundings,
[ sought to understand how they adapt to changing conditions over time in response
to cytoreductive BM injury. This is critical, as current therapeutic failure has been
attributed to chemoresistant LSCs that are sheltered within BM niches. Although this
logic is intuitive, it lacks empirical support, as the cellular events that occur between
therapy and relapse have not been previously explored. We provide the first
longitudinal survey of leukemic populations recovering from chemotherapy, both in
human patients and in clinically-inspired xenograft models. We applied this
controlled experimental system to demonstrate that leukemic recovery operates
distinctly from the disciplined regeneration of healthy hematopoietic cells, as
leukemic growth rates become accelerated in response to AraC but then do not
appropriately subside. This did not appear to involve selective sparing of LSC

populations, as primitive leukemic cells were dramatically suppressed at immediate
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time points post-therapy. However, we identified a sensitive time frame in which
unique regenerating populations emerge, and we found that molecular signatures
associated with this process are shared across human patients and xenografted
mice. These molecular markers of leukemic regeneration provide novel therapeutic
targets for combined chemotherapy, which we have already demonstrated by proof-

of-concept preclinical modeling.

Together, this thesis advances our knowledge of LSC positioning within
microenvironments in the BM, and highlights surprising similarities with HSCs. It
also presents a new understanding of leukemic recurrence following therapy. These
findings offer concrete value to the field by clarifying important mechanisms of
conventional therapy failure, and by identifying multiple promising avenues to

combat AML through indirect LSC targeting.
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Figures

Figure 1.1. The hedgehog signaling pathway.

HH ligands bind to the transmembrane receptor Patched 1 (PTCH1), which causes a
conformational change that prevents PTCH1 inhibition of Smoothened (SMO). As a
result, SMO activates the nuclear translocation of GLI transcription factors,
triggering transcription of downstream targets. GLI and PTCH1 are among these
targets, forming feedback loops indicated by the dotted lines.
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Figure 1.2. Macro-anatomical and micro-anatomical features of HSC BM
niches..

Self-renewing HSCs are preferentially located at the extremities of the long bones,
which offer unique BM microenvironments characterized by enriched numbers of
Jagged-1* osteoblasts, abundant hyaluronic acid, and high levels of bone remodeling
activity. Other cell types that have additionally been described to associate with
HSCs include macrophages, osteoblasts, blood vessels, neurons, adipocytes, and
MSCs.
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Self-renewal

Figure 1.3. The leukemic stem cell hierarchy.

The most primitive LSCs with long-term self-renewal capacity are exclusively read
out using in vivo repopulation assays. These assays involve transplantation into
immune deficient mice. LSC progeny have variably restricted capacities for self-
renewal, with short-term leukemic progenitors having sufficient clonogenic
potential to form colonies when tested using in vitro CFU assays.
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Figure 1.4. Summary of thesis objectives.

The overarching theme of this thesis is a common focus on the context-dependent
behaviour of LSCs within the BM environment. This diagram illustrates my three
specific objectives: 1. Evaluating the potential for indirect targeting of LSCs using Hh
inhibitors 2. Examining overlap between HSC and LSC niches with competitive BM
repopulation assays 3. Profiling leukemic regeneration in BM following conventional
chemotherapy treatment.
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Chapter 2: Non-hematopoietic cells represent a more rational target of in vivo

hedgehog signaling affecting normal or acute myeloid leukemic progenitors

Preface

This Chapter is an original published article. It is presented in its published form.

This research was originally published in Experimental Hematology:

Boyd, A. L. Salci, K. R., Shapovalova, Z., McIntyre, B. A. S., & Bhatia, M. (2013).
Nonhematopoietic cells represent a more rational target of invivo hedgehog
signaling affecting normal or acute myeloid leukemia progenitors. Experimental

Hematology. doi:10.1016/j.exphem.2013.05.287. Copyright © Elsevier.

[ designed the study and wrote the paper together with Dr. Mick Bhatia. I performed
all cell sorting and qPCR experiments, as well as functional in vitro progenitor
assays. Kyle Salci isolated and characterized BM mesenchymal cells, Dr. Zoya
Shapovalova performed gene expression analysis, and Dr. Brendan McIntyre helped

with immunofluorescence staining.

When I began my studies, the hedgehog (Hh) signaling pathway was gaining
attention as an attractive target of leukemic stem cell (LSC) self-renewal in chronic
myeloid leukemia (CML). Based on these studies in CML (Dierks et al., 2008; Zhao et
al,, 2009), small molecule Hh inhibitors were advancing to clinical trials for a range

hematopoietic malignancies including acute myeloid leukemia (AML), in which
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preliminary reports of efficacy were promising (Jamieson et al,, 2011; Merchant et
al., 2010). However, unlike in CML, molecular evidence for direct sensitivity to Hh

pathway inhibition had not been described in AML-LSCs.

At the same time, two reports of engineered mouse models had recently
shown that genetic inactivation of Hh signaling throughout the hematopoietic
lineage had no negative consequences for healthy hematopoietic stem and
progenitor cell (HSPC) function (Gao et al, 2009; Hofmann et al., 2009). This
supported a notion that Hh inhibition of LSCs could safely spare healthy
hematopoeisis. However, these findings contrasted a previous publication from our
lab, which suggested that a germline haploinsufficiency of the Patched 1 receptor
had a profound effect on HSC responses to cytoreductive injury (Trowbridge et al.,
2006). Therefore, I hypothesized that the disruption of Hh signaling in additional
cell lineages within the bone marrow (BM) microenvironment could have
contributed to the more profound hematopoietic phenotypes observed here relative
to other studies. This would be consistent with a well described stromal role for Hh
signaling during regeneration states in other tissues (Fabian et al.,, 2012; Lamm et
al., 2002; Shin et al., 2011). As Hh-activated stromal cells have also been proposed to
support tumor cell growth in solid cancers (Tian et al., 2009; Yauch et al., 2008), an
understanding of Hh signaling within the BM niche could also be relevant to AML

biology.
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Therefore, I pursued an investigation of the potential relationships between
Hh signaling, AML, and the BM microenvironment, which all represent strong areas
of expertise in the lab. We first used gene expression analysis and functional
progenitor assays to rule out a basis for molecular selectivity between healthy HSPC
populations versus primitive AML cells. We then performed a molecular
examination of the Hh signaling pathway in BM mesenchymal cells, ultimately
providing evidence that Hh modulation could be impacting healthy and malignant

hematopoietic cells in a non-cell-autonomous manner.
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Abstract

Recent work has shown that leukemic stem cell self-renewal in chronic myeloid
leukemia (CML) is dependent on cell-intrinsic hedgehog (Hh) signaling, and early
clinical trials suggest targeting this pathway is also therapeutic in acute myeloid
leukemia (AML) patients. Here, we aimed to better understand Hh signaling in
normal hematopoiesis and AML by molecularly and functionally analyzing over 200
primary human AML patient samples compared to non-leukemic controls. Gene
expression analysis indicated that Hh pathway transcripts were similarly regulated
in AML and non-leukemic controls, whether samples were purified based on
primitive phenotypes or not. Consistent with these results, pharmacological
inhibition of SMO did not preferentially reduce in vitro colony formation of AML
versus normal progenitors. Using a unique analytic approach, mRNA expression of
membrane receptor Smoothened (SMO) was found to be unexpectedly rare within
all hematopoietic samples analyzed, indicative of heterogeneity at the level of Hh
signaling machinery. In contrast, abundant SMO expression could be readily
detected in the non-hematopoietic fraction of human and murine bone marrow (BM)
cells. Our predictions of increased SMO* cell frequencies within non-hematopoeitic
BM fractions were further supported by single-cell protein analyses. Although we
did not find support for cell-autonomous sensitivity of AML cells to Hh pathway

inhibition, we alternatively suggest that non-hematopoietic BM cells may represent
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an indirect target through which primitive normal and leukemic cells can be
modulated. These findings suggest current approaches applying Hh inhibition
should be carefully re-evaluated to take into account BM niche cell regulation that

may be selectively Hh responsive.
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Background
AML is a hematopoietic malignancy composed of a cellular hierarchy that
structurally resembles the normal hematopoietic system, with cells at different
hierarchical levels having variable self-renewal properties and phenotypes [1-3].
While the majority of leukemic blasts possess limited ability to propagate leukemic
disease, leukemia-initiating capacity has been shown to be restricted to rare cell
populations known as leukemic stem cells (LSCs; [1,4,5]). Signaling pathways known
to regulate developmental or cell fate processes are of particular interest in this
disease, as they play important roles in the transitions of normal hematopoietic stem
cells (HSCs) between quiescent and active states under conditions of injury, and
could thus be exploited by neoplastic stem cells to fuel their expansion. The
Hedgehog, Wnt, and Notch pathways represent strong candidate targets to eradicate
AML-LSCs, as they convergently regulate HSC proliferation and cell fate decisions,
and have also been identified as putative modulators of LSC behaviour [6,7]. Of these
pathways, hedgehog (Hh) signaling is gaining considerable attention in the clinic as
a therapeutic target for myeloid malignancies [8-11], despite the fact that its role in
normal and malignant human hematopoeisis remains poorly defined and
controversial [12-17].

Three different mammalian Hh ligands have been identified; Sonic Hedgehog
(Shh), Indian Hedgehog (Ihh) and Desert Hedgehog (Dhh). In the presence of Hh

ligands, the transmembrane receptor Patched (Ptch) releases its inhibition of
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another transmembrane protein called Smoothened (Smo), allowing Smo to assume
an active conformation. In this activated state, Smo transduces signals that cause the
nuclear translocation of the Gli family of transcription factors (Glil, Gli2, or Gli3),
with ultimate influences on cell cycling and fate decision processes in many
mammalian tissues [18]. Following initial reports of Shh’s modulatory role in adult
blood stem cell fate choices [19], transgenic mouse studies have since shown that
conditional deletion of Smo from hematopoietic cells has no negative consequences
for the normal adult blood system under homeostatic conditions [12,13]. However,
this morphogenic pathway may be of more importance upon departures from
homeostasis; following injury the hematopoietic regenerative response is
augmented in mice with activating mutations in the pathway [16], and suppressed
by the knockout of positive downstream effectors [15]. In other organs, Hh signal
transduction ability is not restricted to tissue-specific stem cells, but also becomes
active in stromal cell types following local injury [20-22], a paracrine process that
has furthermore been implicated in solid tissue tumorigenesis [23-25]. These latter
observations suggest potential non-cell-autonomous roles for Hh in certain tissues.
Recent evidence, however, suggests that the self-renewal capacity of CML-
LSCs is dependent on Hh signaling in a cell-autonomous manner, characterized by
increased mRNA expression of GLI1 and PTCH in primary CML cells compared to
healthy human control samples, as well as demonstrated sensitivity to Hh pathway
blockade in vitro using cyclopamine, a SMO antagonist [17,26]. While early clinical

trial results indicate promising effects of single-agent Hh inhibition in AML patients
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in addition to CML patients [10], a mechanistic understanding of Hh signaling in
AML and in normal HSCs remains elusive. Elevated Hh pathway gene expression in
CD34+ cells of autologous stem cell transplant patients has been found to precede
development of myelodysplastic syndrome and AML [27], but causal relationships to
disease have not been identified. Studies of established AML revealed the presence
of SHH- and GLI1-expressing cells in bone marrow (BM) smear preparations, in
contrast to lymphoblastic leukemia samples [28], and IHH, SMO, PTCH and GLI1
transcripts have also been detected in certain AML cell lines [29] and patient
samples [8]. However, the expression levels of Hh pathway components have yet to
be quantitatively evaluated or analyzed in functionally relevant populations of
primary patient samples, relative to normal phenotypically-matched counterparts
(hematopoietic stem and progenitor cells; HSPCs).

Accordingly, in the present study we have purified phenotypically primitive
subsets of both human AML and healthy blood samples to clarify whether there is
molecular evidence that the Hh pathway could represent a selective target in AML-
LSCs. This was accompanied by clonal assays to characterize any functional
divergence between cell-autonomous pathway dependence of AML versus normal
blood progenitors. Based on our molecular and functional findings that this pathway
does not represent a direct selective target for primitive AML cells, we examined the
possibility of paracrine Hh signaling within BM cells isolated from mouse strains
known to support human hematopoiesis, and we detected enriched expression of

genes involved in the transduction of Hh signals within the non-hematopoietic BM
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fraction. This was further validated in human BM-derived cells at both the transcript
and protein levels. This finding could ultimately be of significance for understanding
both normal injury responses in the healthy hematopoietic system, as well as

interactions between AML-LSCs and the BM microenvironment.

Materials and Methods

Primary human samples

Primary blasts from AML patients were obtained from peripheral blood (PB), BM, or
therapeutic leukapheresis. Table 2.1 outlines patient characteristics and how each
sample was used experimentally. Healthy hematopoietic samples were isolated from
early gestational cord blood, full term umbilical cord blood (UCB), or G-CSF
mobilized peripheral blood samples (G-MPB). Informed consent was obtained from
all sample donors in accordance with Research Ethics Board-approved protocols at
McMaster University and the London Health Sciences Centre (Research Ethics Board
#08-330 and #08-042). Additionally, healthy human BM samples were purchased
from Lonza (Cedarlane, Burlington, ON Canada). Mononuclear cells (MNC) were
recovered by density gradient centrifugation (Ficoll-Paque Premium; GE Healthcare,
Cooksville, ON, Canada), and remaining red blood cells were lysed using ammonium
chloride solution (StemCell Technologies, Vancouver, BC, Canada). Lineage
depletion was performed using a commercially available kit (StemCell Technologies,

Vancouver, BC, Canada), according to manufacturer’s instructions.

Isolation of non-hematopoietic human BM cells
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MNCs from healthy human donor BM were seeded at a density of 3x107 cells per
T150 tissue culture flask in non-hematopoietic BM (NH-BM) media (MEM alpha
supplemented with 20% fetal bovine serum (FBS) and 2 mM L-glutamine) and
incubated at a humidity of 37°C with 5% COZ2. After five days, an equal volume of
fresh media was added. A complete media change was performed after three to five
additional days of culture. When the cell culture achieved 80% confluence, adherent
cells were dissociated using TrypLE, washed, depleted of contaminating CD45*
hematopoietic cells using EasySep Human Whole Blood CD45 depletion kit
(StemCell Technologies, Vancouver, BC, Canada), and re-plated in NH-BM media at a
concentration of 7x103 cells per cm2 Using flow cytometry, adherent non-
hematopoietic cells were verified to express CD73 and CD105, and lack pan-
hematopoietic marker CD45 (Supplementary Figure 2.1). All non-hematopoietic BM
cells were observed to have fibroblast-like spindle morphology, without any

adipocyte-like characteristics.

Mouse BM samples

All experimental procedures were approved by the Animal Council of McMaster
University (Animal Use Protocol #13-02-05). Tibias, femurs, and iliac crests were
dissected from 3-4 month-old immunodeficient (NOD SCID, NSG) and wildtype
(C57BL/6) mice, and whole BM was recovered by crushing in Iscove’s Modified
Dulbecco’s Medium (IMDM) supplemented with 3% FBS. Residual bone fragments

were then incubated for one hour at 37°C in IMDM with 10% FBS and 3 mg/mL

56



PhD Thesis - AL Boyd McMaster University - Biochemistry

collagenase in order to enzymatically dissociate additional non-hematopoietic BM
cells. Recovered collagenase-treated cells were then pooled with mechanically
dissociated cells, and red blood cells were lysed using ammonium chloride (StemCell

Technologies, Vancouver, BC, Canada).

Fluorescence-activated cell sorting and flow cytometric analysis

Human hematopoietic samples (AML-PB, AML-BM, UCB, and G-MPB) were purified
based on CD34 and CD38 expression using APC-conjugated anti-CD34 (clone 581),
and PE-conjugated anti-CD38 (clone HB7; BD, Mississauga, ON, Canada). Both
CD34+CD38- and CD34+CD38* fractions were collected for RNA extraction. Whole
BM murine samples were sorted using PE-conjugated anti-Ter119 and APC-
conjugated anti-CD45 (Clone 20-F11; BD, Mississauga, ON, Canada). The CD45-
Ter119- non-hematopoietic fractions were collected for RNA extraction, as well as
the CD45* or Ter119+ hematopoietic cells.

In order to evaluate the effects of target cell frequency on expression levels of
an example gene of interest (CD3e), T cells were purified from human hematopoietic
samples using PE-conjugated anti-CD3 (clone UCHT1; Beckman Coulter,
Mississauga, ON, Canada). These CD3* T cells were then combined with CD3-

myeloid cells at varying ratios (0.1%, 1%, 10%, 50%, and 100%) for RNA extraction.
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The cell surface phenotype of non-hematopoietic human BM cells was
assessed using Brilliant violet-conjugated anti-CD73 (Clone AD2), PE-conjugated
anti-CD105 (Clone 266), and APC-conjugated anti-CD45 (Clone 2D1; BD,
Mississauga, ON, Canada). For all experiments, cells were incubated with antibodies
for 30 minutes at 4°C were then washed prior to flow cytometry, and 7-
Aminoactinomycin D was used to exclude non-viable cells. A FACSAria II (BD,
Mississauga, ON, Canada) was used for all cell purification experiments, and an LSRII
Flow Cytometer (BD, Mississauga, ON, Canada) was used for experiments that did

not require purification.

Quantitative real-time polymerase chain reaction

Total RNA was extracted from cell populations using a Total RNA Purification Kit
(Norgen Biotek Corp, Thorold, ON, Canada), and this was followed by first-strand
cDNA synthesis with qScript cDNA SuperMix (Quanta Biosciences, Gaithersburg, MD,
USA), following manufacturer’s instructions. Synthesized cDNA was added to
Platinum SYBR Green qPCR SuperMix (Life Technologies, Burlington, ON, Canada)
for quantitative real-time PCR, which was run on a Stratagene Mx3000P
thermocycler (Agilent Technologies, Mississauga, ON, Canada). All real-time PCR
primer sequences were designed to either span or flank introns, and all primer pairs
have been confirmed to have an amplification efficiency of at least 87% at the
temperatures used (refer to Table 2.2 for primer sequences and melting

temperatures). Human primer sets were further validated by separating PCR
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products on a 2% agarose gel, followed by gel extraction, and sequencing of PCR
products, which confirmed the specificity of all human Hh pathway primers tested
(Supplementary Figure 2.2). Relative gene expression was calculated using the AACt
method. GAPDH and f-actin were used as housekeeping genes for human and mouse

experiments, respectively.

Methyilcellulose colony forming unit assay (CFU)

AML MNCs and cord blood Lin- cells were plated at 50 000 cells/mL and 200-1000
cells/mL, respectively, in semisolid methylcellulose media supplemented with
cytokines (Methocult GF H4434; Stem Cell Technologies, Vancouver, BC, Canada)
following established protocols [3]. Cyclopamine (Toronto Research Chemicals Inc.,
Toronto, ON, Canada) was dissolved in methylcellulose at concentrations ranging
from 2 to 50 uM, while control wells received 0.1% and 0.5% DMSO. Cells were
incubated at 37°C for 14 days, and then scored for the presence of colonies using
standard morphological criteria. Final colony counts were normalized to
appropriate DMSO percentage controls (0.1% DMSO for 2 and 10 pM cyclopamine

concentrations, and 0.5% DMSO for 50 uM cyclopamine).

Analysis of Affymetrix Gene Arrays

Eleven different gene expression series were downloaded from the Gene Expression
Omnibus repository (GEO; www.ncbi.nlm.nih.gov/geo), representing human
hematopoietic cells from AML patients and non-leukemic individuals, as well as non-

hematopoietic cells from human BM (Table 2.3). Hematopoeitic collections included
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both unpurified MNCs or subpopulations isolated based on stem, progenitor, or
stem/progenitor cell surface phenotypes. This strategy of hematopoietic dataset
selection was designed to determine whether the purity of functionally primitive
cells influences the gene expression signature for the Hh pathway. The selection of
non-hematopoietic collections were deliberately chosen from seven independent
published sources to ensure that the technical variability within experimental
conditions (e.g. non-hematopoietic BM cells) would be equal to that between
experimental conditions (e.g. hematopoietic versus non-hematopoietic cells).
Several non-hematopoietic BM collections contained samples subjected to various
experimental treatment conditions. In these cases, experimentally treated samples
were omitted from analyses and only non-treated controls were used (as outlined in
Table 2.3).

The type of microarray platform was consistent across all eleven gene
expression series (HG-U133 Plus 2.0). Agilent GeneSpring GX-11 software (Santa
Clara, CA USA) was used for data normalization and analysis. Data were log2
transformed following RMA normalization. A principal component analysis (PCA)
was performed on the entire collection of eleven datasets after filtering genes based
on a curated Hh pathway gene list (PID_HEDGEHOG_2PATHWAY) from the Pathway
Interaction Database (M211), with the addition of genes GLI1, GLI3, and SUFU.
Additionally, the gene expression intensities for selected Hh pathway genes (HHIP,
SMO, and PTCH) were compared between non-diseased BM MNCs and non-

hematopoietic BM samples.
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Immunofluorescence

Human cord blood MNCs and plastic adherent non-hematopoietic BM cells were
fixed in 4% paraformaldehyde for 20 minutes at 4°C. Cells were permeabilized for 5
minutes in 0.01% Triton X-100. Blocking was performed using 5% FBS/PBS. Rabbit
polyclonal anti-SMO primary antibody (H-300; Santa Cruz Biotechnology, Dallas,
Texas, USA) was diluted 1:250 and incubated overnight at 4°C in blocking solution.
Samples were washed three times for 5 minutes in PBS-T (PBS + 0.01% Tween-20)
and incubated in secondary Alexa Fluor 647 goat anti-rabbit antibody (Life
Technologies, Burlington, ON, Canada) at 1:500 for 1 hour at room temperature.
Controls used to set background thresholds were incubated with secondary
antibody only. Samples were then washed three times in PBS-T, counterstained with
DAPI and visualized using an Olympus inverted spinning disk confocal microscope
(Richmond Hill, ON, Canada). Images were captured using Metamorph software
(Molecular Devices, Sunnyvale, CA, USA) and multi-channel overlays were made

using the open source Image] software suite.

Statistical analysis

Data are represented as mean * SEM. Unpaired two-tailed Student’s t-tests were
used for statistical comparisons of gene expression data, with the exception of the
purified hematopoietic versus non-hematopoietic cell gene expression, which was
analyzed with paired two-tailed Student’s t-tests. CFU assays were analyzed using

One-way ANOVAs, followed by Newman-Keuls multiple comparison tests. Prism
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(version 5.0a, GraphPad, San Diego, CA, USA) software was used for all statistical

analyses, and the criterion for statistical significance was p<.05.

Results

Gene expression analyses suggest that cell-autonomous dependence on Hh signaling is
unlikely within primitive AML cells.

Hh pathway transcripts were profiled in a quantitative manner, in highly purified
AML patient samples enriched for LSCs, and compared to purified populations of
normal hematopoietic cells enriched for HSCs and progenitors. We chose to evaluate
both CD34+CD38 and CD34+CD38* purified populations (Figure 2.1A), as these
immunophenotypes respectively represent stem and progenitor fractions of normal
HSCs, and LSCs have been reliably found to reside in highest frequencies within
these subsets [1,4,5,30].

The Hh pathway gene expression profile was almost identical between AML
samples and normal G-MPB, except for a down-regulation of SMO within AML
samples in both the CD34+*CD38- and CD34+CD38* fractions (Figure 2.1B). This was
consistent across AML samples despite variable stages of disease (progression from
MDS, new diagnosis, therapy-resistant, and relapse), and different tissue sources (PB
or BM; Table 2.1). To confirm our findings of reduced SMO expression in AML cells
relative to normal CD34+ cells, we repeated cDNA synthesis from G-MPB donors and
4 of the AML patients originally assessed. We further expanded our sample size and

diversity by purifying cells from 4 additional healthy hematopoietic samples (2 G-
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MPB and 2 UCB) and 2 additional AML samples, totaling 6 AML patients in our
overall analysis. In this analysis, we compared SMO expression to that of beta
glucuronidase (GUSB), a uniformly expressed housekeeping gene with a low
abundance of transcripts on a per-cell basis, with the fidelity to detect single cell
transcript contributions [19,31]. GUSB is often used diagnostically to molecularly
monitor the frequency of BCR-ABL-containing cells in chronic myeloid leukemia
blood samples [32,33]. As shown in Figure 2.1C, SMO expression was consistently
higher in normal hematopoietic controls relative to AML, regardless of stage of HSPC
ontogeny (both adult and fetal sources of normal blood were used in this analysis).
As expected of a housekeeping gene, GUSB expression did not differ between normal
and leukemic samples, but was found to be more highly expressed than SMO in both
AML and healthy controls (Figure 2.1C, 2.1D, and Supplementary Figure 2.3). That
SMO expression is less than that of a gene that is uniformly expressed at low levels
suggests that the expression of SMO transcripts is likely heterogenous, and is
restricted to a sub-fraction of the already relatively purified populations assessed.
This in-depth analysis is unlike previous reports in CML and suggests that only rare

subfractions of AML-LSCs and normal HSCs utilize Hh signaling.

AML progenitors lack cell-autonomous sensitivity to SMO inhibition in vitro.
We next sought to evaluate the functional response of pharmacological Hh pathway
inhibition in normal and leukemic cells at the clonal level. Cyclopamine, a SMO

antagonist, was dissolved in semisolid methylcellulose media at doses ranging from
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2 to 50 pM and compared to appropriate volume ratios of vehicle control (DMSO).
Neither normal nor leukemic colony formation was influenced by SMO inhibition,
except at the 50 uM concentration, which suppressed the formation of leukocyte
colonies in cord blood but had minimal effects on AML colony formation (Figure
2.2). Since cyclopamine suppressed normal progenitors to a greater extent than AML
after being evaluated beyond concentrations expected to generate off-target effects
[17], this suggests that Hh pathway blockade is not a direct selective target of
primary AML cells. This lack of cell-autonomous dependence of AML cells on Hh
signaling is consistent with our gene expression data of reduced SMO mRNA and
unchanged levels of downstream transcripts in phenotypically primitive cells.
However, paracrine Hh signaling has been detected in several solid tumors [24,25]

and cannot be ruled out by our molecular or functional analyses.

Hh signal-transduction machinery is more abundantly expressed in non-hematopoietic
BM cell fractions.

Given the rarity of human AML-LSCs and HSC-enriched cells that express cell surface
Hh pathway components, we evaluated the possibility that non-hematopoietic BM
cells may be able to support paracrine Hh signaling. We performed Hh pathway
expression profiling of non-hematopoietic (CD45Ter119-) compared to
hematopoietic (CD45* or Ter119*) cells isolated from the BM of mice used for the
functional detection of both AML-LSCs and normal HSCs [1,4,5] (Figure 2.3A).

Relative Hh gene expression patterns between these BM fractions of
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immunodeficient mice were similar to those found in wildtype mice, despite
differences in hematopoietic cell composition between strains [34] (Supplementary
Figure 2.4). In comparison to hematopoietic cells, CD45-Ter119- BM cells had almost
13-fold higher expression of Smo, and 38-fold higher expression of Ptch (Figure
2.3B). Notably, both receptors were detected in higher levels than Gusb in non-
hematopoietic BM cells, whereas Smo and Ptch were less abundant than Gusb in the
hematopoietic fraction (as was seen in the primitive human samples). This suggests
that Smo* cells may be more frequent in the non-hematopoietic BM fraction than
within developing blood cell populations.

In order to confirm the significance of the GUSB threshold as a predictive
measure of gene expression heterogeneity, we evaluated mRNA levels in
hematopoietic populations with known frequencies of cells expressing an example
gene of interest. CD3 protein-expressing human T cells were combined at various
ratios with hematopoietic cells lacking CD3 protein expression (Figure 2.3C). CD3e
mRNA levels were then measured in these mixtures by qPCR and compared to those
of GUSB. CD3e expression was only detected below that of GUSB once the CD3* cells
represented 10% or less of the assayed population, supporting our conclusion that
Ptch and Smo-expressing cells are more frequent in non-hematopoietic versus
hematopoietic mouse BM populations. As the non-hematopoietic fraction of BM
represents a substantially heterogeneous group of different cell types, it is
surprising that Smo and Ptch were detected above the Gusb threshold, considering

that both remained well below Gusb levels even in the more purified primitive
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human hematopoietic populations. It is most likely that the underrepresentation of
Smo transcripts in hematopoietic BM fractions reflects a combination of reduced
numbers of transcripts per cell as well as reduced numbers of transcript-expressing
cells (as interpreted by relative Gusb expression).

In order to extend our observations of Hh receptor enrichment within non-
hematopoieic cells in murine BM, we accessed publicly available human mRNA
expression profiles from the GEO database. A principal component analysis was
performed on Hh pathway gene expression from eleven merged datasets, including
hematopoietic samples from AML patients and non-leukemic individuals, as well as
non-hematopoietic BM-derived cells (Figure 2.4A). Both bulk MNCs and purified
primitive populations were represented within hematopoietic datasets. Despite the
diversity represented among seven different non-hematopoietic BM datasets
evaluated, the Hh profiles of non-hematopoeitic fractions consistently clustered
together, distinctly from all hematopoietic-derived cells. Furthermore, there were no
appreciable differences in Hh signaling between AML samples and non-diseased
hematopoietic cells. This was true regardless of whether samples were enriched for
stem/progenitor phenotypes or not, supporting our earlier observations. We then
more specifically assessed the relative expression levels of genes critical to the Hh
signal transduction process in hematopoietic MNCs compared to non-hematopoietic
fractions of human BM. Consistent with murine gene expression data, human non-

hematopoietic BM cells expressed higher transcript levels of cell surface receptors
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SMO and PTCH, and also HHIP, a protein involved in cell surface binding of Hh
ligands (Figure 2.4B).

Finally, we validated the SMO transcript expression patterns that were
observed in both mouse and human BM by assessing SMO at the protein level in
human samples. Non-hematopoietic cells were isolated from human BM by plastic
adherence, and were confirmed to lack any contaminating blood cells
(Supplementary Figure 2.1). Protein immunofluorescence indicated that these non-
hematopoeitic cells expressed appreciable levels of SMO, and that this expression
was consistent across the population. In contrast, normal human MNCs expressed
SMO protein in a more heterogeneous fashion (Figure 2.4C), as had been predicted
by gene expression levels relative to Gusb. This higher abundance of SMO expression
in non-hematopoeitic BM fractions was consistent across all transcript and protein
level evaluations of both human and mouse tissue, as measured across three
independently collected datasets.

Collectively, our results indicate that cells expressing Hh signal transduction
machinery may even be more numerous in the BM microenvironment niche cells
compared to committed or uncommitted blood populations. This provides
unexpected evidence of possible paracrine Hh signaling within the marrow that
could better explain the potential role of Hh modulators shown to be efficacious in
AML and CML patients [10]. Accordingly, SMO* cells in the BM niche could support
LSCs in a manner similar to that in which myofibroblast-secreted factors have been

shown to maintain cancer stem cell features in colorectal cancer [35].
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Discussion

We have molecularly and functionally evaluated Hh signaling using over 200
different primary AML samples and we conclude that cell-intrinsic addiction to the
Hh pathway is unlikely, particularly within primitive human AML cells. This is as
evidenced by reduced signal-transduction machinery compared to normal controls,
without compensatory overexpression of downstream GLI factors by alternate
mechanisms. Importantly, we found that molecular Hh pathway signatures do not
discriminate AML samples from normal hematopoietic cells whether or not they are
subjected to stringent purification based on primitive cell surface phenotypes. The
lack of Hh pathway dependence was further substantiated by similar responses to
pharmacological pathway blockade between normal HSPCs and AML throughout a
range of inhibitor concentrations. However, we did find evidence of Hh signal-
transduction capacity in non-hematopoietic BM cells of both mouse and human
samples, with Hh receptor-expressing cells appearing surprisingly abundant in this
heterogeneous fraction, especially in comparison to their low abundance among
purified primitive hematopoietic cells.

Our data contrast those of Kobune et al. [29], who were able to demonstrate
chemosensitizing properties of cyclopamine in AML cell lines and a small number of
patient samples. One source of variability between studies is that the analysis by
Kobune et al. [29] was exclusively based on unpurified samples, and our results do
not preclude the possibility that the more differentiated AML blasts may be

functionally sensitive to SMO inhibition. We chose to instead focus on populations
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responsible for leukemic relapse and prolonged maintenance of disease, due to the
greater clinical significance. This approach demonstrated that the molecular
determinants of AML-LSC self-renewal differ from those of CML-LSCs, which do
appear to be cell-autonomously dependent on Hh signaling [17,26]. However, our
data do support a potential role for paracrine Hh signaling between the BM
microenvironment and HSCs, complementing findings generated using conditional
knockout mice in which the ablation of Ptchl in osteoblastic lineages had more
dramatic effects on hematopoiesis than Ptch1l deletion in hematopoietic lineages
[36]. Suppression of Hh signals in the BM microenvironment could also be relevant
to AML-LSC behaviour, and such a mechanism could explain the clinical
effectiveness of Hh inhibitors in the treatment of AML [10] despite the absence of
LSC cell-intrinsic targets of these inhibitors.

While the efficacy of direct therapeutic targeting of AML-LSCs through the Hh
pathway is unlikely, our findings suggest that paracrine signaling may exist between
non-hematopoietic BM cells and HPSC/LSC populations, which could be of
therapeutic significance. Since most AML patients experience anemia and cytopenia
as part of the clinical course of the disease [37], this should stimulate hematopoeitic
injury-recognition and supportive response mechanisms within the BM
microenvironment, which likely involves Hh signaling. This proposed model is well
supported by stromal-parenchymal interactions in other normal and malignant
tissues [20-25,35], and complements recent evidence that cells in tumor

microenvironments can actively maintain the phenotypic properties of cancer stem
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cells [35]. In order to properly understand whether Hh signaling represents a target
to therapeutically disrupt LSC-microenvironment interactions, it will first be
necessary to more carefully dissociate the importance of Hh signaling within HSCs
versus non-hematopoietic BM cells under normal and stressful conditions. In vivo
experimentation will ultimately be critical to confirm our prediction that any
therapeutic utility of the Hh signaling pathway in AML will be through paracrine,

rather than autocrine, signaling mechanisms.
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Figure 2.1. Hh signaling is not increased at the mRNA level in primitive AML
cells. (A) Gating strategy used to isolate CD34+*CD38- and CD34+*CD38* populations
from normal and leukemic hematopoietic samples. (B) Relative expression levels of
Hh pathway transcripts in CD34+CD38- and CD34+CD38* of G-MPB and AML. n= 2 G-
MPB samples, 6 AML patient samples. Expression levels were normalized to GAPDH.
N.D: not detected; *p<.05 relative to phenotypically matched G-MPB samples. (C)
Relative expression levels of SMO and GUSB mRNA in CD34+ cells isolated from AML
patients, as well as normal controls (UCB or G-MPB). n= 5 healthy samples, 8
samples from 6 AML patients. The scales of both graphs were adjusted such that the
average GUSB expression in normal controls is equivalent to 1. **p<.005. (D)
Agarose gel electrophoresis of SMO and GUSB products in CD34* G-MPB and AML
samples following 30 cycles of PCR, including no reverse transcriptase and no cDNA
template controls.
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Figure 2.2. AML progenitors are not selectively sensitive to pharmacological
inhibition of Hh signaling in vitro. Relative erythrocytic and leukocytic colony
forming ability of cord blood HSPCs (A) and AML (B) samples in the presence of 2-
50 pM cyclopamine. n=5 cord blood samples, 6 AML samples. ***p<.0001 relative to
DMSO control leukocyte colony number, *p<.05 relative to DMSO control
erythrocyte colony number. (C) Representative images of erythrocytic and
leukocytic (granulocyte and monocyte) colonies.
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Figure 2.3. Hh pathway receptors are enriched in non-hematopoieitic fractions
of mouse BM. (A) Gating strategy to isolate hematopoietic (CD45* or Ter119+) and
non-hematopoietic (CD45-Ter119-) cells from mechanically and enzymatically
dissociated BM. (B) Relative expression levels of Hh pathway transcripts between
hematopoietic (CD45* or Ter119*) and non-hematopoietic (CD45-Ter119-) mouse
BM cells (n=5-9). Expression levels were normalized to Actb, and scaled to reflect
transcript levels of Gusb. N.D.: not detected; *p<.05. (C) CD3 protein-expressing T
cells were diluted at varying concentrations among non-expressing myeloid cells to
evaluate the sensitivity of relative Gusb expression to detect changes in the cell
frequency of an example population (CD3* T cells). CD3e mRNA expression was
found to drop below that of GUSB once the frequency of the CD3* target population
fell below 10%. Expression levels were normalized to GAPDH. Flow cytometry plots
indicate the precise frequencies of CD3* cells contained within each cell mixture.
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Figure 2.4. Hh pathway receptors are enriched in non-hematopoieitic fractions
of human BM. (A) The three principal components of Hh pathway gene expression
are graphically represented. Substantial differences in Hh signaling are evident in
non-hematopoietic human BM cells (n=40), as compared to hematopoietic samples
from leukemic (n=229) or non-leukemic (n=76) sources. Leukemic and non-
leukemic hematopoietic cells clustered together regardless of whether functionally
primitive fractions were isolated or not. (B) Relative to non-leukemic hematopoietic
BM cells (n=69), non-hematopoetic BM cells (n=40) have enriched transcript
expression for genes typical of Hh-responding cells (SMO, PTCH, and HHIP). (C) SMO
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protein expression is consistently detected in non-hematopoietic human BM cells,
while expression is heterogeneous in mononuclear blood cells. Scale bar, 10 pm.
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Supplementary Figure 2.1. Adherent cells derived from human BM samples
are non-hematopoietic. By flow cytometry, adherent BM cells were confirmed to
express characteristic BM mesenchymal markers CD105 and CD73 while lacking
pan-hematopoeitic marker CD45.
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Supplementary Figure 2.2. Sequenced qPCR products have been validated to
specifically align to human Hh pathway transcript sequences. Grey bars
represent sequenced gel-extracted qPCR products, with primers being indicated by
shaded segments. Human mRNA GenBank sequences are shown in light red, with
labeled exon numbers. Sequence identity was determined using the BLASTn

program.
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Supplementary Figure 2.3. SMO-expressing cells are rare within normal and
leukemic CD34+ cells. (A) Example SMO and GUSB amplification plots from
representative G-MPB and AML samples. (B) Dissociation curves showing specific
SMO and GUSB amplification products from normal and leukemic hematopoietic
sources
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Supplementary Figure 2.4. Mouse strain does not influence the cell fraction-
specific BM gene expression profiles for the Hh pathway. Hh pathway gene
expression in hematopoietic (CD45* or Ter119+*) and non-hematopoietic (CD45-
Ter119-) BM cell fractions is shown separately for immunodeficient mice and
wildtype (C57BL/6) mice. All gene expression values are normalized such that
hematopoietic gene expression is equal to 1. This represents the same data shown in
Figure 3B, represented differently to show the consistency of Hh gene expression
across strains.
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Table 2.1. Clinical details of AML patients. AML samples were obtained from
either BM, PB, or therapeutic leukapheresis throughout a variety of disease
progression stages. Figure numbers indicate the experimental use of each sample.

Patient Disease status Tissue Gender  Figures
# source
1 progressed from myelofibrosis BM Female 2.1B,2.1C
2 new diagnosis PB Male 2.1B
3 therapy resistant BM Female 2.1B,2.1C
4 relapse PB Female 2.1B,2.1C
5 unknown PB Female 2.1B,2.1C
6 new diagnosis BM Male 2.1B
7 unknown BM Male 2.1C
8 unknown BM Male 2.1C
9 follow-up BM Male 2.2
10 new diagnosis PB Female 2.2
11 new diagnosis BM Male 2.2
12 new diagnosis PB Male 2.2
13 progressed from MDS Leukapheresis Male 2.2
14 relapse BM Male 2.2
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Table 2.2. Primer sequences and melting temperatures for Hh pathway
primers. Human and mouse primers listed were used by applying the following
cycling parameters: 50°C for 2 minutes, 95°C for 10 minutes, followed by 45 cycles
of 95°C for 15 seconds and Tm for 60 seconds. Dissociation curves were run
following amplification.

Gene Forward sequence Reverse sequence Tm
Human primers
GUSB 5"AAA CGA TTG CAG GGT TTC AC 3' 5'CAG TCA TGA AAT CGG CAA AA 3' 55
SHH 5'TGA CCC CTT TAG CCT ACAAGCA 3’ 5'CCT TCATACCTT CCG CTGGC 3' 60
HHIP 5'AGG CCA TAT TCCAGG TTT CC 3’ 5'GAA AGC ACA ACCCACCATCT 3 60
PTCH 5"AGT GTC GCA CAG AAC TCC ACT 3' 5'GCA TAG GCG AGC ATG AGT AAG 3' 55
SMO 5'AAG GCT GCA CGAATGAGGT 3' 5'CAG CTCTTG GGG TTG TCT GT 3' 55
SUFU 5'CCT CCA GAT CGT TGG TGT CT 3' 5'TCC GCATGT CAG TTATCAGC 3' 55

GLI1 5"AGC TGA AGT CTG AGC TGG ACA 3’ 5' GAT CCT GTA TGC CTG TGG AGT 3' 60
GLIZ 5'GACATT CGG CTAAGG AGG GATT 3"  5' CCA AAT GCT CCC TAC CAT CTT TC 3' 55

GLI3 5'GCA CTT TTG AAG GTT GCA CA 3' 5'CCT TCG TGC TCA CAG ACGTA 3' 60
CD3e 5" ATG AAA CAA AGA TGC AGT CG 3' 5'GTC TGT GTA ATA CCA CCCATT 3' 55
GAPDH 5'TGC ACC ACCAACTGCTTAGC 3' 5' GGC ATG GAC TGT GGT CAT GAG 3' 56?)-

Mouse primers

Ihh 5'GCT TCG ACT GGG TGT ATT ACG 3' 5'GCT CGC GGT CCA GGA AAAT 3' 52

Shh 5'TCA CAA GAA ACT CCG AACGATTT 3' 5'GAT GTC CACTGC TCG ACCC 3' 52
5'"GCA GTT GTT TGA AGA AGA CCT GG

Hhip 5'CTG GAT GGG GAC CTA GCACTT 3' 3 55

Ptch 5'TCC GAG TGG CTG TAATTG AGA 3' 5'CTG AAT CAA CAT CTG GGA GGT G 3' 55

Smo 5'GAG CGT AGC TTC CGG GACTA 3' 5'CTG GGC CGATTC TTG ATC TCA 3' 55

Gli1 5'TCG ACC TGC AAA CCG TAATCC 3' 5'TCC TAA AGA AGG GCT CAT GGT A 3' 52
Gliz 5'CAG TGG AAT GAG GTG AGT TCT G 3' 5'GCT CTG CAC GGA TTG TGG ATT 3' 55

Gli3 5'TGC CCA TCA GCT ACT CAG TG 3' 5'"TTG TTG CAG AGT GAG GTT GC 3' 55
Actb 5"AGCCTT CCT TCT TGG GTA TG 3' 5'GGT CTT TAC GGA TGT CAA CG 3' 5525_
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Table 2.3. Human gene expression datasets retrieved from GEO

GEO
Accession Reference
number

Number of
replicates

Sample description

Purified primitive AML samples (hematopoietic)

Cheung et al,, 2009

Leukmic stem/progenitor phenotype:
CD34+ cells isolated from AML patient PB

GSE12326 [38] 10 or BM samples (a total of 5 individual
AML patients)
I Leukemic stem cell phenotype: Lin-
GSE17054 Mt f;;‘]l 2009 9 CD34*CD38-CD90-cells isolated from AML
patient PB or BM samples
Leukemic progenitor cell phenotype: Lin-
Gentles et al., 2010 CD34+CD38* leukemic progenitor cells
GSE24006 [40] 8 isolated from AML patient leukapheresis
or peripheral blood samples
Purified non-diseased samples (hematopoietic)
o Normal hematopoeitic stem cell
GSE17054 ~ Majed F;;‘]l 2009 4 phenotype: Lin-CD34+CD38-CD90* cells
isolated from normal human BM
Normal hematopoeitic stem cell
Gentles et al,, 2010 phenotype: Lin‘CD34+CD38-
GSE24006 [40] 3 CD90+*CD45RA- cells isolated from normal
human cord blood
Unpurified AML BM samples (hematopoietic)
GSE15061 Mills et al, 2009 202 AML BM mononuclear cells

[41]

Unpurified non-diseased BM samples (hematopoietic)

Mills et al., 2009
GSE15061 [41] 69

Non-leukemic BM mononuclear cells
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Non-hematopoietic BM samples

Sacchetti et al., 2007

Non-hematopoietic CD146-expressing

GSE6460 [42] 4 subendothelial cells isolated from human
BM (untreated controls only)
GSE9451 Kubo et al., 2009 3 Human iliac mesepchyrpal stem cells
[43] purchased from BioWhittaker Inc
Non-hematopoietic plastic
Grundberg et al., adherent cells isolated from
GSE10311 2008 [44] 9 human BM (untreated controls
only)
Non-hematopoietic plastic adherent cells
GSE10315 Mr“gala[zg]al" 2009 6 isolated from human BM (unstimulated
controls only)
Wagner et al., 2009 Non-hematopoietic plastic adherent cells
GSE12274 [46] 3 isolated from human BM
Co-culture of non-hematopoietic plasted
Rivron et al. 2012 adherent cells isolated from human BM
GSE22293 [47] v 3 (92%) with human umbilical vein
endothelial cells (8%; untreated controls
only)
. Non-hematopoietic plastic adherent cells
GSE35331 Guilloton etal, 2012 12 isolated from human BM (healthy donors

[48]

only)
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Chapter 3: Niche displacement of human leukemic stem cells uniquely allows
their competitive replacement with healthy HSPCs

Preface

This Chapter is an original published article. It is presented in its published form.

This research was originally published in The Journal of Experimental Medicine:

Boyd, A. L., Campbell, C. ]. V., Hopkins, C. [, Fiebig-Comyn, A., Russell, ]., Ulemek, ],
Foley, R, Leber, B., Xenocostas, A., Collins, T., Bhatia, M. (2014). Niche displacement
of human leukemic stem cells uniquely allows their competitive replacement with
healthy HSPCs. Journal of Experimental Medicine, 211(10), 1925-1935.

doi:10.1016/j.ymthe.2004.07.029. Copyright © Rockefeller University Press.

I designed the study with Dr. Mick Bhatia, and with considerable participation of Dr.
Clinton Campbell. I performed competitive xenotransplantation experiments and G-
CSF administration studies. I also performed in situ spatial analysis of xenografted
mouse bone marrow. Dr. Clinton Campbell screened patient and donor samples for
HLA-A2 expression and performed initial competitive transplantation experiments.
Aline Fiebig-Comyn, Jelena Ulemek, and Claudia Hopkins also assisted with animal
experiments. Claudia Hopkins, Jennifer Russell, and Dr. Tony Collins helped with in

situ bone marrow imaging. Drs. Ronan Foley, Brian Leber, and Anargyros Xenocostas
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provided human leukemia samples and intellectual input. I wrote the paper with Dr.

Mick Bhatia.

As I had participated in our lab’s study showing that healthy hematopoietic
stem cells (HSCs) localize to discrete trabecular regions in bone marrow (BM)
(Guezguez et al,, 2013), an extension of these findings to acute myeloid leukemia
(AML) was a logical progression. This also complemented the themes of AML and

the BM microenvironment that began with Chapter 2.

The in vivo microenvironments that house LSCs have been poorly defined,
and it was not clear whether features of LSC niches would closely resemble those of
HSCs. We therefore began by applying the same techniques that we used to
characterize HSC niche attributes (Guezguez et al, 2013). We then pursued
competitive transplantation xenograft studies, to more definitively evaluate any
functional overlap between HSC and LSC niches. This provided a new framework to
understand interactions between HSCs and LSCs in the BM niche, and provides

insights to potentially improve therapeutic transplantation strategies in AML.
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Abstract

Allogeneic hematopoietic stem cell transplantation (HSCT) is currently the leading
strategy to manage acute myeloid leukemia (AML). However, treatment-related
morbidity limits the patient generalizability of HSCT use, and the survival of
leukemic stem cells (LSCs) within protective areas of the bone marrow (BM)
continues to lead to high relapse rates. Despite growing appreciation for the
significance of the LSC microenvironment, it has remained unresolved whether LSCs
preferentially situate within normal hematopoietic stem cell (HSC) niches or
whether their niche requirements are more promiscuous. Here we provide
functional evidence that the spatial localization of phenotypically primitive human
AML cells is restricted to niche elements shared with their normal counterparts, and
that their intrinsic ability to initiate and retain occupancy of these niches can be
rivaled by healthy hematopoietic stem and progenitor cells (HSPCs). When
challenged in competitive BM repopulation assays, primary human leukemia
initiating cells (L-ICs) can be consistently outperformed by HSPCs for BM niche
occupancy in a cell-dose dependent manner that ultimately compromises long-term
L-IC renewal and subsequent leukemia-initiating capacity. The effectiveness of this
approach could be demonstrated using cytokine-induced mobilization of established
leukemia from the BM that facilitated the replacement of BM niches with
transplanted HSPCs. These findings identify a functional vulnerability of primitive

leukemia cells, and suggest that clinical development of these novel transplantation
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techniques should focus on the dissociation of L-IC-niche interactions to improve
competitive replacement with healthy HSPCs during HSCT towards increased

survival of patients.
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Introduction

AML is a hematological neoplasm with a hierarchical cellular structure that is
reminiscent of the normal hematopoietic system (Bonnet and Dick, 1997; Hope et
al, 2004; Lapidot et al., 1994). LSCs, which sit at the top of this hierarchy, are
particularly resistant to conventional therapeutic measures, contributing to
minimum residual disease and ultimately causing patient relapse (Guzman et al,,
2002). More recent insights suggest that the BM microenvironment plays a
fundamental role in sheltering LSCs (Konopleva et al., 2002) and specifying their
self-renewal properties (Kode et al., 2014; Raaijmakers et al., 2010; Schepers et al,,
2013). Therefore, niche-targeted consolidation treatment strategies represent a
promising mechanism to effectively compromise LSC self-renewal and eliminate
minimum residual disease in AML. In order to inform novel therapeutic efforts
towards this goal, it is necessary to develop a thorough understanding of LSC niche
characteristics, in relation to those of HSCs.

We have previously characterized geographical and molecular features that
functionally define the HSC niche in vivo (Guezguez et al., 2013), and in this study we
extend these observations by reporting that LSC-enriched populations share an
equivalent spatial and functional distribution in BM. Critically, we show that HSPCs
can rival L-ICs to populate vacant sites within the BM, which has been described to
contain a limited number of saturable niches (Colvin et al., 2004; Czechowicz et al,,

2007). We further demonstrate that in the context of established leukemic disease, it
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is necessary to dissociate leukemia-niche interactions prior to HSCT, in order to

achieve competitive healthy reconstitution at the expense of LSC self-renewal.

Results and Discussion

Spatial overlap exists between normal and leukemic stem cell-enriched populations in
the BM

We have recently described anatomical boundaries within the BM that discretely
define the functional localization of healthy HSCs (Guezguez et al., 2013). Relative to
diaphyseal long bone areas (LBA), the cellular composition of trabecular bone (TBA)
provides a unique molecular microenvironment that preferentially accommodates
self-renewing HSCs. Applying the same analytical techniques, we comparatively
interrogated whether phenotypically immature leukemic cells share this non-
uniform distribution in BM, using xenografted immunodeficient mice established as
a reliable surrogate model. Following transplantation with primary cells from AML
patients or normal human donors, xenografted femurs were dissected along axial
planes that delineate the borders between TBA and LBA regions (Fig. 3.1 A). Flow
cytometric measurement of primitive CD45+*CD34* human hematopoietic cells
indicated that like their normal counterparts, immature leukemic cells were
markedly more predominant in the cancellous TBA (Fig. 3.1, B and C). Longitudinal
sectioning of frozen decalcified femurs further allowed more precise comparison of
microanatomical distribution patterns of normal and leukemic hematopoiesis in situ.

Using a high-resolution fluorescence-based imaging platform (Guezguez et al,
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2013), human-specific CD45*CD34* cells could be sensitively and accurately
detected, paralleling our flow cytometry analysis (Fig. S3.1, A and B). Enrichment of
CD34+ leukemic cells was evident along the surface area of the endosteum (Fig. 3.1,
D and E), a geographical arrangement that has been previously described for both
human and murine HSCs (Guezguez et al.,, 2013; Nombela-Arrieta et al.,, 2013). A
customized quantitative localization analysis based on endosteal proximity (Fig.
S3.1 C) showed that the spatial frequency distribution of CD34* AML cells is
indistinguishable from that of normal HSPC donors (Fig. 3.1, E and F). This
assessment extends observations of general associations of primitive AML cells with
paratrabecular features (Ishikawa et al., 2007; Ninomiya et al., 2006; Fig. 3.1, B and
C), and more specifically predicts that the regional distribution of normal and

leukemic self-renewal niches are physically superimposed.

Healthy HSPCs can out-compete L-ICs to populate common functional BM sites

Although spatial profiling of phenotypically primitive cells provides compelling
evidence that HSPCs and L-ICs share common BM niches, ultimately self-renewing
cells are stringently defined based on their in vivo performance, requiring rigorous
competitive transplantation assays to comprehensively address their predicted
functional co-localization. To this end, human leukocyte antigen A2 (HLA-A2) served
as a faithful antigen which allowed us to combine and track primary cells from
genetically distinct human individuals within mixed chimeric xenografts (Guzman et

al,, 2002; Fig. S3.2). We initially performed competitive transplantation experiments
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between pairs of healthy cord blood (CB) donors, to first establish whether this co-
transplantation xenograft model would accurately allow for the unbiased
examination of BM niche repopulation dynamics (Fig. 3.2 A). Cell dose titration of
co-injected donor cells revealed that relative initial CD34+ cell content was strongly
predictive of BM graft dominance (Fig. 3.2, B and C), reflecting clinical observations
made in the context of human transplantation with mixed CB cells from two
combined donors (Ballen et al, 2007). Furthermore, earlier transplantation
provided a competitive repopulation advantage if donor cells were instead
transplanted in a successive fashion (data not shown), again recapitulating clinical
reports (Avery et al, 2011; Ballen et al, 2007). In no instance did we observe
evidence of immune recognition between donor cells (Yahata et al., 2004), as
assured by the use of lineage-depleted (Lin) CB samples lacking CD2* T cells (Fig.
3.2 B), and the application of the NOD SCID recipient background, which precludes
terminal maturation of immune competent lymphocytes (Shultz et al., 2005).

Using this clinically relevant system, we then co-transplanted constant cell
numbers of AML with escalating doses of CB Lin- cells to determine whether normal
and leukemic repopulating cells can compete with each other to seed common BM
niches (Fig. 3.2 D). All AML samples chosen for competitive repopulation
experiments generated exclusively myeloid leukemic grafts (Fig. S3.3 A), and co-
transplanted CB-HSPCs consistently gave rise to multi-lineage hematopoiesis (Fig.
S3.3 B). Leukemic cell doses were chosen which would generate considerable levels

of disease burden, to ensure that our model would accurately represent clinical
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situations of poor prognosis that would require HSCT therapy. Similar to our
observations in paired CB donor-transplantation experiments, the proportions of
AML patient-derived cells within the human grafts were consistently reduced by CB
competition in a cell dose-dependent manner (Fig. 3.2, E and F). Remarkably, this
translated into suppression of the absolute leukemic burden at higher CB Lin- cell
doses, unless the overall human reconstitution was low (AML Patient #1; Fig. 3.2, G
and H). In this particular case of low human reconstitution, the presence of any
competing CB cells was sufficient to compromise leukemic engraftment regardless
of CB cell dose used (Fig. 3.2 I), and this observation was not unlike absolute
engraftment profiles observed in double CB co-transplant experiments (Fig. 3.2 ]).
Overall, this demonstrates that normal and leukemic repopulating cells can compete
dynamically to populate vacant BM niches and that L-ICs can be outcompeted by CB-
HSPCs in a cell dose-dependent manner as long as niche availability is limiting. Our
finding that L-ICs do not appear to have a superior affinity for niche repopulation
was striking considering that primitive AML blasts have been reported to express
elevated levels of antigens involved in adhesion and chemoattraction (De Waele et
al,, 1999; Jin et al,, 2006).

When human cells from healthy/leukemic chimeras were serially transplanted
into secondary recipients, we found that leukemic repopulation was equal to or less
than that in primary recipient mice, while the self-renewal of AML-alone controls
was uncompromised or elevated (Fig. 3.2, K and L). Therefore, the competitive

pressure provided by co-injected HSPCs was apparently able to jeopardize L-IC
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fitness in a durable fashion. This would be an unlikely finding if L-ICs had the
capacity to resist HSPC competition by relocation to alternative BM niches. When
our model was instead adjusted to simulate the clinical context of pre-established
leukemic disease followed by irradiation-conditioned CB Lin- transplantation,
leukemic engraftment was able to recur in secondary recipients, indicating less
effective replacement of L-ICs (Fig. 3.2 M). This provides a model of leukemic relapse
and complements our CB co-transplant studies, suggesting that equal competition

for BM niches is compromised if leukemic engraftment is pre-established.

Mobilizing agents can displace leukemic cells from BM niches

We next reasoned that better capitalization of such unanticipated HSPC competitive
properties would offer the most promising direction to improve therapeutic
targeting of residual AML-LSCs during HSCT. Murine studies have suggested that
small molecule or cytokine-induced mobilization of indigenous HSCs can effect
dramatic niche exchange and HSC redistribution throughout BM (Verovskaya et al.,
2014) and can also act as a preparative treatment to allow allogeneic HSC
engraftment (Chen et al., 2006). We therefore sought to apply the same approach in
a xenograft setting, to evaluate its therapeutic value to promote competition of
transplanted HSPCs versus niche-occupant L-ICs. Initially, we assessed whether
engrafted HSPCs and L-ICs would respond to mobilization treatment in similar ways
based on their mutual dependence on CXCR4-CXCL12 for anchorage and retention in

the BM (Peled et al., 1999; Petit et al,, 2002; Tavor et al., 2004). Starting with CB-
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engrafted mice, we applied a mobilization regimen using two CXCR4-CXCL12
antagonists (granulocyte colony-stimulating factor; G-CSF and AMD3100), adapted
from Petit et al. (2002) and Broxmeyer et al. (2005; Fig. 3.3 A). Consistent with
previous reports (Nervi et al.,, 2009), we found that CXCR4 antagonism effectively
mobilized xenografted human cells from the BM into the periphery within one hour
of treatment (Fig. 3.3 B). Although human hematopoietic cells were present in
splenic isolates from both mobilized and control-treated mice, transplantation of
these cells into secondary recipients revealed functional repopulating activity only
among human cells that had been recovered from the spleens of mobilized mice (Fig.
3.3 C). This rigorous assessment of primitive functional characteristics is evidence
that mobilization treatment successfully caused physical displacement of human
long-term repopulating cells out of the BM, causing their redistribution into
peripheral hematopoietic sites. We next applied the same treatment strategy to
xenografts of primary human AML to establish whether leukemic cells could equally
be displaced from the mouse BM (Fig. 3.3 D). Consistent with the niche similarities
shared by normal and leukemic cells, mobilization treatment was also able to effect
movement of human leukemic cells from the BM into the peripheral blood and
spleens of diseased chimeric mice (Fig. 3.3 E). Recovered AML cells expressed
appropriate tissue-specific and treatment-specific levels of CXCR4 (with the highest
expression observed within the BM of mobilized mice; Petit et al., 2002; Fig. S3.4).
Together, this suggests that the functional integrity of the CXCR4-CXCL12 axis is

intact and targetable in primitive AML cells.
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This evidence that BM-resident leukemic cells can successfully be physically
dislodged from their inhabited niches offers promise that leukemic mobilization
could represent a mechanism to promote better competitive repopulation by HSPCs
during therapeutic transplantation. Due to the inability of serial transplantation to
discriminate between LSCs localized within specialized niches versus those
transiting through non-niche BM space during mobilization, we explored the effects
of mobilization on niche accessibility by challenging injected CB-HSPCs to home to
the marrow after leukemic graft displacement. In our initial leukemia mobilization
experiments, we found that within one day post-treatment, the spatial configuration
of the leukemic grafts had begun returning to a normal non-mobilized state, and that
AML cells had completely re-assumed their original tissue distribution by one week
post-mobilization (data not shown). We therefore reasoned that rapid infusion of
competitive CB-HSPCs would be necessary after leukemic mobilization. One hour
following mobilization-treatment of AML-engrafted mice, lipophilic dye-labeled CB
Lin- cells were injected intravenously (IV) and the dissemination of these
fluorescently labeled cells was assessed one day later (Fig. 3.3 F). Although a
significant proportion of dye-labeled cells were localized to the spleen under both
conditions at this time point, there was a modest reduction of these cells in pre-
mobilized mice (data not shown). This was reflected by a two-fold increase in CB
Lin- cells homed to the BM (Fig. 3.3 G), suggesting that leukemic displacement led to
increased niche availability. The observation of enhanced HSPC homing ability as a

consequence of leukemic niche displacement supports our earlier interpretation
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that primitive normal and leukemic cells do share and compete for common
microanatomical niches, and reinforces the prediction that leukemic mobilization

can enhance competitive L-IC replacement by transplanted HSPCs.

Leukemic mobilization facilitates competitive reconstitution and leukemia elimination
by transplanted HSPCs

Next, we evaluated the long-term effectiveness of pre-HSCT mobilization in the
context of established leukemic disease by injecting large numbers of healthy CB-
HSPCs after leukemic mobilization, in order to saturate the newly vacant BM niches
(Fig. 3.4 A). Importantly, the injected CB Lin- cell doses were chosen such that the
numbers of infused CD34* cells/kg body weight were representative of realistic
cellular doses achievable in clinical human transplantation from adult HSPC sources
(Korbling et al., 1995; Scheid et al,, 1999; Table 3.1). Across three different patients,
mobilization pre-conditioning consistently ameliorated the ability of injected HSPCs
to competitively reconstitute the leukemic xenograft microenvironment relative to
non-mobilized controls (Fig. 3.4 B). In each case, this was accompanied by a
statistically significant reduction in overall leukemic burden, as measured by overall
leukemic cell frequencies in BM (Fig. 3.4 C) or total leukemia cell numbers per
mouse (data not shown). Established healthy human grafts could be similarly
suppressed by mobilization followed by transplantation with either normal or
leukemic human cells (Fig. 3.4, D-G). This supports the notion that the temporal

sequence of events is a fundamental determinant of competitive repopulation, and
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suggests that this is independent of the normal or leukemic nature of competing
stem or progenitor cells. Critically, the superior therapeutic effects of mobilization
pre-conditioning persisted after each individual chimeric graft was serially
transplanted into a single secondary recipient mouse (Fig. 3.4, H and [; Table 3.2). In
several cases, mobilization pre-treatment involved complete elimination of L-IC
repopulative capacity, with robust CB engraftment serving as a powerful positive
internal control. This suggests that leukemic BM mobilization represents a
promising HSCT preconditioning strategy, which can improve long-term
management of leukemic disease.

Finally, in order to put our findings into a broader context for clinical
application, we considered the predictive value of pre-treatment disease levels
towards therapeutic outcomes of mobilization-HSCT. The robust therapeutic
responses described for AML Patients #4 and #5 were associated with marginal
frequencies of peripherally circulating leukemic blasts in primary mice at the time of
treatment (Fig. 3.5 A), which provides an accurate surrogate representation of BM
infiltration (Fig. 3.5 B). In contrast, mice treated under conditions of abundant
circulating blasts (Patient #6; Fig. 3.5 A) ultimately manifested aggressively
disseminated disease with extramedullary leukemic burdens that exceeded the
cellular capacity of the BM space (Fig 3.5 C), despite mobilization-HSCT intervention
(Fig. 3.5 D). This extreme example reinforces the principal suitability of
mobilization-HSCT as a consolidation measure after cytoreduction (Rowe, 2009),

and parallels clinical reports that poor disease-free survival is predicted by residual
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BM blast levels = 30% at the time of conventional HSCT (Kebriaei et al., 2005; Sierra
et al., 2000). Of fundamental significance, the therapeutic resistance of AML Patient
#6 xenografts was accompanied by the notable absence of healthy CB self-renewal
upon serial transplantation, despite successful healthy repopulation in primary
recipients (Fig. 3.5 D). Therefore, transient repopulation by healthy hematopoietic
progenitors is not sufficient to reverse leukemic progression, which instead requires
durable niche population and engraftment by functionally-defined HSCs (Fig. 3.4 I).
These critical functional readouts provide evidence that HSCs rather than HPCs are
most likely the direct LSC competitors, complementing recent insights implying
functional similarities between HSC and LSC niches based on BM conditions that
exacerbate murine AML (Krause et al, 2013) in a manner similar to niche-
dependent HSC expansion (Calvi et al., 2003).

On the basis of in situ localization analysis and careful functional repopulation
assays performed in vivo, we propose a model in which HSPCs and LSCs share and
compete for common protective niches within the BM. Because the functional
property of self-renewal is cell-extrinsically maintained (Guezguez et al., 2013), our
finding of common regulatory niches between normal and leukemic stem cells
presents a considerable barrier towards selective pharmacological targeting of LSC
versus HSPC self-renewal. We instead suggest that novel approaches to cell-based
therapy offer a more promising consolidation strategy to challenge LSC survival
within the BM. To our knowledge, this represents the first demonstration that

similar functional properties shared by LSCs and HSCs can be used as a therapeutic
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advantage in a preclinical transplantation model. Our study identifies a currently
unexploited ability of HSPCs to rival L-ICs for BM niche territory, achievable by
mobilization of resident L-ICs prior to healthy HSPC transplantation. This
repositions transplanted HSPCs as powerful therapeutic effectors that can actively
participate in LSC elimination, in contrast to their traditional reconstitutive role that
is secondary to aggressive anti-leukemic therapy. The value in this novel
mechanistic strategy is that LSC elimination can be accomplished without cytotoxic
myeloablation, enhancing the safety and therapeutic index of HSCT through the
repurposing of agents already known to be well-tolerated for patient administration
(Bradley etal., 2012).

This potential for improved reduced-intensity conditioning could allow larger
patient populations to be considered as HSCT candidates, and complements other
toxicity-limiting strategies such as techniques that selectively deliver radiation
targeted specifically to the BM, sparing other organs (Wong et al., 2006). The clinical
application of leukemia mobilization for the purpose of HSCT is currently
unprecedented, unlike the strategy of G-CSF-mediated chemotoxic sensitization
(Saito et al,, 2010), which has been subject to numerous patient trials over the past
decade that have led to somewhat conflicting interpretations regarding efficacy
(Buchner et al., 2004; Estey et al, 1999; Lowenberg et al., 2003). Based on the
anticipated safety and the promising pre-clinical observations reported here, the
testing and optimization of mobilization pre-conditioning as a new HSCT approach

for AML patients is currently planned, including the evaluation of adult BM as a
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compatible HSPC source due to the greater CD34+ cell numbers that can be procured
(Korbling et al, 1995; Scheid et al, 1999; Wagner et al, 2002). Additionally,
although a single round of mobilization-primed transplantation provided an
effective technique of disease suppression under conditions of considerable
leukemic burden (AML Patients #3 and 5), further refinement of this procedure
could involve repeated cycles of mobilization and HSPC infusion (Bhattacharya et al,,
2009; Colvin et al.,, 2004) to capitalize on multiple windows of opportunity to
competitively eliminate L-ICs. Ultimately, the use of mobilization pre-treatment
either alone or in conjunction with low-intensity HSCT regimens offers a novel
strategy towards the development of more tolerable AML transplantation therapy

with superior eradication of residual disease.

Materials and Methods

Primary human samples. Primary blasts were obtained from peripheral blood (PB)
aphresis or BM aspirates of AML patients (Table S3.1), and healthy hematopoietic
cells were isolated from CB samples. Informed consent was obtained from all sample
donors in accordance with Research Ethics Board-approved protocols at McMaster
University and the London Health Sciences Centre (Research Ethics Board #08-330
and #08-042). Mononuclear cells were recovered by density gradient centrifugation
(Ficoll-Paque Premium; GE Healthcare, Cooksville, Canada), and remaining red
blood cells were lysed using ammonium chloride solution (StemCell Technologies,

Vancouver, Canada). Lineage depletion of CB samples was performed using a
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commercially available kit (StemCell Technologies, Vancouver, Canada), according to

manufacturer’s instructions.

Xenotransplant assays. NOD/Prkdcscid and NOD/SCID/B2Mnull mice were used as
xenotransplantation recipients. Mice were bred in a barrier facility and all
experimental protocols were approved by the Animal Care Council of McMaster
University (Animal Use Protocol #13-02-05). Immunodeficient mice aged 6-10
weeks old were sublethally irradiated (350 rads, 137Cs) 24 hours prior to initial
transplantation in order to induce and establish either healthy or leukemic human
hematopoiesis (Bonnet and Dick, 1997; Lapidot et al., 1994). Pairs of human samples
were selected based on disparate HLA-A2 expression, and were transplanted IV
either separately or mixed together, according to established protocols (Guezguez et
al, 2013; Sachlos et al.,, 2012). In some cases, mice received a second HLA-A2-
mismatched human transplant after a period of three weeks, as outlined in the text.
Between three to ten weeks after original transplantation, mice were killed and cells
from the BM and spleen were recovered by mechanical dissociation. Following red
blood cell lysis, species-specific CD45 antibodies were used to determine levels of
human chimerism by flow cytometry. HLA-A2 targeted antibodies were then used to
distinguish individual donor contributions to human grafts, and multi-lineage
analysis involved antibodies directed towards CD33, CD19, CD34, and CXCR4 (BD

Biosciences, Mississauga, Canada). An LSRII flow cytometer (BD Biosciences,
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Mississauga, Canada) was used for data acquisition, and all flow cytometry analysis
was perfomed using Flow]o Software (version 9.3.2 Tree Star Inc., Ashland, USA).

In order to assess self-renewal and evaluate the long-term persistence of L-ICs,
normalized numbers of BM cells from individual engrafted mice were transplanted
IV into single secondary recipients. In one experiment, cells recovered from the
spleens of primary mice were transplanted intrafemorally into secondary
receipients, by normalizing cell input based on organ volume. Engraftment of all
secondary recipients was assessed six to eight weeks following transplantation
using flow cytometry. The threshold used for human engraftment was 0.1% human

CD45* chimerism within bone marrow (Notta et al., 2010).

Quantitative immunofluorescent microscopy. Whole femurs extracted from mice
xenografted with healthy or leukemic hematopoietic cells were fixed overnight in
4% paraformaldehyde at 4°C, followed by overnight decalcification in formic acid
(Immunocal, Decal, Tallman, USA). Femur specimens were subsequently snap frozen
in OCT compound (Sakura, Tokyo, Japan) and sectioned at a 5-pm thickness with a
cryostat microtome, using the CryoJane tape-transfer system (Leica, Wetzlar,
Germany). After blocking with 20% donkey serum (Jackson ImmunoResearch, West
Grove, USA) and mouse Fc receptor blocking (BD Biosciences, Mississauga, Canada),
slides were incubated with anti-human CD45 rat monoclonal antibody ab30446 and
anti-human CD34 rabbit monoclonal antibody ab81289 (both 1:50 dilution; Abcam,

Cambridge, USA). Donkey-raised secondary antibodies conjugated to Alexa488 or
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Alexa-647 fluorophores were used for the detection of immunopositive cells (Life
Technologies, Burlington, Canada). Fluorescent montage images of immunostained
bone sections were acquired at 20x using an Operetta high content imaging system
(Perkin Elmer, Waltham, USA), and assembled with Columbus analysis software
(Perkin Elmer, Waltham, USA). Quantitative proximity analysis relative to endosteal
bone regions was performed as previously described (Guezguez et al., 2013), using
customized scripts in Acapella (Perkin Elmer, Waltham, USA) and MATLAB
(MathWorks, Natick, USA) software. Briefly, DAPI signal intensity was used to
identify individual cell nuclei, and the fluorescence intensities of the remaining
channels were then quantified for each nuclear and perinuclear region. Negative
staining controls were used to set positive signal thresholds. Endosteal cells were
defined as CD45-CD34- cells in areas with low surrounding nuclear density and high
perinuclear autofluorescence in the DAPI channel. X-Y spatial nuclei coordinates
were then used to calculate the distance of each human CD45+*CD34+* cell to the

nearest endosteal-defined cell to generate spatial distribution histograms.

In vivo mobilization treatment of xenografts. Following the establishment of human
grafts, mice were injected subcutaneously with mobilization agents adapted
according to published treatment schedules (Broxmeyer, 2005; Petit et al., 2002).
This consisted of three consecutive days of subcutaneous G-CSF injections at 300
ug/kg, followed by a single SQ injection of AMD3100 (Sigma-Aldrich, Oakville,

Canada; 5 mg/kg) on the fourth day. Vehicle control animals were injected with
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equivalent volumes of saline. One to two hours after the final injection, mice were
either transplanted IV with cord blood Lin- cells (or saline), or were killed for

analysis of human cell tissue distribution.

Hematology. Peripheral blood was collected from the mandibular vein of mice one
hour following treatment with mobilization agents or with vehicle. WBC counts in
peripheral circulation were evaluated using a Nexcelom Cellometer (Lawrence, USA)
following acridine orange staining of diluted whole blood samples. Total WBC

numbers were then expressed per unit volume of blood.

Homing assay. CB Lin- cells were incubated with Vybrant DiO cell labeling solution
(Life Technologies, Burlington, Canada), following manufacturer’s instructions. 1.5
x10> labeled Lin- cells per mouse were transplanted IV into either mobilized or
control-treated animals that had been engrafted with AML three weeks prior.
Twenty-four hours following transplantation, the relative homing of labeled CB Lin-

cells was assessed in dissociated spleen and bone marrow cells by flow cytometry.

Statistical Analysis. Data are represented as mean * standard error of the mean
(SEM). Unpaired two-tailed Student’s t-tests, one-way ANOVAs, or linear regressions
were used for statistical comparisons, with the exception of the localization-based
frequency distributions of normal versus leukemic CD45+*CD34+ cells, which were
statistically compared using Chi square analysis. Statistical analyses were performed
using Prism (version 5.0a, GraphPad, San Diego, USA) or MATLAB (MathWorks,

Natick, USA) software, and the criterion for statistical significance was P<0.05.
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Figure 3.1. Healthy and leukemic human CD34* cells spatially overlap within
the BM cavity. (A) Experimental design to study the location of healthy or leukemic
human hematopoietic cells within the TBA and LBA of xenografted mouse femurs.
(B) Representative flow cytometry plots showing human CD45+*CD34* AML cells
within TBA and LBA regions. (C) Scatter plots showing the TBA- and LBA-specific
frequencies of human CD45*CD34* cells derived from AML patients or normal
human donors. Each data point represents an individual mouse, and each symbol
represents an independent primary human sample. *P<0.05, paired Student’s t test.
(D) Representative whole-bone section images of AML-engrafted mouse femurs
immunostained with human-specific CD45 and CD34. Scale bar, 1 mm. (E)
Representative high magnification images of AML or healthy donor-engrafted mouse
femurs immunostained with human-specific CD45 and CD34. Dotted lines indicate
the endosteal boundary. Scale bar, 50 um. (F) Proximity distribution of healthy or
leukemic human CD45+CD34+ cells relative to the nearest bone nucleus. Black line
indicates the distribution of cord blood CD45+*CD34* cells (averaged across 4
replicates), and each colored line represents an independent AML-engrafted femur.
Each color represents a different primary human AML sample. All P values = 0.20
when comparing AML CD45+*CD34* versus CB (CD45+*CD34* distributions (Chi
square).
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Figure 3.2. Co-transplantation of healthy HSPCs with AML MNCs can
competitively reduce leukemic progression. (A) Experimental design to study
competitive niche repopulation between HSPCs enriched from pairs of healthy
human CB donors. (B) Gating strategy and representative flow cytometry plots
showing relative donor cell proportions within human populations before and after
co-injection into xenograft recipients. Upper left plot shows that CD2+* T cells were
absent from all injected Lin- populations, precluding any immune reactions within
the recipient mice. (C) Scatter plot of flow cytometry data showing that in mouse BM
grafts, the relative donor CD45+* cell frequencies closely recapitulated their original
proportions within injected CD34+* populations, consistently across 4 independent
experiments using different CB donor pairs. Dotted lines represent 95% confidence

119



PhD Thesis - AL Boyd McMaster University - Biochemistry

intervals. Each data point represents an individual transplanted mouse.
*%P<0.0001, linear regression. (D) Experimental design to study the effects of BM
niche competition between healthy and leukemic human repopulating cells. AML cell
numbers were kept constant with increasing dose titrations of CB Lin- cells. (E)
Example gating strategy to assess the relative reconstitution of primary AML
samples in the presence of competing CB-HSPCs, expressed as a proportion of the
total human graft. (F) Flow cytometry data showing that HSPC competition reduces
the leukemic contribution to human grafts in a cell dose-dependent manner for all
AML samples tested (three independent experiments). Co-transplantation of CB Pair
#1 is also shown for comparison. Shaded areas represent 95% confidence intervals.
Each data point represents an individual mouse. *P<0.05, **P<0.01, ***P<0.001,
linear regression. (G) Example gating strategy to assess the absolute BM
reconstitution levels of AML samples in the presence of CB-HSPC competition. (H)
Flow cytometry data showing that absolute leukemic reconstitution is reduced by
HSPC competition in a cell dose-dependent manner. Shaded areas represent 95%
confidence intervals. Each data point represents an individual mouse. *P<0.05,
linear regression. (I) Flow cytometry data showing that relative to control mice
transplanted with AML cells alone, the total leukemic reconstitution of AML Patient
#1 is reduced in the presence of competing HSPCs at all competing cell doses tested
(single transplant n=2, co-transplant n=8). ***P<0.0005, unpaired Student’s t-test.
(J) Flow cytometry data showing that absolute CB reconstitution levels are also
influenced dose-dependently by competing CB donor cells only if human chimerism
levels are high. Each data point represents an individual mouse. *P<0.05, linear
regression. (K) Experimental design to study the effects of BM niche competition on
the self-renewal ability of AML L-ICs by serial transplantation. (L) Flow cytometry
data showing that in the presence of CB competition, leukemic chimerism following
serial transplantation is either lower than or equal to leukemic reconstitution in
primary recipients. Leukemic engraftment in secondary recipients was normalized
to that of primary recipients (dotted line). Relative engraftment of control AML cells
transplanted in the absence of cord blood is shown in gray. Each data point
represents an individual mouse. (M) Representative flow cytometry plots gated on
human CD45 show robust normal human reconstitution subsequent to therapeutic
irradiation-conditioned CB Lin- transplantation of AML-engrafted mice (top),
followed by AML recurrence after serial transplantation (bottom). Plots are
representative of 6 mice that received irradiation-conditioned HSPC transplantation
three weeks post disease initiation, all of which had persistent leukemia after
treatment.
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Figure 3.3. Mobilization treatment displaces normal and leukemic human
repopulating cells from the xenograft BM niche, facilitating competitive
homing by subsequent HSPC transplants. (A) Experimental design to investigate
the effects of mobilization treatment on established human CB grafts. (B) Human
white blood cell (WBC) distribution one hour following final treatment of CB
xenografts with mobilization agents or vehicle (saline n=6, mobilization n=5).
**P<0.01, unpaired Student’s t-test (bar graph). Each data point represents an
individual mouse and slopes were significantly different (scatter plot; linear
regression P<0.05). (C) Representative flow cytometry plots show that human
CD45+* cells can be detected in the spleens of xenografted mice one hour following
treatment with either vehicle or mobilization agents (top row). However, only
splenic populations from mobilized mice possess repopulating activity, as measured
by intrafemoral transplantation into secondary recipients (bottom row). Plots are
representative of serial transplantation performed from spleens of 18 xenografted
primary mice. (D) Experimental design to investigate the effects of mobilization
agents on established human AML grafts. (E) Tissue distribution of human leukemic
CD45+* cells one hour following final treatment with mobilization agents or vehicle.
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Each data point represents an individual mouse. Slopes were significantly different,
linear regression P<0.05 (peripheral blood) and P<0.0005 (spleen). (F)
Experimental design to test whether mobilization of established human leukemic
grafts can facilitate competitive niche replacement by subsequent HSPC transplants
(CB Lin- cells). (G) Relative frequency of DiO-labeled CB Lin- cells homed to the BM
of AML-engrafted mice following mobilization or vehicle treatment (n=3 each).
*#%P<0.005, unpaired Student’s t-test.
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Figure 3.4. Leukemia mobilization facilitates competitive reconstitution by
subsequent HSPC transplants at the expense of leukemic self-renewal. (A)
Experimental design to test whether mobilization treatment of established AML
grafts can facilitate competitive reconstitution by subsequent HSPC transplants (CB
Lin- cells). (B) Representative flow cytometry plots gated on human CD45*
populations. Gate frequencies indicate percent CB composition of human grafts
(blue gates). (C) Summary of absolute human CB and leukemic engraftment levels
showing that the total AML engraftment of three individual patients is reduced
following mobilization-primed HSCT (n=4-5 per group for each patient).
Engraftment values are gated within all live events in BM. *P<0.05, unpaired
Student’s t-test. (D) Experimental design to test whether mobilization treatment of
established CB grafts can facilitate competitive reconstitution by subsequent healthy
HSPC transplants. (E) Summary of absolute donor-specific engraftment levels
showing that the chimerism levels of initial healthy donor grafts are reduced
following mobilization-primed HSPC transplantation (n=4 per group). Engraftment
values are gated within all live events in BM. **P<0.01, unpaired Student's t-test. (F)
Experimental design to test whether mobilization treatment of established CB grafts
can facilitate competitive reconstitution by subsequent AML transplantation. (G)
Summary of absolute human CB and leukemic engraftment levels showing that the
chimerism levels of initial healthy donor grafts are reduced following mobilization-
primed AML transplantation (n=4 per group). Engraftment values are gated within
all live events in BM. *P<0.05, unpaired Student’s t-test. (H) Experimental design to
assess the self-renewal potential of primary human AML grafts that were exposed to
competitive repopulation by healthy HSPCs either with or without pre-mobilization
of leukemic cells. (I) Representative flow cytometry plots gated on human CD45
showing preferential self-renewal of HSPCs at the expense of AML L-ICs following
mobilization-conditioned HSC transplantation of leukemic mice. Gate frequencies
indicate percent CB composition of human grafts (blue gates).
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Figure 3.5. The leukemic burden at the time of mobilization-HSCT treatment
influences therapeutic responses. (A) Circulating leukemic cell frequencies
detected in peripheral blood at 3-4 weeks post-disease initiation (when mobilization
treatment and HSPC transplantation was performed). Each data point represents an
individual mouse. ***P<0.0005, one-way ANOVA. (B) Matched peripheral blood and
BM chimerism levels plotted from individual AML-engrafted mice analyzed at
various time points post-transplantation. Circulating blast levels increase
dramatically once the leukemic infiltration of BM exceeds 50% chimerism. (C) The
detection of substantial peripheral blood blast levels at 4 weeks post-
transplantation (shown in A) is related to an extremely aggressive course of disease
culminating in 96 + 1% leukemic chimerism in BM with extramedullary leukemic
dissemination and dramatic splenomegaly by 8 weeks post-disease initiation. The
number of cells recovered from the spleens of mice transplanted with cells from
AML Patient #6 approximated or even surpassed the cellularity from the entire BM
(calculated according to Boggs, 1984). As a reference, the total abundance of human
cells recovered from whole spleens is provided for CB-engrafted mice. *P<0.05,
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unpaired Student’s t-test. (D) Representative flow cytometry plots gated on human
CD45 showing detectable healthy (HLA-A2*) reconstitution in primary mice
engrafted with AML Patient #6 cells and subsequently transplanted with healthy
HSPCs. However, upon serial transplantation, HLA-A2* CB cells failed to self-renew,
suggesting inadequate niche colonization. Cell-intrinsic CB-HSPC deficits are ruled
out by HLA-A2+ engraftment following serial transplantation of CB-alone controls.
Plots are representative of 3-5 mice per group.
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Table 3.1. CD34+ cell doses injected in mobilization-conditioned
transplantation experiments, expressed per kg of recipient body weight. All
doses are below reported clinically used values of 25.9 x 106 CD34+ cells/kg from
adult HSPC sources (Scheid et al., 1999) and 40.1 x 106 CD34+ cells/kg (Korbling et
al,, 1995)

Sample CD34+ cells x10¢ /kg body weight
AML Patient 3 19.4+0.4
AML Patient 4 109 +0.2
AML Patient 5 15+1
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Table 3.2. Self-renewal analysis of human AML-CB co-transplants with or
without mobilization treatment. For each of three AML samples, it is indicated
how many secondary transplant recipients were observed to have AML L-IC self-
renewal, HSPC self-renewal, or both.

AML Patient 3 AML Patient 4 AML Patient 5
Engraftment Control Mobilized Control Mobilized Control Mobilized
Outcomes
AML only 0/4 0/3 0/3 0/5 1/1 2/5
AML + cord
blood 4/4 3/3 2/3 1/5 0/1 2/5
Cord blood
only 0/4 0/3 1/3 4/5 0/1 1/5
Total mice 7 8 6
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Figure S3.1. Gating strategies to quantify primitive leukemic cells in
xenografted mouse femurs. Representative gating strategies showing similar
frequencies of human CD45+*CD34+ cells detected from different bones of the same
mouse, as measured by flow cytometry (A), or whole-bone section imaging (B). (C)
Representative total distribution of individually detected CD45+*CD34+* cells within
an AML-engrafted mouse femur.
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Figure S3.2. HLA-A2 mismatching provides a means to track hematopoietic
cells from individual human donors transplanted into immunodeficient mice.
Representative flow cytometry strategy to analyze the use of HLA-A2 disparity as a
means of monitoring relative BM graft contributions of primary cells from pairs of
different human individuals.
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Figure S$3.3. Multi-lineage gating strategy for co-transplanted human AML and
CB samples. (A) Representative multi-lineage flow cytometry gating strategy for
each primary AML patient sample evaluated
experiments show exclusive myeloid leukemic engraftment after patient-specific
HLA-A2 gating. (B) Representative gating strategy shows that multi-lineage
hematopoiesis is evident from healthy CB-HSPCs co-transplanted with AML, as
determined by donor-specific HLA-A2 gating. Both myeloid (red gate) and lymphoid
(blue gate) subpopulations were consistently detected.
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Figure S3.4. Gating strategy to evaluate the influence of AML graft mobilization
on CXCR4 expression. Representative flow cytometry gating strategy showing that
CXCR4 levels are appropriately increased on AML CD34* cells one hour post-
mobilization (Petit et al, 2002). Fluorescence minus one (FMO) controls are
included to demonstrate gating strategy.
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Table S3.1. Clinical details of AML samples used.

Patient

Sample Tissue Source Disease Stage Gender Patient Age
AML 1 PB Progressed from MDS Female 83
AML 2 PB Relapse (M4) Female 51
AML 3 PB New diagnosis (M4) Male 56
AML 4 BM Relapse (M5b) Male 71
AML 5 PB New diagnosis Female 89
AML 6 Leukapheresis  Progressed from MDS Male 48
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Chapter 4: Cellular and Molecular Targeting of Recurrence in Acute Myeloid

Leukemia

Preface

This chapter is prepared as an unpublished manuscript. The authors are: Allison L.
Boyd*, Lili Aslostovar*, Aline Fiebig-Comyn, Zoya Shapovalova, Mohammed
Almakadi, Jenn Reid, Fanny L. Casado, Kyle R. Salci, Anargyros Xenocostas, Ronan

Foley, Brian Leber, and Mickie Bhatia

*Equal contribution

[ designed the study and wrote the manuscript together with Dr. Mick Bhatia and Lili
Aslostovar. Experiments were performed in equal collaboration with Lili Aslostovar,
however Lili played a primary role in designing and executing all experiments
related to DRD2 and thioridazine treatment, while I played a primary role in
designing and interpreting the kinetic characterization of AraC chemotherapy
responses. Aline Fiebig-Comyn and Jennifer Reid assisted with animal experiments.
Dr. Zoya Shapovalova performed bioinformatic analysis. Dr. Mohammed Almakadi
retrieved and analyzed clinical history data for treated AML patients. Fanny Casado
performed thioridazine plasma analysis. Kyle Salci helped with cell purification
experiments. Drs. Ronan Foley, Brian Leber, and Anargyros Xenocostas provided

human leukemia samples and intellectual input.
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Based on the observation that leukemia stem cells (LSCs) and healthy
hematopoietic stem cells (HSCs) reside in common bone marrow niches (Chapter
3), I became interested to understand how they would respectively react to
perturbations in the environment. Relative responses to standard AML
chemotherapy were particularly relevant, as the mechanisms of LSC therapy
resistance have not been well documented. Using kinetic analysis of AraC-treated
xenografts, we modeled distinct regenerative responses between healthy and
leukemic hematopoiesis. To understand the unique features of leukemic
regeneration, we then performed longitudinal analysis of leukemic cells following
chemotherapy treatment within individual patients, and also within xenografted
mice. This represents the first comprehensive assessment of functional and
molecular changes in leukemic populations as a response to standard of care

chemotherapy, providing insights to direct novel combination therapy approaches.
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Abstract

Background

Despite decades of utilizing cytarabine-based chemotherapy regimens, recurrence of
disease remains the outstanding clinical challenge in acute myeloid leukemia (AML).
Unfortunately, the basis of relapse remains poorly characterized, thereby preventing

effective therapeutic targeting.

Methods

Through longitudinal patient assessments combined with orthotopic xenograft
modeling, we have characterized the cellular and molecular basis of therapy failure
in AML that leads to recurrent disease. We performed gene expression analyses on
76 AML samples derived from 60 different AML patients, in addition to in vitro and

in vivo assays of leukemic cell survival and self-renewal from 11 patients.

Results

Although transcriptional profiling captures patient diversity at diagnosis, the
transcriptomes of AML patients at relapse converge to a common profile,
hallmarked by a primitive stem cell state that is independent of tissue type.
However, selective chemoresistance among these primitive leukemic subsets does
not adequately explain the cellular dynamics of recurrence, as the proportions of
these primitive cells equally declines following cytoreductive therapy. We have
identified by molecular and functional analyses, the point of leukemic regeneration

that supports recurrence. This is marked by the emergence of Leukemic
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Regenerating Cells (LRCs) that arise as a consequence of cytoreductive
chemotherapy. Preclinical modeling provided proof-of-principle for preventing AML
recurrence by combination chemotherapy where unique LRC properties are

targeted.

Conclusions
Leukemic relapse in AML patients is fueled by the emergence of LRCs, which can be
targeted through combination therapies towards more effective and durable

elimination of AML regrowth.
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Background

Disease-free survival rates remain poor among acute myeloid leukemia (AML)
patients. Following initial chemotherapy treatment, 20-50% of patients fail to
achieve sufficient cytoreduction, thereby representing a refractory form of the
diseasel. In addition, the majority of patients who do achieve complete remission
(CR) relapse within several years2. These two major paths of therapeutic failure
ultimately lead to disease re-growth and overt leukemic recurrence. Prognosis is
characterized at initial presentation based on specific cytogenetic and molecular
genetic features, patient age, and immunophenotypic and morphological analyses!.
For patients that relapse, the duration of first CR may be an important predictive
variablel. However, risk stratification is poorly defined at recurrence3*, leaving
patients with a uniformly poor prognosis and few therapeutic options>6. Therefore,
it is necessary to better understand the mechanisms that drive therapy failure in

order to rationally design more effective measures to prevent recurrence of AML.

A prominent hypothesis to explain the prevalent failure of cytoreductive
chemotherapy in AML is the selective resistance of leukemia stem cells (LSCs)”
thought to be dormant and chemoprotected. Although functional LSCs are typically
enriched in CD34* immunophenotypic fractions, their cell surface phenotype is not
consistent®10. Accordingly, recent efforts have recently assigned a molecular
signature of LSCs as a more reliable definition?, but this has yet to be characterized

sufficiently for use in development of directed therapies. Furthermore, the series of
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cellular and molecular events that occur between therapy and recurrence have not
been thoroughly scrutinized, mainly due to the inability to phenotypically,
functionally or genetically interrogate minimal residual leukemic cell populations
that exist below the limit of detection during states of CR in patients!l. However,
modeling therapeutic response using orthotopic human-mouse xenografts offers an
enhanced ability to find and purify residual disease below the standard
morphological detection limit of approximately 5% blasts in the bone marrow (BM),
as human leukemia can be easily discriminated from murine hosts by
immunophenotype to a high level of sensitivity and can be subjected to repeated
sampling over several time pointsi2. Accordingly, xenograft models offer an
experimental means to approximate human leukemic biology to uncover processes
of recurrence in response to cytoreductive therapy that has not been possible in

AML patients.

We have complemented direct cellular and molecular assessments of
therapeutic response in leukemia patients with a novel xenograft modeling to
understand the basis of AML recurrence. As the cytoreductive agent cytarabine
(AraC) represents the single common element across different chemotherapy
regimens used in the treatment of AML patients and is the only cytoreductive drug
that is regularly administered as a monotherapy!, we focused our studies of
leukemic recurrence after treatment with AraC. We used human patients, as well as

patient-derived xenografts to perform integrative cellular and molecular
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transcriptional profiling!3 to characterize the response to chemotherapy. With these
insights, we established the origin of disease recurrence and successfully tested a
new approach that uniquely targets AML patients at the point of leukemic

regeneration.

Methods

Primary human AML samples

Disease recurrence is significantly less prevalent in acute promyelocytic leukemia
(APL) and AML with favorable cytogenetic and molecular profiles, ranging from
relapse rates of 15-25%, compared to upward of 50% of intermediate and high-risk
groups!4. Therefore, we have focused our examination on intermediate- and high-
risk cytogenetic groups that represent the most urgent unmet clinical need. Primary
AML specimens were obtained from peripheral blood apheresis or BM aspirates of
AML patients. Clinical details of AML patient samples are outlined in Table 4.1 of the
Supplementary Appendix. Healthy hematopoietic cells were isolated from BM and
mobilized peripheral blood (MPB) of healthy donors or from umbilical cord blood.
Samples were processed as described in the Supplementary Appendix. All samples
were obtained from consenting donors in accordance with approved protocols by
the Research Ethics Board at McMaster University and the London Health Sciences
Centre, University of Western Ontario (Research Ethics Board #08-330 and #08-

042).

Myeloid progenitor assay
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The clonogenic capacity of hematopoietic progenitors was evaluated by colony-
forming unit (CFU) assays. Briefly, AML mononuclear cells (MNCs; 5000-50000
cells) were seeded in semisolid methylcellulose media (Methocult GF #H4434;
Stemcell Technologies) according to established protocols!>. CFU assays of
xenografted leukemic cells were performed following human cell purification as

described in the Supplementary Appendix.

Murine recipients and xenograft assays

NOD/Prkdcscid (NOD/SCID) mice were used as xenograft recipients for AML
recurrence modeling, and xenografts were initiated using previously described
protocols!® (further outlined in the Supplementary Appendix). All experimental
procedures were approved by the Animal Council of McMaster University (Animal
Use Protocol #13-02-05). In combination regimens with AraC and thioridazine
(TDZ), AraC (50 mg/ kg/ day) was administered daily between days 7-12 within the

21-day TDZ (22.5 mg/ kg/ day) regimen.

Gene expression profiling

RNA was extracted and hybridized to Affymetrix Gene Chip Human Gene 2.0 ST
arrays (London Regional Genomics Centre, ON, Canada; further details provided in
the Supplementary Appendix). Output data was normalized using the Robust
Multichip Averaging algorithm with Partek Genomics Suite 6.6 software (Partek Inc).
Gene expression data from 11 paired diagnosis-relapse samples!? (GSE66525), and

diagnostic AML patient samples with predominantly normal karyotypes (GSE425,
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Groups [ and II'8) were obtained from publically accessible data sets. Further

analysis details are provided in the Supplementary Appendix.

Statistical analysis

Data are represented as mean * standard error (SE). Statistical comparisons were
analyzed using unpaired two-tailed Student’s t tests, analysis of variance tests
(ANOVAs), linear regressions or Fisher’s exact test. Prism software (version 5.0a;
GraphPad) and ELDA!® were used for statistical analysis, and the criterion for

statistical significance was P < 0.05.

Results

Molecular presentation of recurrent AML

Over a decade has passed since the transcriptional landscape was defined in cases of
AML at diagnosis1®20, however it remains critical to determine how recurrence of
AML disease is positioned within this framework following cytoreductive
chemotherapy. In order to define a molecular portrait of recurrence in AML, we
performed gene expression analyses on matched diagnosis-recurrence samples from
15 individual AML patients with predominantly normal karyotypes (Table 4.1 in the
Supplementary Appendix; Patients 1-15). Global transcriptional profiling revealed
two consistent patterns between diagnosis versus subsequent recurrence of disease.
While the recurrence-specific profiles of many patients closely resembled their
initial diagnostic presentation, an equal proportion of cases reflected substantial

molecular transitions that commonly converged among these patients (Fig. 4.1A).
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This indicated a conserved biology among AML patients during the process of

disease recurrence that is independent of initial patient heterogeneity.

A comprehensive analysis of all paired 30 samples confirmed the functional
significance of these recurrence-driven changes resulting in transcriptional
uniformity among AML patients. Unsupervised hierarchical clustering resolved the
complete set of AML patient profiles into two major subgroups (Fig. 4.1B). One
group’s profile was anchored by mature healthy hematopoietic cells, indicating that
cellular differentiation represents a defining axis that allows sample bifurcation.
This observation was reminiscent of transcriptional subclasses previously described
for newly diagnosed AML patients, which were also reported to reflect features of
lineage commitment versus undifferentiated states8. Based on this similarity, we
amalgamated the two datasets, which confirmed exceptional overlap between
subgroup classifications (Fig. 4.1C), suggesting that these transcriptional boundaries
represent robust and comprehensive molecular states of AML. Applying this
classification scheme, we discovered that patients who initially presented with
transcriptionally primitive disease at diagnosis usually remained in this state upon
recurrence (Fig. 4.1B and Fig. 4.1D). However, patients with mature transcriptional
features at diagnosis uniformly acquired primitive programs at recurrence (Fig. 4.1B

and Fig. 4.1D), thus collapsing initial heterogeneity of patients seen at diagnosis.

The relationship between AML recurrence and primitive gene expression

programs complements previously established associations between solid tumor
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aggressiveness and transcriptional hallmarks of stemness. These studies have
indicated that such stemness properties are not restricted to the tissue of tumor
origin, but share overlapping features found in embryonic stem cells?l. In the
context of AML, we found that the gene expression of multiple pluripotent stem cell
lines closely corresponds with the primitive AML subclass that is characteristic of
recurrence. Thus, at recurrence, the transcriptional profiles of human AML patients
become unified by primitive features that are not tissue- or lineage-specific. The
specific transitions from mature to primitive molecular signatures from diagnosis to
recurrence shown here would not have been predicted from genomic evolution
studies of acquired mutations2223, demonstrating the value of global transcriptional-

level analysis of the process of recurrence in AML.

Modeling AML recurrence in vivo

Convergence towards primitive transcriptional states at recurrence suggests that
cytoreductive therapy may exert unifying influences across leukemias from different
patients despite their heterogeneous origins. To better define the extent to which
AraC influences the nature of leukemic cells that re-grow, we developed novel
xenograft modeling of AML recurrence to parallel the clinical analysis of human
patient responses. AML-xenografting techniques have traditionally served as
invaluable tools to functionally describe leukemic subpopulations810, however they
have yet to be utilized to investigate the mechanisms leading to clinical failure after

standard-of-care therapy that remains the major problem in AML. Xenografts
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bearing patient leukemic cells were treated with optimized regimens of high-dose
AraC?4 to emulate in vivo cytoreductive chemotherapy responses (Fig. 4.1 in the
Supplementary Appendix). Using serial BM monitoring of individual recipient mice
as a relevant response assessment, we were able to recreate the disease kinetics of
both refractory and relapse states after therapy failure as seen in patients, with
remarkable consistency among individual xenografts (Fig. 4.2A and 4.2B). Our CR
criteria included restoration of healthy white blood cell counts (Fig. 4.2A in the
Supplementary Appendix), as well as undetectable levels of leukemic blasts in BM
aspirates?! (Fig. 4.2B). This schema provides a potential powerful biological model of
minimal residual disease, as leukemic cells temporarily escaped below the limits of
detection in BM despite the extreme sensitivity of human versus murine cell
discrimination in our system (eg. detection of cells as rare as 0.01%12 versus
approximately 5% based on standard morphological thresholds in patients?!; Fig.4.

2B).

To determine the extent to which in vivo modeling of chemotherapy response
resembles the molecular processes of subsequent recurrence seen in AML patients,
we purified human leukemic cells for transcriptional profiling at the point of overt
leukemic reappearance after cytoreductive treatment of xenografts (Fig. 4.2C).
These profiles were integrated into the framework of human AML gene expression
for classification according to the mature versus primitive transcriptional states we

defined (Fig. 4.1). Similar to our finding with clinical samples from relapsed patients,
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there was little change in transcriptional profiles at recurrence modeled in
xenografts if patient cells were in a primitive state prior to treatment (Fig. 4.2C; Fig.
4.2B in the Supplementary Appendix). In contrast, cells from another AML patient
initially manifested a mature transcriptional program at diagnosis, however these
cells could be provoked to transition to a primitive transcriptional state as a direct
consequence of AraC-induced disease reemergence, which also recapitulated our
direct analysis in patients (Fig. 4.2C and Fig. 4.2B in the Supplementary Appendix).
Not only does this demonstrate that xenograft modeling reliably reflects human
recurrent AML disease, but it also provides direct evidence that chemotherapy

actively influences the molecular attributes of AML relapse.

The ability to accurately recreate AML patient therapy response provided us
with an unprecedented opportunity to perform controlled comparisons between
normal and leukemic regeneration not possible clinically. Longitudinal study of
AraC-treated xenograft recipients indicated that leukemic patterns of unrestrained
re-growth are notably disproportionate to the disciplined regeneration of the
normal hematopoietic system. While healthy human grafts also recovered promptly
from cytoreductive challenge after AraC treatment, they ultimately respected the
boundary of their original levels of growth, even following a prolonged observation
period (Fig. 4.2D). In contrast, AML cells rapidly exceeded the thresholds of their
initial pre-treatment disease burden as consistently demonstrated across xenografts

derived from each of three patients with distinct genetic profiles (Fig. 4.2D). This
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indicates that despite the initial disease suppression noted after AraC therapy, AML
cells respond in a unique manner that confers potent regeneration characteristics
such that it exceeds normal hematopoietic recovery, thereby forming an integral

part of overall disease recurrence.

Phenotypic and functional chronology of leukemic regeneration

To further characterize the unrestrained leukemic growth properties that uniquely
define AML regeneration after cytoreductive therapy, we examined this
compensatory response under different conditions of AraC treatment. In xenograft
replicates of the same patient sample, re-emergence of aggressive leukemic disease
surprisingly occurred in a uniform pattern among different chemotherapy-treated
groups regardless of the timing of AraC intervention or the attainment of CR (Fig.
4.3A). In addition to the synchrony of leukemic re-emergence across AraC-treated
groups, we also observed that the leukemic burden within all AraC-exposed
recipients ultimately approached that of saline-treated controls. This was also
mediated by a consistent three-fold acceleration in leukemic growth rates in
response to AraC treatment (Fig. 4.3A), and reproducibly observed in other AMLs
(Fig 4.3A in the Supplementary Appendix). This increased growth during relapse
would not be evident in AML patients, as the obligation to treat precludes baseline
kinetic characterization of therapy-naive disease. However, the acquisition of
exaggerated growth properties provides empirical data that is consistent with the

clinical observations that relapsed disease becomes more aggressive and difficult to
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manage in AML patients®. Our results indicate that leukemic growth can actively
compensate for cytoreductive insult, and that the determinism and magnitude of

this response is consistent across AML patients.

In order to refine therapeutic approaches to durably suppress leukemic
regeneration, it is critical to understand the mechanistic basis that drives
dysregulated leukemic growth in response to standard cytoreductive therapy. The
perception that chemotherapy selectively preserves self-renewing LSCs? offers a
promising hypothesis to explain both the acquisition of primitive transcriptional
profiles and rapid leukemic re-growth properties that characterize recurrent AML.
The premise that LSCs are selectively chemoresistant would predict a relative
enrichment of phenotypically and functionally primitive cells at the point of
chemotherapy withdrawal. We formally tested this possibility by examining the
expression of CD34 on BM cells in a clinical case of unsuccessful leukemia clearance,
measured at the earliest evaluable opportunity following cytoreductive therapy?2>.
Surprisingly, not only did this assessment fail to show that CD34+* leukemic cells
were preferentially spared, but also indicated instead that CD34* frequencies were
markedly reduced by cytoreductive therapy (Fig. 4.3B). This observation was
reproduced under controlled conditions of human AML-xenografts (Fig. 4.3B), in
which the dynamics of CD34 expression could be precisely measured over time in
the absence of further intervention. Despite the initial marked reduction of CD34+

populations following cytoreductive AraC treatment, CD34-expressing cells
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gradually became restored to levels equal to or above those of matched saline-
treated controls (Fig. 4.3B in the Supplementary Appendix). This eventual
predominance of phenotypically primitive cells is consistent with the development
of the molecular features of primitiveness at recurrence (Fig. 4.1B-E). Furthermore,
the kinetics of CD34 expression suggest that these features are gradually re-
acquired during the regeneration process, as opposed to selection of primitive cells

immediately after cytoreduction therapy.

Based on our phenotypic observations that do not support the postulation of
primitive cell selection after chemotherapy, we initiated a rigorous functional
assessment of AML cell subsets over time. We quantified colony-forming cells from
two clinical cases of AML patient induction failure, which were captured at distinct
time intervals after cytoreductive treatment. An early post-therapy assessment
indicated that colony-forming potential was massively reduced by cytoreductive
treatment. In contrast, subsequent time periods revealed that leukemic progenitor
content in fact surpassed original pre-treatment levels (Fig. 4.3C). These clinical
observations were recapitulated in AML-xenograft recurrence modeling, which
provided a more seamless analysis of residual leukemic composition over the course
of AraC response. Among xenografts derived from multiple AML patients, purified
human populations replicated the trajectory of clonogenic depression that was
similarly followed by acute recovery, the pattern noted in AML patients. Using the

higher resolution provided by our AML-xenograft modeling, we observed that this
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recovery phase culminated in a proportional expansion of the progenitor pool that
exceeded untreated levels, prior to any evidence of bulk leukemia re-growth (Fig.
4.3D; Fig. 4.3C in the Supplementary Appendix). With the knowledge of these well-
characterized timelines, we expanded our analysis at this unique time point that is
defined by the lowest threshold of leukemic cells remaining in BM. From xenografts
established from 5 out of 6 patients, we reproducibly detected the presence of highly
clonogenic AML cells at this precise time point that precedes the accelerated
expansion of leukemic disease regeneration (Fig. 4.3E). This sequence of events has
been previously unappreciated due to the rare frequencies of recovering sufficient
leukemic cells following cytoreduction, and the practical challenges associated with
their accurate detection and isolation from humans?26. These results indicate that
functional reconstruction of the primitive leukemic hierarchy precedes overt disease
recurrence, thereby providing a unique window to examine potential therapeutic

targets to combat residual disease in AML at this sensitive time of re-growth.

Targeting the onset of leukemic regeneration

The observation that cytoreductive chemotherapy transiently suppresses clonogenic
proliferative leukemia cells suggests that a possible window of therapeutic
opportunity may exist to prevent this initiation and onset of leukemic regeneration.
We therefore sought to capture the molecular signature of these rare cells that form
the origins of disease re-emergence. Leukemic populations were physically isolated

following AraC-based cytoreduction from clinical samples or xenograft surrogates,
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at this point of disease regeneration. Relative to matched therapy-naive controls,
cytoreductive therapy produced consistent transcriptional shifts across individual
patients (Fig. 4.4A). This level of concordance was impressive, as the diversity of
patients profiled included both de novo AML and progressive cases secondary to
MDS, with diverse cytogenetic features ranging from normal karyotype to very poor
prognostic abnormalities such as inv(3)(q21q26.2) rearrangements. Furthermore,
the transcriptional consequences of AraC-based therapy were closely aligned

between human patient and xenograft assessments.

We began a closer examination of regenerating leukemic populations by
testing for molecular evidence of LSC gene expression programs, which have been
suggested to correlate with the risk of recurrence®. Contrary to expectations that
cytoreductive therapy would enrich for LSC-specific signatures after debulking the
more rapidly proliferating subsets’, LSC-related genes were not represented in these
rare leukemic populations (Fig. 4.4B). We then examined the transcriptional
alterations noted with DNMT3A expression, as this gene has gained recent attention
as an important driver of leukemogenesis both at initial presentation and at
recurrence?327, Cytoreduction had no influence on DNMT3A gene expression in
leukemic cells (P=0.86; data not shown). Unfortunately, as gene signatures relevant
to DNMT3A-driven leukemic pathogenesis have not been detected in AML2829, no
additional insights could be offered to determine the suggested impact of DNMT3A

in AML regeneration processes. This inability to explain the functional properties of
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leukemic recovery based on expected gene signatures suggests the emergence of a
unique and unexplored transcriptional state that is fundamental to this stage of

leukemic regeneration.

We next applied an unbiased exploratory approach to molecularly define
Leukemic Regenerating Cells (LRCs) that arise as a consequence of cytoreductive
therapy and that ultimately fuel recurrent AML disease. Across patients, the
expression of 251 protein-coding genes was specifically elevated within LRC
populations following AraC-based cytoreduction. To identify a clinically useful link
between the transcriptional profiles and the functional process of recurrence, we
further filtered these genes to identify known druggable targets using the Drug-
Gene Interaction database30. This refinement yielded 19 therapeutically targetable
gene products (Fig. 4.4C). These genes were found exclusively in the regenerating
transitional LRC state, as their unique expression levels were not evident in the bulk
AML disease at diagnosis or at relapse, further highlighting the specific nature of the
hierarchical process that drives recurrence (Fig. 4.4D). Among these 19 genes, DRD2
was identified and represents a cell surface receptor our group has recently
characterized in human AML, that can be targeted using the drug thioridazine3!
(TDZ) to suppress colony forming activity of AML. We therefore selected this drug
for further proof-of-principle testing of novel combination therapy coupled with

AraC cytoreduction.

153



PhD Thesis - AL Boyd McMaster University - Biochemistry

Across three different AML patients, flow cytometry analysis of human AML-
xenografts confirmed protein-level elevation of DRD2 within human leukemic cells
at the point of LRC expansion after AraC treatment (Fig. 4.4E). In contrast, in vivo
TDZ delivery induced opposing effects on DRD2 expression (Fig. 4.4E), using doses
that were modeled to approximate clinically relevant circulating plasma levels32
(Fig. 4.4 in the Supplemental Appendix). We designed the AraC + TDZ combination
therapy such that TDZ extended over the period of LRC emergence (Fig. 4.4F).
Application of this combination regimen to AML-xenografts revealed that although
similar levels of AraC-cytoreduction could be achieved between monotherapy and
combination approaches, TDZ co-administration effectively prevented the
accelerated re-growth (Fig. 4.4F) following AraC. Quantitative kinetic modeling
confirmed that TDZ treatment significantly restrained leukemic growth rates when

used incorporated with AraC (Fig. 4.4G).

Extensive further experimentation validated that the therapeutic benefits of
TDZ were achieved through successful targeting of AraC-induced LRCs (Fig. 4.4H). At
the peak of LRC outgrowth resulting from AraC treatment, residual leukemia cells
were collected for the careful functional dissection of combined targeting with TDZ.
As the property of disease initiation cannot be conclusively identified based on
surface phenotypes alone®, serial xenotransplantation remains the only method to
stringently quantify the cellular units responsible for in vivo regeneration. Using this

assay, no residual leukemic re-initiation capacity was detectable after therapeutic
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incorporation of TDZ, despite robust regeneration potential across AraC-
monotherapy controls (Fig. 4.4H). In replicate experiments from two additional AML
patients, re-growth of AML was suppressed so deeply that insufficient leukemic cells
could be recovered for serial transplantation. In this case we used residual AML cells
for colony forming assays that require fewer cells. In contrast to AraC-treated
controls, no evidence of LRC re-growth was detectable from either patient sample if
AraC therapy had been supplemented with TDZ (Fig. 4.4H). A final case
demonstrated complete leukemia clearance by AraC + TDZ (Fig. 4.4H) where no
AML cells were detectable, indicating that combination therapy was able to
completely abolish leukemia in sharp contrast to AraC monotherapy. Using this
predictive model of recurrence, our results indicate that co-treatment with TDZ
decisively ensured that AML was consistently eradicated in vivo (Fig. 4.4H). This
ultimately demonstrates the potential for systematic molecular targeting for

improved efficacy to eliminate AML recurrence.

Discussion

In contrast to initial presentation in which patients are risk-stratified into multiple
subgroups!8, we have documented unifying shifts towards primitive molecular
states at the time of AML relapse. We offer a model to conceptualize AML recurrence
that includes therapeutic vulnerabilities and new opportunities during patient
management (Fig. 4.5). Kinetic modeling revealed that transcriptional signatures

were accompanied by accelerated leukemic growth in response to cytoreductive

155



PhD Thesis - AL Boyd McMaster University - Biochemistry

therapy, and these regeneration characteristics were dissociable from healthy
hematopoietic recovery. A thorough examination of this process provided a unique
molecular account of leukemic regeneration after cytoreductive therapy, which was
not predicted by LSC signatures?®, or by restricting transcriptional analysis to the
later overt stage of disease reappearance. Importantly, we have demonstrated the
immediate clinical value of these novel molecular insights through proof-of-
principle targeting of newly defined LRC properties using a pre-clinical model of
AML recurrence. These results introduce the approach that leukemic recurrence can
be prevented by rational combination therapies that can be selectively applied to
inhibit this unique period of regeneration onset defined by LRCs during a discrete
therapeutic window of vulnerability (Fig. 4.5). In conditions of overtly persistent
leukemia, it was unexpected to find that CD34* and colony-forming cells were not
preferentially spared in the initial periods that followed AraC cytoreduction. Instead,
subsequent restoration of this primitive compartment was first necessary to propel
leukemic disease recovery, reinforcing the importance of understanding the
hierarchical organization of this disease at the onset of recurrence post therapy.
These findings complement emerging insights on chemotherapy-driven
repopulation in solid tumors3334, highlighting that this represents a broad element
of cancer therapy resistance that requires further attention. We propose a
movement towards APL-like models of molecularly directed therapy3> in AML that
are adapted to target the specific transcriptional hallmarks of leukemic re-growth.

The optimal duration of LRC-targeted therapy will require further investigation in
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clinical trials, but could be informed by novel advances in minimum residual disease
monitoring for AML36. The potential for predictive measures of therapy response
should also be pursued based on LRC gene set testing during remission states, to

examine possible relationships with disease-free survival.

Our results suggest that we reshape our perspective of AML recurrence. As
human patients also receive anthracyclines in their cytoreductive regimens, the
striking conformity of these therapy response measures in xenograft surrogates
versus AML patients suggests that the dynamics we have described are not limited
to a single cytoreductive agent. We have provided an unprecedented demonstration
of the clinical fidelity of AML xenografts, on the basis of transcriptional, phenotypic,
and functional parameters throughout the therapeutic response to the current
standard-of-care AraC therapy. This realistically accurate model forms a solid
foundation upon which to test further candidate molecules for comparative efficacy
and prioritization toward clinical testing. A Phase I safety study has been designed
on the basis of these findings, and the exploration of LRC gene signatures presents a
promising platform for additional therapeutic innovation in AML that we and others

are currently pursuing.

Acknowledgments
Supported by the Canadian Cancer Society Research Institute (to Dr. Bhatia) and
Jans Graduate Scholarships in Stem Cell Research (to Lili Aslostovar and Allison

Boyd) as well as a graduate scholarship from the National Sciences and Engineering

157



PhD Thesis - AL Boyd McMaster University - Biochemistry

Research Council (to Allison Boyd). Dr. Bhatia is supported by the Canadian Chair
Program and holds the Canada Research Chair in human stem cell biology. We thank
the patients and donors for providing the clinical specimens, Dr. Kennedy Makondo,
Monica Graham, Jamie McNicol, Jenn Russell, Claudia Hopkins and Irene Tang for
technical support, Dr. Clinton Campbell, Dr. Ryan Mitchell and Dr. Kristin Hope for
valuable comments, and the London Regional Genomics center for performing the

Affymetrix analysis.

158



PhD Thesis - AL Boyd McMaster University - Biochemistry

References

1. Dohner H, Estey EH, Amadori S, et al. Diagnosis and management of acute myeloid
leukemia in adults: recommendations from an international expert panel, on behalf
of the European LeukemiaNet. Blood 2010;115:453-74.

2. Shipley JL, Butera JN. Acute myelogenous leukemia. Exp Hematol 2009;37:649-58.

3. Breems DA, van Putten WLJ, Huijgens PC, et al. Prognostic index for adult patients
with acute myeloid leukemia in first relapse. ] Clin Oncol 2005;23:1969-78.

4. Szer ]. The prevalent predicament of relapsed acute myeloid leukemia. The
Education Program of the American Society of Hematology 2012; 43-8.

5. Ravandi F, Cortes ], Faderl S, et al. Characteristics and outcome of patients with
acute myeloid leukemia refractory to 1 cycle of high-dose cytarabine-based
induction chemotherapy. Blood 2010;116:5818-23.

6. Forman SJ, Rowe JM. The myth of the second remission of acute leukemia in the
adult. Blood 2013;121:1077-82.

7.]Jordan CT, Guzman ML, Noble M. Cancer stem cells. N Engl ] Med 2006;355:1253-
61.

8. Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a hierarchy that
originates from a primitive hematopoietic cell. Nature Medicine 1997;3:730-7.

9. Eppert K, Takenaka K, Lechman ER, et al. Stem cell gene expression programs
influence clinical outcome in human leukemia. Nature Medicine 2011;17:1086-93.

10. Lapidot T, Sirard C, Vormoor ], et al. A cell initiating human acute myeloid
leukaemia after transplantation into SCID mice. Nature 1994;367:645-8.

11. Ofran Y, Rowe JM. Introducing minimal residual disease in acute myeloid
leukemia. Current opinion in hematology 2015;22:139-45.

12. van Galen P, Kreso A, Mbong N, et al. The unfolded protein response governs
integrity of the haematopoietic stem-cell pool during stress. Nature 2014;510:268-
72.

13. Gerstung M, Pellagatti A, Malcovati L, et al. Combining gene mutation with gene
expression data improves outcome prediction in myelodysplastic syndromes. Nat
Comms 2015;6:5901.

14. Stone RM. Acute myeloid leukemia in first remission: to choose transplantation
or not? J Clin Oncol 2013;31:1262-6.

159



PhD Thesis - AL Boyd McMaster University - Biochemistry

15. Boyd AL, Salci KR, Shapovalova Z, McIintyre BAS, Bhatia M. Nonhematopoietic
cells represent a more rational target of in vivo hedgehog signaling affecting normal
or acute myeloid leukemia progenitors. Experimental Hematology 2013;41:858-869.

16. Boyd AL, Campbell C]JV, Hopkins CI, et al. Niche displacement of human leukemic
stem cells uniquely allows their competitive replacement with healthy HSPCs.
Journal of Experimental Medicine 2014;211:1925-35.

17. Hackl H, Steinleitner K, Lind K, et al. A gene expression profile associated with
relapse of cytogenetically normal acute myeloid leukemia is enriched for leukemia
stem cell genes. Leuk Lymphoma 2014:1-3.

18. Bullinger L, Dohner K, Bair E, et al. Use of gene-expression profiling to identify
prognostic subclasses in adult acute myeloid leukemia. N Engl ] Med
2004;350:1605-16.

19. Hu Y, Smyth GK. ELDA: extreme limiting dilution analysis for comparing depleted
and enriched populations in stem cell and other assays. Journal of immunological
methods 2009;347:70-8.

20. Valk PJM, Verhaak RGW, Beijen MA, et al. Prognostically useful gene-expression
profiles in acute myeloid leukemia. N Engl | Med 2004;350:1617-28.

21. Ben-Porath I, Thomson MW, Carey V], et al. An embryonic stem cell-like gene
expression signature in poorly differentiated aggressive human tumors. Nat Genet
2008;40:499-507.

22. Ding L, Ley TJ, Larson DE, et al. Clonal evolution in relapsed acute myeloid
leukaemia revealed by whole-genome sequencing. Nature 2012;481:506-10.

23. Kronke ], Bullinger L, Teleanu V, et al. Clonal evolution in relapsed NPM1-
mutated acute myeloid leukemia. Blood 2013;122:100-8.

24. Wunderlich M, Mizukawa B, Chou F-§, et al. AML cells are differentially sensitive
to chemotherapy treatment in a human xenograft model. Blood 2013;121:e90-7.

25. Ravandi F. Primary refractory acute myeloid leukaemia - in search of better
definitions and therapies. British Journal of Haematology 2011;155:413-9.

26. Zeijlemaker W, Gratama JW, Schuurhuis GJ. Tumor heterogeneity makes AML a
“moving target” for detection of residual disease. Cytometry 2014:86:3-14.

27. Shlush LI, Zandi S, Mitchell A, et al. Identification of pre-leukaemic
haematopoietic stem cells in acute leukaemia. Nature 2014;506:328-33.

160



PhD Thesis - AL Boyd McMaster University - Biochemistry

28. Marcucci G, Metzeler KH, Schwind S, et al. Age-related prognostic impact of
different types of DNMT3A mutations in adults with primary cytogenetically normal
acute myeloid leukemia. ] Clin Oncol 2012;30:742-50.

29. Ribeiro AF, Pratcorona M, Erpelinck-Verschueren C, et al. Mutant DNMT3A: a
marker of poor prognosis in acute myeloid leukemia. Blood 2012;119:5824-31.

30. Griffith M, Griffith OL, Coffman AC, et al. DGIdb: mining the druggable genome.
Nat Meth 2013;10:1209-10.

31. Sachlos E, Risueno RM, Laronde S, et al. Identification of drugs including a
dopamine receptor antagonist that selectively target cancer stem cells. Cell
2012;149:1284-97.

32. Nagel D, Spranger S, Vincendeau M, et al. Pharmacologic inhibition of MALT1
protease by phenothiazines as a therapeutic approach for the treatment of
aggressive ABC-DLBCL. Cancer Cell 2012;22:825-37.

33. Kim JJ, Tannock IF. Repopulation of cancer cells during therapy: an important
cause of treatment failure. Nat Rev Cancer 2005;5:516-25.

34. Kurtova AV, Xiao ], Mo Q, et al. Blocking PGE2-induced tumour repopulation
abrogates bladder cancer chemoresistance. Nature 2014;517:209-13.

35. Tallman MS, Altman JK. How I treat acute promyelocytic leukemia. Blood
2009;114:5126-35.

36. Klco JM, Miller CA, Griffith M, et al. Association Between Mutation Clearance
After Induction Therapy and Outcomes in Acute Myeloid Leukemia. JAMA
2015;314:811-22.

37. Baumann B, Krell D, Dobrowolny H, Bielau H. Mechanisms of action in the
prevention of recurrent mood disorders. Pharmacopsychiatry 2004;37 Suppl
2:S157-64.

38. Verlinden SF, van Es HH, van Bekkum DW. Serial bone marrow sampling for
long-term follow up of human hematopoiesis in NOD/SCID mice. Exp Hematol
1998;26:627-30.

39. Vo T-T, Ryan ], Carrasco R, et al. Relative Mitochondrial Priming of Myeloblasts
and Normal HSCs Determines Chemotherapeutic Success in AML. Cell
2012;151:344-55.

161



PhD Thesis - AL Boyd

Figures and Tables

McMaster University - Biochemistry

A
100

50

0

-50

-100

PC2

100

50

-50

-100

(O Diagnosis @ Recurrence

0 100

00°¢

000

i

DL

} [

Primitive state

AML1 Diagnosis
Hﬂl AML1 Recurrence j
|| AML5 Recurrence

AMLS5 Diagnosis
AML2 Recurrence

o
AMLA15 Diagnosis
1 AML7 Recurrence
| AML6 Recurrence
AML4 Diagnosis [
AML4 Recurrence
AML3 Diagnosis

AML14 Recurrence
AML12 Diagnosis
AML12 Recurrence
AML13F
AMLS Recurrence
AML10 Recurrence

AMLS Diagnosis
AML8 Recurrence

AML11 Diagnosis
AML11 Recurrence

@ Grouwp |l
@ Group I

@ Primitive
@ Mature

PC2

H Diagnosis
15

=)

LI~
ecurrence
|

Primitive
AML

Mature

Number of patients

Healthy MNCs
Mature
AML

Healthy MNCs

—
| || AML2 Diagnosis
/ | | AMLY Diagnosis
p 4 1l | AML3 Recurrence
Healthy BM
€ AML14 Diagnosis
AML15 Recurrence
5 . g . AML13 Diagnosis
-200 -100 0 100 I Healthy MPB
» AML10 Diagnosis
PC1 AMLG Diagnosis
c A AT AMLS Diagnosis

Mature state

13
5
7 8
2
0

Mature Primitive

002

Figure 4.1. Transcriptional profiles of AML at diagnosis and recurrence

Panel A shows a principal component analysis (PCA) correlation biplot representing
global gene expression for paired diagnosis and recurrence samples from 15 AML
patients. For 7 patients, gene expression signatures were undistinguishable between
diagnosis and recurrence (top). However for the remaining 8 patients, gene
expression signatures were variable between the two sampling points, converging
upon similar gene space across patients at recurrence (bottom). Both plots share the
same components, which respectively explain 29.1% (PC1) and 10.3% (PC2) of the
gene expression variation across the whole dataset of 15 patients. The numbers
within datapoints indicate patient IDs. Panel B shows two major molecular
subgroups resolved by unsupervised global hierarchical clustering analysis of all 30
paired diagnosis-recurrence AML samples together with two mononuclear cell
(MNC) preparations from healthy donors (BM and MPB). The positioning of healthy
MNCs within the second cluster suggests this may represent a state of mature
hematopoietic cells. Bolded brackets highlight the transcriptionally stable patient
samples presented in Panel A. Panel C shows a PCA correlation biplot of the paired
diagnosis-recurrence AML patient samples presented in Panels A-B, merged with
diagnostic AML patient samples reported in Bullinger et al.18 (N= 44 samples with
predominantly normal karyotypes within GSE425; based on 6905 common genes
across the different technology platforms). These two components explain 15%
(PC1) and 9.42% (PC2) of the gene expression variation within the merged datasets.
Data point colors represent gene expression states as defined in Panel B, or group
membership defined in Bullinger et all8, which were described to have primitive
(Group I) or mature (Group II) characteristics. Panel D shows a summary outlining
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that at diagnosis, there is an equal distribution of patients with mature versus
primitive transcriptional signatures, whereas at recurrence the majority of patient
samples reflect primitive signatures. Panel E shows an unsupervised hierarchical
clustering analysis of the AML samples and healthy MNCs presented in Panels A-B, in
addition to non-hematopoietic human pluripotent stem cells including both
embryonic (N=3) and adult somatic cell-derived induced pluripotent stem cells
(N=9). AML group membership matches that shown in Panel B.
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Figure 4.2. Modeling leukemic recurrence in vivo

Panel A shows clinical disease history representing a case of refractory AML (left;
Patient 16) as determined by BM leukemic blast percentages according to clinical
aspirate cytopathology reports. Gray bars indicate the timing and duration of AraC-
based cytoreductive chemotherapy. Similar responses were recreated in
xenografted mice following AraC therapy (right; Patient 18). Data represent flow
cytometry measurements of human leukemic chimerism from serial BM aspirates.
The red bar indicates the timing and duration of AraC administration (subcutaneous
delivery of 50 mg/kg/day). Each curve represents an individual recipient mouse.
Panel B shows a case of relapsed disease following a period of CR (left; Patient 17) as
per documented clinical aspirate cytopathology reports. Gray bars indicate the
timing and duration of AraC-based cytoreductive chemotherapy (including
consolidation therapy delivered after achievement of CR). Similar remission-relapse
scenarios were also captured in AML-xenografted recipients (right; Patient 18). The
orange bar indicates the timing and duration of AraC administration (subcutaneous
delivery of 50 mg/kg/day). Each curve represents an individual mouse. The inset
shows a representative flow cytometry plot of a follow-up BM aspirate performed at
Day 29 post-treatment, confirming a state of remission. Panel C shows a PCA
correlation biplot representing xenografted AML cells from three different AML
patients (Patients 18-20), either at the point of recurrence following in vivo AraC
treatment, or from matched saline-treated controls. As seen in human analyses,
AraC-treated leukemic cells consistently reflect a primitive molecular state while
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saline controls are distributed between primitive and mature subspaces. Shaded
ellipses identify the gene space defined by primitive and mature molecular
signatures. Components are identical to those presented in Fig. 4.1A. Human AML
samples from Fig. 4.1 are shown in gray as a reference (diagnostic samples are
represented by open circles and recurrent samples are represented by closed
circles). Panel D shows longitudinal flow cytometry analyses of healthy or leukemic
human chimerism in xenograft BM following AraC treatment, normalized to pre-
treatment levels. N=5 (healthy) or 6 (AML) per human sample at each time point.
Chimerism was either assessed by BM aspirate sampling or by terminal BM analysis
of replicate mouse cohorts. Data are expressed as mean + SE. *P<0.05, **P<0.01 by
one-way ANOVA.
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Figure 4.3. Characterizing residual leukemic cells after cytoreductive therapy

The left side of Panel A shows superimposed growth curves from AraC-treated
xenografts presented in Fig. 4.2A-B, adjusted to reflect differences in the timing of
AraC treatment between two independent experimental groups (as indicated by
orange and red bars). Data points represent individual mice over time, and curves
represent group averages. The graph on the right shows mean (+ SE) leukemic
growth rates calculated for individual mice, as derived from the rate constant “k” of
the fitted exponential growth model Y=Y0Kk™X), **P<0.01 relative to saline control by
one-way ANOVA. Panel B shows representative flow cytometry plots of CD34
expression. On the left, BM mononuclear cells were assessed from Patient 21 at
diagnosis (“Pre-Tx”), and on Day 14 after the initiation of standard 3+7 induction
therapy (“Post-Tx”; cytarabine 100 mg/m? IV by continuous infusion daily for 7
days, and daunorubicin 60mg/m? IV daily for 3 days). The repeat BM aspirate at Day
14 post-induction was indicated by peripheral monocytosis, and confirmed
refractory disease. On the right, flow cytometry plots display BM cells that were
recovered from Patient 18-xenografts, either two days after AraC treatment or from
saline-treated controls. All events are gated on live human CD45+*CD33* populations.
Panel C shows fluctuating changes in the colony-forming capacity of AML over time
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after induction chemotherapy of human patients. On the left, representative whole-
well colony forming unit (CFU) images from Patient 22 show elevated CFU potential
at Day 28 following standard 3+7 induction therapy (“Post-Tx”), relative to the
diagnostic sample (“Pre-Tx"). A peripheral blood film confirmed persistent leukemia
at this time. On the right, data represent replicate CFU wells plated from Patient 21
(Day 14 post-induction) and Patient 22 (Day 28 post-induction), normalized to pre-
treatment CFU levels. The red bar indicates the timing and duration of AraC
administration. Panel D shows fluctuating changes in the colony-forming capacity of
AML over time after AraC treatment of xenografts. On the left, representative whole-
well CFU images from Patient 26-xenografts show elevated CFU potential at Day 16
post-AraC. On the right, data represent replicate CFU wells from BM pooled across
multiple mice (Patient 19). Separate cohorts of mice were sacrificed at each time
point shown. Gray circles and curves represent the recovery Kkinetics of the bulk
leukemic population. The red bar indicates the timing and duration of AraC
administration. Panel E shows average CFU counts from xenografts of six AML
patients either 14-16 days following AraC treatment, or in the absence of AraC
(saline controls). Data represent multiple CFU wells seeded from pooled BM across
multiple mice (Patients 19, 20, 23, and 26) or individual CFU wells plated from
multiple independent mice (Patients 18 and 24). All data are expressed as mean =+
SE.
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Figure 4.4. Novel targets for combination therapy

Panel A shows a PCA correlation biplot representing the two principal components
that explain 23.3% (PC1) and 17.5% (PC2) of the variation in gene expression
among purified human AML cells retrieved at the point of enhanced colony-forming
capacity after cytoreductive therapy, versus matched untreated controls. Data points
include a sample at Day 28 post-cytoreductive therapy and a diagnostic pre-
treatment control from AML Patient 22, and xenografted AML samples at Day 14
post-AraC treatment or saline-treated controls. Panel B shows a gene set enrichment
plot of samples presented in Panel A, indicating that gene signatures characteristic
of LSCs? are not enriched in AML populations following AraC cytoreduction. Panel C
shows a Venn diagram outlining the process to select the top up-regulated protein-
coding genes following AraC treatment. This list was further filtered to identify
genes that also have drug-gene interactions as determined by gene set filtering using
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the Drug Gene Interaction Database. A heat map shows expression levels of these 19
druggable genes across the samples shown in Panel A. Panel D shows that the 19
druggable gene targets are only transiently up-regulated by AraC exposure at the
point of LRC emergence. At later timepoints of overt recurrence (>1 month following
AraC), none of these genes remained over-expressed. Panel E shows the mean
fluorescence intensity (MFI) of DRD2 protein expression within human leukemic
CD45+CD33* cells from the BM of xenografted mice treated with AraC (at Day 14
following 5 days at 50 mg/kg/day; subcutaneous delivery) or DRD2 antagonist TDZ
(at Day 21 following 21 days at 22.5 mg/kg/day; intraperitoneal delivery). Each data
point represents an individual mouse (diamonds, Patient 20; circles, Patient 23;
squares, Patient 24) and the dotted line indicates the DRD2 MFI of vehicle-treated
controls. ***P<0.001, by unpaired t-test. Panel F shows growth curves of Patient 19-
xenografts representing vehicle controls, AraC treatment or AraC + TDZ treatment
(AraC, subcutaneous delivery of 50 mg/kg/day; TDZ, intraperitoneal delivery of 22.5
mg/kg/day). Red and blue bars indicate the timing and duration of AraC and TDZ
administration, respectively. *P<0.05, final BM leukemic blast levels between vehicle
control versus AraC + TDZ treatment groups, by one-way ANOVA. Panel G shows
that the addition of TDZ to AraC treatment reduces leukemic growth rates,
calculated for individual mice based on growth curves presented in Panel F. Data are
expressed as mean * SE, **P<0.01 by unpaired t-test. Panel H shows secondary
functional assays performed with human leukemic CD45+*CD33* cells recovered
from the BM of xenografted mice treated with AraC or AraC + TDZ. To assay disease
re-initiation capacity, equal numbers of human leukemic cells from Patient 20-
xenografts were serially transplanted into secondary recipient mice, followed by
analysis of leukemic chimerism in BM 6 weeks later. *P<0.05 by Fisher’s exact test.
Insufficient cells were available for secondary transplantation from xenografts of
Patients 23 and 24, therefore all recovered human cells were dedicated to in vitro
CFU assays. Data represent multiple CFU wells plated from BM pooled across
multiple mice (Patient 23), or individual CFU wells plated from multiple
independent mice (Patient 24). *P<0.05, by Fisher’s exact test. Secondary assays
were not performed with Patient 25-xenografts, as no human leukemic cells were
detected in any of 7 mice treated with AraC + TDZ, whereas human leukemia
persisted in 3/6 mice treated with AraC alone, “+"P= 0.07, Fisher’s exact test. All
data are expressed as mean = SE.
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Figure 4.5. Model of the transcriptional events that define the AML recurrence

process

At diagnosis, transcriptional profiling partitions genetically and phenotypically
heterogeneous patients into two major subgroups defined by primitive or mature
signatures of cellular differentiation. Conventional chemotherapy provokes the
emergence of LRCs that re-establish leukemic disease, representing a sensitive
therapeutic window for targeted intervention. Failure to eliminate LRCs leads to
recurrent AML, which assumes homogeneously primitive transcriptional signatures

among patients.
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Supplementary Figure 4.1. Determination of the maximum tolerable dose of
AraCinvivo

Panel A shows a summary of treatment groups receiving AraC at 50 and 100 mg/
kg/day, indicated as AraC Med and Hji, respectively. Control-treated mice received
saline (AraC 0 mg/ kg). In vivo AraC regimens consisted of daily subcutaneous
injections for 5 consecutive days. Panel B shows survival of non-transplanted
NOD/SCID mice in response to AraC over a course of 14 days. The red bar indicates
the timing and duration of AraC administration. Day 14 represents the experimental
end point. Panel C shows longitudinal monitoring of mouse weight measured weekly
for 14 days. The red bar indicates the timing and duration of AraC administration.
AraC at the medium dose did not show deleterious effects on survival (Panel B) or
weight and was therefore selected for subsequent in vivo experiments. Panel D (left)
shows viable BM cell counts of AraC-treated mice, presented relative to saline
controls on Day 7 post-treatment start, as a measure of BM cellularity. Each dot
represents an individual mouse, across two independent experiments. Data are
expressed as mean * SE by unpaired t-test, ***P< 0.001. Right panels show
representative hematoxylin and eosin-stained BM sections of AraC versus control-
treated mice on Day 7 post-AraC treatment start. Panel E shows recovery of BM
viable cell counts of AraC-treated mice by Day 14 post-treatment. Panel F shows
white blood cell (WBC) counts as a functional measure of BM output. Similar to the
effect on BM cellularity, AraC induces a transient reduction of WBC counts. The red
bar indicates the timing and duration of AraC administration. Data are expressed as
mean * SE. ***P< (0.001 by two-way ANOVA.
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Supplementary Figure 4.2. Characterization of recurrence in AML-xenografts

Panel A shows restoration of white blood cell counts by Day 32 post-AraC treatment,
as measured by image-based quantification of acridine orange fluorescence in whole
blood. Data are expressed as mean = SE. *P<0.05, by unpaired t-test. Panel B shows
an unsupervised hierarchical global clustering analysis of xenografted AML samples
(Patients 18-20) after recurrence post-AraC treatment or from saline treated
controls, together with the human samples presented in Fig. 4.1B. Consistent with
human patient analysis, leukemic xenografts either show a stably primitive state
prior to and post- AraC treatment (Patients 19 and 20), or acquire a more primitive
transcriptional signature upon recurrence following cytoreductive therapy (Patient
18). Bolded brackets highlight the AML patients with transcriptionally stable gene
expression from diagnosis to recurrence.
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Supplementary Figure 4.3. Phenotypic and functional AraC response dynamics
in AML-xenografts

Panel A shows recurrence response dynamics following AraC therapy in mice
xenografted with primary cells from Patient 19 (left). Data represent flow cytometry
measurements of human leukemic chimerism from serial BM aspirates. The red bar
indicates the timing and duration of AraC administration and each curve represents
an individual mouse. On the right, the graph represents leukemic growth rates
calculated for individual mice. Data are expressed as mean + SE. ***P<0.001, by
unpaired t-test. Panel B shows longitudinal profiling of CD34+ cell frequencies within
human leukemic populations measured by flow cytometry analysis of serial BM
aspirates from xenografted mice. Red bars represent the timing and duration of
AraC treatment. *P<0.05, ***P<0.001, relative to saline controls, by unpaired t-test.
Panel C shows individual CFU wells plated from human CD45+*CD33* cells retrieved
from xenograft BM, pooled across multiple mice at several time increments
following AraC treatment (Patient 19). Separate cohorts of mice were sacrificed at
each time point shown. Gray circles and curves represent the recovery Kkinetics of
the bulk leukemic population, and the red bar indicates the timing and duration of
AraC administration. All data are expressed as mean = SE.
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Supplementary Figure 4.4. Determination of a clinically relevant dose of TDZ
in vivo

Panel A shows a summary of TDZ treatment groups. Non-transplanted NOD/SCID
mice were administered doses of 15 or 22.5 mg /kg/day that correspond to TDZ at
medium dose (TDZ Med) and high dose (TDZ Hi), respectively. Control-treated mice
received 30% captisol (TDZ vehicle). TDZ Med and Hi represent a weight-adjusted
equivalent of 100% and 150% maximum clinical TDZ dose in humans
(800mg/day32). The In vivo TDZ regimen consisted of daily intraperitoneal injections
for 21 consecutive days. Panel B shows mouse survival during the 21-day TDZ
treatment period, with no adverse effects at any doses. Blue shading indicates the
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timing and duration of TDZ delivery. Panel C shows the effect of in vivo TDZ
treatment on mouse weight measured weekly for 21 days. Panel D shows that with
TDZ-Hi dosing, murine plasma TDZ levels reach a clinically relevant range of plasma
TDZ achievable in humans at steady states (200-2000 ng/ml37). Therefore, TDZ Hi
was selected for subsequent in vivo analyses. Panel E shows HPLC measurements of
TDZ in murine plasma between 0-24 hr after TDZ injection at high dose. Plasma TDZ
levels peaked at 1-hour post injection and declined to undetectable levels at 24
hours. Panel F shows that TDZ did not significantly alter the BM cellularity as
illustrated by BM viable cell counts and representative hematoxylin and eosin-
stained BM sections on Day 21. Each dot represents an individual mouse and the
data are collected from 5 separate experiments. Panel G shows WBC counts, which
similar to BM cellularity are unaffected by TDZ treatment. Data are represented as
mean * SE.
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Table 4.1. Clinical details of AML patient samples

: Tissue : %Blast %Blast
ID Disease stage Source Cytogenetics / Molecular Diagnosis _ Relapse
1 Diagnosis / PB* Normal / NA¥ 83 57
Relapse Pair
2 Diagnosis / PB Normal / NA 13 56
Relapse Pair
3 Diagnosis / PB Normal / NA 85 81
Relapse Pair
4 Diagnosis / PB Normal / NA 83 83
Relapse Pair
Diagnosis /
5 Relapse Pair PB Normal / NA 47 16
6 Diagnosis / PB Normal / NA 46 77
Relapse Pair
7 Diagnosis / PB Normal / NA 93 79
Relapse Pair
8 Diagnosis / PB Normal / NA 75 98
Relapse Pair
g | Diagnosis/ PB Normal / NA 66 90
Relapse Pair
10 | Diagnosis/ PB Normal / NA 70 67
Relapse Pair
11 | Diagnosis/ PB Normal / NA 46 87
Relapse Pair
12 | Diagnosis/ PB Normal / NPM1, FLT3-ITD 58 63
Relapse Pair
. . Add1,-3, del3 (q21), del5 (q13q33), -7,
K3k
13 Iféggnszsl‘fai/r Bl\gB /| 10, add11, del12 (p11.2p13), add13, 50 40
P add16,t(7;17)(p13;p13),  -18,+21
Diagnosis / BM / Normal / NPM1, FLT3-ITD
14 Relapse Pair PB heterozygous >70 4
15 Diagnosis Bll)v][a/ NA / None detected 78 76
16 M“ltéfr:lee""er BM Normal / FLT3-ITD Fig4.2A | Fig4.2A
17 M““t‘f;leeo"er BM Normal / NA Fig4.2B | Fig4.2B
Progressed .
18 frorn MDS PB inv(3)(q21926.2), -7 47
19 Diagnosis PB del(5) (q22q33), -7 89
20 Diagnosis PB Normal / FLT3-ITD 68
Diagnosis / BM /
21 | post-induction BM Normal / NA >50 >80
Pair
Diagnosis / 46-
22 | post-induction PB 47,XX,del(5)(q13g33),del(13)(q12q14 54 84
Pair ),+21,+22[cp26]
23 Diagnosis BM Normal / None detected 30
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24 Diagnosis PB NA / None detected 68

25 Diagnosis PB NA / NA 92
Progressed

26 from MDS PB 48,XY,+8,+13[8]/46,XY[5] 35

* PB, peripheral blood
** BM, bone marrow
#NA, not available

177



PhD Thesis - AL Boyd

Table 4.2. List of druggable up-regulated genes post-AraC

McMaster University - Biochemistry

S)(jlillll)eol Full Gene Name clf:;(;e p value
OR52J3 Olfactory Receptor, Family 52, Subfamily 175933 0.0111845
], Member 3
PLG Plasminogen 1.59148 0.0015988
KRT6A Keratin 6A 1.54608 0.0100511
MUC21 Mucin 21, Cell Surface Associated 1.45517 0.00904822
SLC2A2 Solute carrier family 2 (facilitated glucose 143914 000358156
transporter), member 2
GPR119 G protein-coupled receptor 119 1.40593 0.0047744
S100A4 S100 calcium binding protein A4 1.36532  0.00567333
FASLG Fas ligand (TNF superfamily, member 6) 1.3523 0.00942611
KCNJ10 Potassigm inwardly-rectifying channel, 134991 0.0134538
subfamily J, member 10
KCNA10 Potassium voltgge-gated channel, shaker- 132671 0.0123655
related subfamily, member 10
LEP Leptin 1.32108  0.00545013
CMA1 Chymase 1, mast cell 1.31673 0.0146796
NALCN Sodium leak channel, non selective 1.30772 5.39E-05
MC3R Melanocortin 3 receptor 1.28131 0.037429
DRD2 Dopamine receptor D2 1.27927 0.0352181
TUBB2A Tubulin, beta 2A class lla 1.27229 0.0197661
TPO Thyroid peroxidase 1.26242 0.0195282
GPX5 Glutathione peroxidase 5 1.26015 0.0242464
UGT2B10 UDP glucuronosyltransferase 2 family, 125841 0.0299276

polypeptide B10
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Supplementary Methods

Supplementary Method 1. Preparation of primary human hematopoietic samples
Primary AML patient and donor samples were provided by Juravinski Hospital and
Cancer Centre, and London Health Sciences Centre (University of Western Ontario).
The Labour and Delivery Clinic at the McMaster Children's Hospital provided cord
blood samples. MNCs were prepared by density gradient centrifugation (Ficoll-
Paque Premium; #17-5442-02; GE Healthcare) followed by red blood cell lysis using
ammonium chloride solution (#07850; Stemcell Technologies). Lineage depletion of
cord blood was carried out using a commercially available kit (#19309C, Stemcell

Technologies) according to the manufacturer’s instructions.

Supplementary Method 2. Murine recipients and Xenograft assays

Mice were bred and maintained at Stem Cell and Cancer Research Institute (SCCRI)
animal barrier facility. For transplantation assays, 6-10 week old NOD/SCID mice
were sublethally irradiated (200-350 Rads, using a 137Cs y-irradiator) 24 hours
prior to intravenous transplantation of primary human samples810.

Longitudinal in vivo monitoring of human leukemic chimerism was carried
out by serial BM aspiration as previously described38. Briefly, the anesthetized
recipient mouse was placed in a supine position, the tibia and femur were flexed and
the femur was punctured using a 28G %2” needle. 5-10 pl of BM cells were collected

and the procedure was repeated at bi-monthly intervals on alternate femurs.
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For assays of self-renewal, pooled BM cells from multiple xenografted
primary recipients were serially transplanted intravenously into secondary animals
at multiple cell doses normalized based on the number of injected human leukemia
cells.

For secondary CFU assays, xenografted human leukemic cells were purified
through fluorescence activated cell sorting (FACS) or by mouse cell exclusion using
magnetic cell isolation (mouse CD45 and Ter119 microbeads, 130-052-301, and
130-049-901, Miltenyi Biotec) and subsequently seeded in methylcellulose at a
range of 5000-50000 cells.

For drug delivery experiments, weekly weight measurements were used to
ensure that appropriate dose per weight ratio was sustained throughout the

treatment.

Supplementary Method 3. Fluorescence-activated cell sorting (FACS) and flow
cytometry

Immunophenotyping for hematopoietic cell surface markers was carried out using a
cocktail of conjugated antibodies (V450-CD45, APC-CD33, and PE-CD34 BD
Biosciences). 7-aminoactinomycin D was used to discriminate live cells. When
appropriate, fluorescence minus one (FMO) controls were used to optimize gating
strategies for target cell populations. In experiments that required cell sorting,
FACS-purified cell populations were routinely checked for purity. FACS sorting and

flow cytometry were performed using FACSAria Il sorter and LSRII Cytometer (BD).
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BD FACSDiva software was used for data acquisition and Flow]o software (Tree

Star) was used for analysis.

Supplementary Method 4. RNA purification and Affymetrix analysis

RNA was isolated from healthy MNCs or FACS-purified leukemic blasts (based on
side scatter and CD45 intensity3?) using a total RNA purification kit (Norgen biotek,
ON, Canada) according to the manufacturer’s instructions. Purified RNA was
quantified on a Nanodrop 2000 Spectrophotometer (Thermo Scientific), and RNA
integrity was assessed by a 2100 Bioanalyzer (Agilent Technologies).

Batch correction was performed on sources of technical variation (array
technologies and/or isolation of human cells from patients versus xenografts).
Expression values from all common gene symbols were used to create PCA plots.
Pearson’s correlation coefficient was used for hierarchical clustering to generate
dendrograms. Gene set enrichment analysis (GSEA) was performed on normalized
expression values of all common gene symbols between samples using GSEA
software v2.1.0 (Broad Institute; Subramanian et al., 2005). Curated gene set (C2)
and Gene Ontology (C5) gene set collections from Molecular Signatures Database

(MSigDB) were used for GSEA analyses.

Supplementary Method 5. Image analysis

CFU images were acquired at 2x using Operetta High Content Screening (Perkin
Elmer) by means of epi-fluorescence illumination and standard filter sets. Stitched

whole well images were constructed in Columbus software (Perkin Elmer). Image

181



PhD Thesis - AL Boyd McMaster University - Biochemistry

processing and analysis was performed using custom scripts in Acapella software

(Version 3.1, Perkin Elmer).

Supplementary Method 6. Hematology analysis

Peripheral blood was collected from the superficial temporal vein and tail vein for
WBC counts, measured using a Nexcelom Cellometer after acridine orange staining

of diluted whole blood samples.
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Chapter 5: Discussion
The LSC theory has advanced our understanding of AML to recognize that each cell
in a leukemia population is not functionally equivalent, and that the elimination of
LSCs should be prioritized over other cellular fractions of the disease (Dick, 2008).
This new perspective has led to a general impression that tumor cells lacking self-
renewal properties are relatively inert once initial cytoreductive debulking has been
achieved. As a result, efforts to prevent relapse have become mainly focused on
identifying selective targets to specifically distinguish LSCs from HSCs on a direct
molecular level. This thesis offers experimental evidence that therapeutic LSC
targeting can also be achieved by indirect means, via manipulation of the BM
environment that houses them (Chapters 2-3). Additionally, it characterizes unique
regenerative behaviour that emerges within leukemic populations under injury-
specific conditions (Chapter 4). Strategic molecular targeting during these states
can disable the regenerative response that drives leukemia recurrence. Together,
these findings support the hypothesis that LSCs display sensitivity to their
external environment, and these interactions can be targeted in clinically
meaningful ways. Importantly, the new therapeutic opportunities that we have
defined could not have been identified by regarding the leukemic hierarchy as an

independent system.

The field is now adopting an ecological view of leukemia biology to

understand the context-dependent behaviour of LSCs (Figure 5.1), and the work
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presented here contributes to this emerging understanding. To date, only few
studies have articulated tangible measures to target LSCs through their
environmental interactions (Jin et al, 2006; Matsunaga et al., 2003; Nervi et al,
2009; Saito et al, 2010b), and our work expands this repertoire (Figure 5.2).
Diversified approaches to eradicate LSCs will be critical to accomplish long-term

disease control and recurrence prevention in AML.

5.1 Indirect targeting of LSC self-renewal

[ began my examination of indirect LSC targeting by studying the Hh pathway, which
has been associated with self-renewal processes in many tissues, through both
autocrine and paracrine signaling mechanisms (Fabian et al., 2012; Lamm et al,,
2002; Merchant and Matsui, 2010; Shin et al., 2011). Based on evidence of direct
selective effects against LSC self-renewal in CML (Dierks et al,, 2008; Zhao et al,,
2009), Hh signaling inhibitors have been advanced to clinical trials for a range of
hematological malignancies including AML (Jamieson et al,, 2011; Merchant et al,,
2010). However, unlike in CML (Dierks et al, 2008), our comprehensive
transcriptional analysis of Hh pathway components was unable to clearly
discriminate leukemic cells from healthy hematopoietic populations, regardless of
the extent of subset purification (Chapter 2). Furthermore, in vitro small molecule
antagonism of the pathway had no preferential effect against the clonogenic capacity

of AML (Chapter 2) and ultimately could not explain the clinical benefits that have
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been achieved by Hh pathway inhibition in AML patients to date (Jamieson et al.,

2011).

The lack of a clear molecular distinction between HSCs and LSCs at the level
of Hh signaling suggests that small molecule Hh inhibitors are unlikely achieving
their clinical effects through direct selectivity. Furthermore, we reported mRNA and
protein evidence that BM mesenchymal cells express high levels of Hh pathway
receptors, unlike any of the hematopoietic populations examined (Chapter 2). This
suggests that mesenchymal populations may be the primary Hh signal-transducing
cells in BM, which could impact hematopoiesis indirectly. This hypothesis has since
been reinforced by an independent study that was published in response to our
work. This group showed that exogenous supplementation of Hh signals was found
to assist healthy hematopoietic regeneration following irradiation-induced injury,
but only in the presence of the in vivo BM niche (Drouet, 2013; Drouet et al., 2013).
Together, these findings suggest that like in several other tissues, Hh ligands may
represent important niche-acting signals that regulate homeostasis in BM (Fabian et
al, 2012; Lamm et al.,, 2002; Peng et al.,, 2015; Shin et al., 2011). However, Hh-
activated stromal cells have also been shown to provide support to malignant
populations in solid tumors (Tian et al., 2009; Yauch et al., 2008) and may therefore

also have targetable interactions with LSCs.

As a next step, it will be important to clarify in what way Hh inhibitors could

be modulating mesenchymal BM cells to suppress LSCs. An important functional role
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for this pathway has already been identified in mesenchymal progenitors, as Hh
inhibition has been shown to promote cell fate commitment towards the adipocyte
lineage (James et al.,, 2010; Suh et al,, 2006). This property of adipogenesis induction
is actually shared with another small molecule recently described to target AML in a
non-cell-autonomous manner (Hartwell et al., 2013). Incidentally, loss of adipocytic
differentiation is one of the niche-related changes that have been recently reported
to accompany AML progression in BM (Hanoun et al., 2014; Medyouf et al., 2014)
and adipocytes have been recently identified to be an important regulator of
hematopoeisis (Naveiras et al., 2009). Therefore, these molecules may be achieving
their effects by preserving the natural integrity of the BM niche, at the expense of

leukemic expansion. This possibility should be further explored.

5.1.1 Future clinical perspectives: BM niche-targeted agents

The hypothesis that Hh inhibitors could counteract leukemic progression by
restoring normal niche integrity is appealing, as correcting this type of pathology
would likely benefit healthy hematopoietic cells as well. The BM microenvironment
fundamentally guides the balance of HSC self-renewal versus differentiation
(Mendelson and Frenette, 2014). As a result, deteriorated niche composition could
reasonably influence the development of peripheral cytopenias commonly seen in
AML patients (Estey and Dohner, 2006). In fact, several studies have reported that in
leukemia-infiltrated BM, the differentiation of healthy murine HSPC populations

becomes arrested in favour of widespread self-renewal (Cheng et al., 2015; Miraki-
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Moud et al, 2013). It will be important to determine whether niche-targeted
compounds may be able to correct the immature imbalance of the leukemic BM
system as a whole, which could both restrict LSC self-renewal and allow healthy
blood production to resume. Although these types of therapeutic strategies may not
provide immediate alleviation of urgent circulating blast levels, they could be
applied in a maintenance setting to achieve better symptom control and quality of

life.

5.2 Common themes between HSCs and LSCs

In addition to similarities between HSCs and LSCs on the basis of morphogen
signaling (Chapter 2), we have also identified surprisingly close parallels between
HSC and LSC populations by comparative spatial and functional analysis (Chapter
3). When challenged to directly compete in BM repopulation assays, pressure from
co-infused HSCs was successfully able to limit the BM colonization and self-renewal
of LSC pools in vivo (Chapter 3). This observation has since been independently
reproduced with a similar experimental design, using an engineered murine model
of AML (Glait-Santar et al, 2015). Collectively, these data suggest that the
preservation of the LSC state is dependent upon access to specialized BM niche sites
that overlap with HSC requirements. Indeed, we confirmed that phenotypically
primitive CD34+* leukemic cells spatially situate along endosteal BM surfaces
(Chapter 3), mirroring the environmental conditions that support HSC localization

(Guezguez et al, 2013). It is becoming clear that there is a diverse array of
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specialized niches in BM, and the characteristics of an individual niche can provide a
direct reflection of the nature of its inhabitant stem cells. Specifically, different
subsets of healthy HSPCs have been described to occupy qualitatively distinct niches
in BM, and CML-LSCs have been suggested to have divergent niche requirements
relative to AML-LSCs as well (Ding and Morrison, 2013; Greenbaum et al., 2013;
Guezguez et al., 2013; Hoggatt et al., 2013; Krause et al., 2013). In this context, the
equivalence of HSC and AML-LSC niches is impressive, and suggests that the biology
of LSCs resembles that of healthy HSCs on a fundamental level that may reflect their

intrinsic qualities.

Similar to HSC exhaustion that occurs upon niche displacement, the failure of
leukemia to thrive under conditions of restricted BM niche access suggests that LSCs
cannot substitute alternative tissue sites to acquire their needed resources. This
contrasts the common conception of cancer as versatile cells that can bypass the
constraints of normal tissue development (Medema, 2013). The genetic plasticity of
AML has been generally thought to allow leukemic cells to forge novel and unusual
developmental trajectories. Consistent with this idea, unfamiliar patterns of antigen
expression are often detected on the cell surface of leukemic blasts (Craig and Foon,

2008; Griffin and Lowenberg, 1986).

Despite these characterizations of leukemic cells as being developmentally
aberrant, global transcriptional analysis has suggested that functionally validated

populations of HSCs and LSCs share common transcriptional programs (Eppert et al.,
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2011). Additionally, a recent study has provided an unprecedented large-scale
analysis of cell surface proteins using single cell mass cytometry technology,
revealing that antigen expression patterns are less disordered than expected in AML.
Not only did multidimensional clustering indicate that leukemic subpopulations
exhibited a limited diversity of cell surface phenotypes across AML patients, but it
also suggested minimal divergence from normal paths of myeloid maturation
(Levine et al,, 2015). Overall, LSCs do not appear to be excused from the general
boundaries of hematopoietic development, as there seems to be considerable
molecular overlap between normal and malignant hematopoietic cells (Chapter 2)
(Eppert et al,, 2011; Levine et al.,, 2015), and the positioning of LSCs within the
ecological context of BM tissue closely resembles that of HSCs (Chapter 3). These
similarities may present challenges towards their selective molecular targeting, but
suggest that LSC behavior may be more niche-dependent and predictable than

currently perceived.

5.2.1 Future clinical perspectives: Novel HSCT conditioning procedures

On the basis of direct competition for shared BM niches between LSCs and HSCs,
Chapter 3 additionally provided preclinical xenograft data suggesting that G-CSF
mobilization offers an effective tool to dislodge LSCs from protective BM sites. This
enabled competitive niche replacement by healthy HSCs, in a cellular “musical
chairs” that operated at the expense of LSC niche retention and self-renewal. This

was achievable without toxic myeloablative conditioning measures, showing
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promise as a new strategy that could allow reduced intensity of HSCT therapy. This
is a critical goal, as HSCT remains the most effective curative therapy for AML
disease (Hamilton and Copelan, 2012; Rowe, 2009) but is unavailable to many
patients who are not predicted to tolerate the toxicity associated with high intensity

preparative regimens.

A randomized controlled study of high risk AML patients has recently
reported reduced relapse incidence and increased survival rates as a result of
incorporating G-CSF into conditioning regimens for haploidentical allogeneic HSCT
(Gao et al., 2014). Although the original motivation of G-CSF use in this study was to
better sensitize leukemic cells to the preparative chemotherapy conditioning, in
retrospect it was proposed that it could also have improved competitive HSC
reconstitution, based on our work presented in Chapter 3 (Abboud, 2014). Although
it is not possible to dissociate chemosensitization from competitive repopulation
effects in this instance, this study offers encouraging support for the investigational
use of G-CSF in transplantation regimens and reinforces the safe nature of the
approach. A more deliberate trial of mobilization-mediated competitive HSCT is
warranted in a reduced intensity setting, which could ultimately allow a wider
application of HSCT across AML patients who have achieved remission, particularly

needed in high risk cytogenetic cases.
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5.3 Unique properties of leukemic regeneration

Despite the molecular and functional similarities recognized between HSC and LSC
subsets in Chapters 2-3, Chapter 4 identified an important functional difference
between leukemic regeneration and normal hematopoietic recovery, as assessed in a
controlled xenograft setting. While leukemic cells were able to generate and sustain
dramatic growth rates in response to cytoreductive AraC therapy, normal
hematopoiesis rapidly reached a distinct plateau following the same cytotoxic
challenge. It is not yet clear whether this functional divergence between healthy and
malignant regeneration truly reflects any intrinsic differences at the stem cell level,
or whether properties of the leukemic environment may contribute. In fact, the
leukemic populations that resist AraC and re-establish disease appear to be more
complex than originally anticipated. Current theories suggest that quiescent LSCs
are selectively spared by chemotherapy and are independently responsible for
seeding disease re-growth (Jordan et al.,, 2006). However, our data suggest that
chemotherapy initially causes a massive suppression of phenotypically and
functionally primitive cells, based on both xenograft modeling and human patient
analysis (Chapter 4). Although the restoration of primitive populations was
necessary for disease recurrence to occur, their initial suppression suggests that
they may not represent particularly chemoresistant cells in the context of prolonged
chemotherapeutic targeting. Instead, re-growth appears to be driven by the

compensatory activation of any primitive cells that are fortunate to survive.
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It is not disputed that in general, stem cells are mitotically dormant and
would therefore be chemoprotected under steady states. However, cytoreductive
challenge is likely to induce stem cell activation (Mendelson and Frenette, 2014),
causing sensitization to any further chemotherapeutic attack. In patient settings,
chemotherapy is rarely delivered as a single dose, and therefore our model
realistically reflects sustained conditions of cytoreductive suppression over a
several day period, in which dormant cell populations could become sensitized. A
recent study similarly concluded that chemotherapy treatment actively recruits
residual bladder tumor cancer stem cells (CSCs) into cell cycle (Kurtova et al., 2014),
also suggesting temporary sensitivity to subsequent doses of treatment. However,
upon chemotherapy withdrawal, this injury-provoked activation of CSCs fueled a
tumor regenerative process that became central to the emergence of therapy
resistance (Kurtova et al., 2014), reminiscent of the uncontrolled leukemic growth
that we have observed following AraC treatment. Therefore, if CSC quiescence does
not represent the primary limitation that is obstructing successful long-term
therapy outcomes, it is critical to clearly understand the basis of therapy failure and

disease re-growth that may be more important.

Towards the goal of characterizing the leukemic regenerative process, we
have provided the first functional and molecular account of the changing leukemic
cell dynamics that follow cytotoxic therapy treatment. Based on careful functional

analysis of leukemic BM cells at multiple intervals following AraC administration, we
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identified a key time point in which clonogenic cells massively expand prior to the
overt recovery of leukemic disease (Chapter 4). We therefore performed
comprehensive transcriptional profiling on leukemic cells retrieved at this unique
stage, and revealed a novel gene signature of Leukemic Regenerating Cells (LRCs).
The therapeutic value of this signature was demonstrated by proof-of-principle
targeting of dopamine receptor D2 (DRD2), one of the gene products specifically
upregulated among LRCs. In combination with AraC, DRD2 antagonism prevented
the dramatic leukemic re-growth otherwise observed by delivering chemotherapy

alone, offering a new strategy against recurrence in AML.

Several questions will be important to address as future extensions of this
work. What provokes the activation of surviving leukemic precursors to reconstruct
the disease? What are the specific cellular subsets that compose LRC populations,
and how do they relate to healthy recovering BM cells? Although we have shown
that LRC populations do contain cells capable of re-initiating disease in secondary
recipients, their gene signatures do not reflect transcriptional states normally
associated with LSCs (Eppert et al,, 2011) (Chapter 4). Therefore, the molecular LRC
signature that we defined may represent a unique cellular state of LSCs that
specifically reflects their regenerative behaviour. Alternatively, LRCs may be a
heterogeneous mixture of LSCs and non-renewing leukemic cells that play a
regeneration-supporting role. This latter possibility could provide insight into the

contrasting kinetics of leukemic versus healthy regeneration despite the similarities
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between HSCs and LSCs otherwise described in this thesis (Chapters 2 and 3).
Healthy BM microenvironments are known to coordinate rapid cellular proliferation
followed by a disciplined return to homeostatic activity (Mendelson and Frenette,
2014). Contributions from injury-reactive leukemic cells could possibly skew these
signals (Duan et al, 2014), resulting in disproportionate regenerative growth.
Therefore, it will be valuable to dissociate whether or not heterogeneous cell
subsets cooperate to promote leukemic recovery, in order to most deliberately

target this process.

In many cancers, accelerated tumor repopulation represents an important
source of therapy failure that requires further exploration for preventative
approaches against recurrence (Kim and Tannock, 2005). We are the first to
describe this phenomenon in AML, providing a new perspective to re-orient
emphasis towards targeting unique regenerative properties of LRCs over
approaches to chemosensitize quiescent cells (Saito et al., 2010b). We have
demonstrated the value of this strategy through pre-clinical testing of novel
combination chemotherapy regimens, and have identified avenues for further
development based on dissecting the specific cellular interactions that drive

leukemic regeneration.

5.3.1 Future clinical perspectives: Novel combination therapies
In addition to our encouraging demonstration that DRD2 inhibitor thioridazine

(TDZ) is effective in combination with AraC, additional candidate agents remain to
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be tested based on a wider examination of LRC-specific molecular signatures. As we
observed beneficial effects of TDZ across a range of different AML patient samples,
its effects do not appear to be restricted to specific genetic subtypes of disease. TDZ
has already been advanced to a Phase I clinical trial in combination with AraC for
relapsed or refractory AML (trial identifier #NCT02096289), demonstrating the
direct clinical relevance of these findings. It will be necessary to more closely
examine how TDZ impacts healthy regeneration, however no complications of
prolonged cytopenia have been observed in recipient mice that received
combination regimens. Combination chemotherapies designed to limit leukemic
repopulation represent an appealing direction for induction therapy across diverse

AML patient subtypes.

5.4 Spatial localization of primitive leukemia cells

Beyond the clinical applications that represent direct extensions of each chapter in
this thesis, combined elements from multiple chapters have led to a new hypothesis
towards the detection and treatment of AML in patients. The distinct regional
preferences of LSCs (Chapter 3) suggests that they may exhibit spatial
heterogeneity within BM that could be of diagnostic significance, particularly under
conditions of minimum residual disease (MRD). In Chapter 4, our xenograft
simulations of complete remission (CR) states were remarkable based on the
complete absence of human leukemic cells in BM aspirates, despite the aggressive

relapse that followed. Motivated by the observation that like healthy HSCs, CD34+
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leukemic cells preferentially localize to trabecular bone areas and are rare in the
central bone cavity (Chapter 3), we have since determined that in xenografts,
aspirate sampling can fail to capture occult reservoirs of rare leukemic cells that are
localized to highly trabeculated regions. It is possible that discrete spatial
localization of residual cells could similarly contribute to MRD detection challenges

in AML patients.

Our in situ imaging analysis of AML-infiltrated femurs has further suggested
that LSC distribution may even be non-uniform with respect to their more mature
progeny (Chapter 3). This interpretation could clarify the observation that AML
cells collected from the majority of patients fail to produce leukemic grafts when
transplanted into immune-deficient mice (Shlush et al., 2014). While there is
evidence of better prognosis in these instances, most patients who lack functionally
detectable LSCs still proceed to relapse (Monaco et al.,, 2004) despite the fact that
relapse is thought to be an LSC-driven process. Efforts to explain this discrepant
phenomenon by examinations of cell-intrinsic chemokine expression and BM-
homing capacities of non-engrafting AML samples have been previously met without
success (Pearce et al,, 2006). The alternative possibility of localized regions of LSC
enrichment is reminiscent of the spatial heterogeneity that is widely acknowledged
to exist in solid tumors (Bedard et al.,, 2013; Gerlinger et al.,, 2012; Navin et al,,

2011), but has been overlooked in leukemia due to the liquid nature of the tissue.
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In contrast to former impressions of regular HSPC trafficking, recent insights
have suggested that they instead appear rather stationary in BM unless disrupted by
stimuli such as G-CSF mobilization (Cheung et al.,, 2013; Verovskaya et al., 2014).
These conclusions were based on the use of genetic barcoding systems to track
hematopoietic cells at the clonal level, in which an examination of barcodes within
primitive populations suggested little clonal overlap between bone sites. Based on
the emerging evidence for functional parallels between LSCs and HSCs (Chapter 3)
(Glait-Santar et al,, 2015), it is plausible that primitive LSCs may exhibit similarly
restricted motility in BM. In human patients, it has been genetically demonstrated
that all leukemic subpopulations descend from a single founder clone as opposed to
multifocal genetic origins of disease (Ding et al., 2012). The potential to examine
similar conditions of disease initiation processes has not been well-captured by
conventional experimental modeling of AML, in which leukemic cells are either
introduced in a systemic manner by intravenous injection, or by establishing
oncogenic mutations across the whole hematopoietic system in engineered mice.
Instead, these possibilities will be best explored by monitoring distribution kinetics

of leukemic subpopulations following localized intra-femoral delivery models.

5.4.1 Future clinical perspectives: Spatial targeting of LSCs
Understanding the potential spatial heterogeneity of leukemia could clarify
limitations associated with obtaining representative BM assessments during low

levels of leukemic burden. However, the practical value of this hypothesis would be
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dependent upon developing a strategy to better identify the presence of leukemic
cells that may escape physical sample capture using traditional diagnostic aspirates
from iliac crest sites. Based on evidence that leukemia locally remodels the BM niche
(Schepers et al,, 2013), confined regions of concentrated leukemic cells are likely to
be associated with unique molecular or physical properties that could be detected
by whole body imaging methods. In fact, an exploratory report of positron emission
tomography BM imaging in human AML has already provided proof-of-principle
evidence that this technique can detect localized sites of leukemic growth which
were missed by routine aspirate sampling (Brierley et al., 2013). However, the
relation of this finding to the most functionally relevant populations of LSCs remains
to be examined. Molecular imaging of human cancer patients has not yet been used
in conjunction with a detailed dissection of functional heterogeneity, which could
advance our fundamental understanding of the disease and offer novel clinical

approaches.

Knowledge of the locations of highly concentrated LSCs could ultimately
enable spatially selective delivery of high-intensity therapeutics (Samant et al,
2009; Wong et al., 2006), which could both spare healthy HSPCs in non-infiltrated
areas, and limit the formation of injured BM niches (Duan et al., 2014) that may
contribute to excessive leukemic regeneration (Chapter 4). As most patients
present with diffusely disseminated disease by the time symptoms emerge, this

hypothesized approach would likely be most suitable in patients with minimally
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progressed AML, or as a means of managing MRD in patients who have achieved
remission. This suggestion provides a constructive strategy to approach therapy
based on understanding localization properties that are similarly shared between

LSCs and HSCs.

5.5 Concluding remarks

Although genetic mutations provide the necessary spark to ignite leukemic disease,
the surrounding environment participates in a meaningful way to fuel its
progression. Like other cancers, AML is considered to be an aging disease, and its
increased incidence with age has been explained by the progressive accumulation of
genetic lesions over time (Xie et al, 2014). However, aging programs distinctly
involve the loss of tissue regulatory control, including the composition and function
of the BM niche (Zhang et al.,, 2013), potentially contributing to a relaxed level of
control over rogue hematopoietic clones. In fact, the niche can even directly drive
dysplastic hematopoiesis as has been shown in genetic mouse models (Kode et al,
2014). These perspectives reinforce the hypothesis that the BM microenvironment
plays an important participatory role in leukemia development, and it is important

to understand these dynamics.

This thesis has revealed that the BM niche may be a targetable axis in AML,
and that HSCs and LSCs share common BM niches. Additionally, it suggests that
niche-induced quiescence may not be the primary limitation that prevents LSC

eradication using conventional chemotherapeutic targeting. Instead, a dramatic
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leukemic recovery process occurs which is out of proportion with healthy
regeneration. A comprehensive understanding of the interactive processes that exist
between HSCs, LSCs, and BM niche cells during pathological states will ultimately
inform educated strategies for novel therapeutic interventions in AML. Evidence
presented within this thesis offers several prospects towards this goal, including
pharmacological targeting to preserve BM niche function under leukemic conditions,
novel cell-based approaches to dissociate LSC-niche interactions, and combination
therapies to prevent the reconstruction of functional leukemic hierarchies following
cytoreduction. Other future directions could additionally involve molecular imaging
to identify and target anatomical sites of highly concentrated LSC localization. These
findings reinforce the importance of understanding diseased cells within their
biological context, as it can present therapeutic opportunities that would be
overlooked by conceptualizing LSCs in isolation. The past 20 years have cultivated a
transformative movement to acknowledge and characterize the heterogeneous
composition of both the leukemic hierarchy and the surrounding BM niche. It is now
essential to integrate these insights towards a more comprehensive understanding

of the BM as an interactive ecosystem under conditions of both health and disease.
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Figures

1. Uniform 2. Hierarchy 3. Ecosystem

Figure 5.1. Progressively complex views of leukemia

Historically, all leukemic cells were viewed as equivalent, and cytotoxic
chemotherapy was hoped to uniformly eliminate leukemic blasts. In the 1990’s, a
hierarchical model of leukemia was recognized, and attention became focused on
identifying distinctive molecular qualities of LSCs to enable their preferential
therapeutic targeting. This thesis has contributed to a new emerging view in which
the leukemic hierarchy is part of a complex BM ecosystem, revealing multiple new
angles to attack LSCs. Solid arrows indicate cellular ancestry, while dotted arrows
indicate cell interactions. Coloured shading represents leukemic cells and grayscale
shading represents healthy cell types.
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Chapter 2

Chapter 4

Figure 5.2. Summary of findings

Based on a view of LSCs as being interactive components of the BM environment, we
have identified several novel avenues towards therapeutic targeting in AML. First,
we have provided evidence to propose that LSCs could be modulated indirectly
through the BM microenvironment using hedgehog pathway inhibitors (Hh-i;
Chapter 2). We then described that healthy and leukemic stem cells share common
BM niches, and that HSCs can compete to repopulate these sites at the expense of
LSC self-renewal (Chapter 3). Finally, we provided a novel description of leukemic
regeneration that follows treatment with AraC chemotherapy, and showed that we
could suppress this early stage of leukemic recurrence using combined therapy with
the DRD2 antagonist TDZ (Chapter 4). Solid arrows indicate cellular ancestry, while
dotted arrows indicate cell interactions. Coloured shading represents leukemic cells
and grayscale shading represents healthy cell types.
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Appendix IV: Ethics Approvals

A ewmg
. iy St. Joseph's Healthcare
Hsdiaon

Hamilton Health Sciences iraporirg Iemery albve et Ol ey

Hamilton Integrated Research Ethics Board
RENEWAL FORM
Review of an Active Study (to be completed by HIREB Chair only)
REB Project #: 08-042-T
Principal Investigator: Dr. Michael Trus
Project Title: Stem Cell and Cancer Research Institute-Live Cell Bank
[X] Approved for Continuation
[ ] Approved conditional on changes noted in “Conditions” section below

Type of Approval:
[X] Full Research Ethics Board

[ 1 Research Ethics Board Executive

REB Approval Period: Approval period covers January 17-2015 to January 17-2016
[ ] New Enrolment Suspended

[ ] Suspended pending further review

Conditions:
NHWMIWWEMMWHWWWBanme¢ The Tr-
Council Policy Statement on Ehical Conduct of R ch The & C of Good Clnical

Practices; Pmcmsdwrmwmwdummmumdumpmmw
Protection Act 2004 and s applicable Regulations; for studies conducted at St, Joseph's Hospital, HIREB complies with the heaith ethics guide of
the Catholic Aliance of Canada.

2/412015
Suzette Salama PhD., Chair Date of REB Meeting
Raelene Rathbone, MB BS, MD_PRD, Chair

All Comrespondence should be addressed 1o the HIREB Chair(s) and forwarded to:
HIRES Coordinator

293 SL N, Suite 102, Hamilton ON LEL BE7
Tel, 905-521-2100 Ext. 42013 Fax 905-577-8378
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Hamilton Integrated Research Ethics Board
RENEWAL FORM
Review of an Active Study (to be completed by HIREB Chalir only)
REB Project #: 08-330
Principal Investigator: Dr. Mickie Bhatia
Project Title: Characterization of Mesodermal Factors in Hematopoietic Stem Cell

[X] Approved for Continuation

[ 1 Approved conditional on changes noted in “Conditions” section below

Type of Approval:
[X] Full Research Ethics Board
[ 1 Research Ethics Board Executive

REB Approval Period:  Approval period covers July 15-2015 to July 15-2016
[ 1 New Enrolment Suspended

[ ] Suspended pending further review

Conditions:
The Hamiton Integrated Resaarch Elhics Board operates in compliance with and is constituted h aooordanco wnh the leqwemems of: Tha Tri
Council Policy Statement on Ethical Conduct of R h Involving H: ;s The ion of Good Clinical

Practices; Part C Division 5 of the Food and Drug Regutations of Health Canada, wmmmaMWmelﬂmnnmm
Protecion Act 2004 and its applicable Regulasions: for studies conducted at St. Joseph's Hospital, HIRES complics with the heaith ethics guide of
the Catholic Aliance of Canada.

7/8/2015
Suzelte Salama PhD., Chair Date of REB Meeting

Raelene Rathbone, MB BS, MD, PhD, Chair

All Correspondence should be addressed 1o the HIREB Chair(s) and forwarded to;
HIREB Coordinator
263 Wellington St. N, Suite 102, Hamillon ON L8L 8E7
Tel. 905-521-2100 Ext, 42013 Fax: 906-577-8378
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McMaster ANIMAL
University & APPOOVED  vtitization
Protocol

AREB Office Use Only
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Approval [ | AUP# 13
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1 lf ;;bv;;'“"‘

/,”‘ 7 Propaced By: . o o
/_i/’//r 2 Name | Alia Gomyn -
- _,,,,.c‘;y AAdAr ¢ EmeiAtess | fbiga@memastorcs 1
P Z LY sz e

Refer to the Guide for Preparatbon of AUPs for assistance with completing this form
: fhs. mcmaster.ca/healthresearch/areb forms.html

Section 1 Project Title

Tille [ Engraftment of immune-deficient mice using murine and human stem cells

Type of Project [} Research (] New Project (7] Research Pilot
Check off pplicadie Study
[[] Teaching* Ongoing Project ] Other

*Attach Teaching Addendum available at htfp:/iwww.fhs memaster cathealthresearch/areb_forms himl.

Section 2 Principal Investigator
] 1

LastName Bhaia | FistName [ Mickie -
Tite [ Professor ] Department [ Stem Cell and Cancer| Research Institute
Business Phone 905-525-9140x28687 ~ 1 Home Phone [__5-537-2166 — 1
Emergency [ 9055372166 | PagerNumber [pl@a
Phone } — o i
Laboratory WDCL 5077 "] Laboralory [ 905-525-9140 x 21010 ]
Room # | o ] ] S —
Institutional | mbhatna@mcmasterca - - .
mail | i
Mailing Address | MDCL 5029 -«*" R o 1
I ) R M ;’: (:": 58 1) ™ 23 BL Brd Bo Expeciorce sndlor obarbaingny
Pifmnng] ® 0 O O O O O O O O O ey
AREB ~ McMaster Usiversity Ehatla - 8130295 1
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