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Summary

Despite significant advances in the treatment of myeloid malignancies, many patients become
resistant to therapy and ultimately succumb to their disease. Accumulating evidence over the past
several years has suggested that the inadequacy of many leukaemia therapies results from their
failure to target the leukaemic stem cell (LSC). For this reason, the LSC population currently
represents the most critical target in the treatment of myeloid malignancies. However, while LSCs
are ideal targets in the treatment of these diseases, they are also the most difficult population to
target. This is due to both their heterogeneity within the LSC population, and also their phenotypic
similarities with normal haematopoietic stem cells. This review will highlight the current
landscape surrounding LSC biology in myeloid malignancies, with a focus on altered energy
metabolism, and how that knowledge is being translated into clinical advances for the treatment of
chronic and acute myeloid leukaemia and myelodysplastic syndromes.
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Introduction

Pluripotent haematopoietic stem cells (HSCs) are capable of either self-renewing and
remaining pluripotent, or differentiating into committed lymphoid or myeloid progenitor
cells. Leukaemic stem cells (LSCs), on the other hand, also known as leukaemia-initiating
cells (LICs) or cancer stem cells (CSCs), originate from the oncogenic transformation of
normal haematopoietic stem and progenitor cells (HSPCs), resulting in enhanced self-
renewal or proliferation, and a reduced propensity for drug-induced apoptosis (Reya et al.,
2001). Normal and malignant blood cell development have served as a paradigm for our
current understanding of the properties of normal and malignant stem cells. In either case,
HSCs and LSCs reside at the apex of a hierarchy of cells (Bonnet and Dick, 1997), with
HSCs giving rise to normal haematopoiesis, and LSCs giving rise to malignant
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haematopoiesis (Dick, 2008) (Figure 1). A major challenge in cancer treatment, particularly
the myeloid malignancies, is the fact that not all cancer cells are susceptible to therapy, and
malignant stem cells remaining after therapy can serve as a reservoir for residual disease and
relapse. Cytotoxic chemotherapies are often successful at eliminating the bulk of
proliferating tumour cells, generally leukaemia progenitor cells, but leave behind aggressive
stem cells that continue to propagate disease. Thus, new therapeutic strategies are required
for targeting of myeloid LSCs to achieve treatment-free remission in this patient population.

Several signalling pathways have been implicated in the development and maintenance of
LSCs, including WNT/p-catenin (Siapati et al., 2011), NF-xB (Kagoya et al., 2014),
NOTCH (Reya et al., 2001, Takebe et al., 2011), and Hedgehog (Jagani et al., 2010) (Figure
2). These pathways are often activated in cancer by both genetic and epigenetic mechanisms,
and have been linked to cancer initiation, propagation, and even therapy resistance (Eiring et
al., 2015a). However, the limitation of these targets is that they are also active during
embryonic development and in normal HSCs, complicating any potential treatment
approach. Therefore, in order to improve patient outcomes, recent attention has focused on
identifying targets that are more highly activated in the LSC population compared to normal
HSCs. Several studies have recently demonstrated that LSCs exhibit higher levels of
mitochondrial oxidative metabolism compared to normal HSCs, a vulnerability that can be
targeted therapeutically in acute myeloid leukaemia (AML), chronic myeloid leukaemia
(CML), and possibly myelodysplastic syndrome (MDS). In this review, we highlight recent
findings surrounding LSCs in the myeloid malignancies, and how those findings are being
translated into clinical advances.

CSC theory, LSCs, and therapy resistance

The bulk of tumours usually consist of rapidly dividing progenitor cells, as well as fully
differentiated, mature cell types. However, similar to the growth and differentiation of
normal tissues, the growth of many tumours is fuelled by a small number of dedicated stem
cells with the capacity for self-renewal, and only a small, phenotypically distinct population
of cancer cells has the ability to proliferate extensively or to form a new tumour. As
illustrated in Figure 1 in the case of haematopoiesis, the CSC theory postulates that, like
normal tissues, cancers are derived from rare, undifferentiated CSCs at the top of a
hierarchy, which are responsible for maintaining the entire population of cells within a given
tumour (Reya et al., 2001). While CSCs are not believed to generate all tumour types
(Nguyen et al., 2012), they have been described in several different myeloid malignancies,
including AML, CML and MDS, as well as solid tumours, such as breast, pancreatic,
prostate, colorectal and several different brain cancers. CSCs were first described in AML
by Lapidot et al (1994), where they demonstrated that AML LSCs, characterized by the
CD34%38~ immunophenotype (representing only 0.1-1% of the tumour population), were
the only cells capable of generating AML in mice. It has since been demonstrated that the
LSC carries the ability to initiate, sustain, and serially propagate leukaemia /n vivo, while
retaining the capacity to differentiate into more committed progenitor populations that no
longer possess leukaemia-initiating activity (Huntly et al., 2004). Due to the ability of LSCs
to initiate and sustain leukaemia and to evade therapy-induced apoptosis, LSCs may be
critical in disease prognosis, and worth monitoring during therapeutic intervention. Indeed,
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the frequency of CD34+38~ stem cells at diagnosis correlates with response to treatment and
survival in AML (Vergez et al., 2011), and the number of residual leukaemia cells remaining
after therapy has been correlated with inferior outcomes (Jongen-Lavrencic et al., 2018).
Thus, CSCs have been proposed to be good biomarkers to predict treatment failure and
relapse, and represent the most critical targets to advance therapeutic options in many
different cancers.

Despite the small number of CSCs present in any given tumour, they have been shown to
promote cancer initiation, disease progression and therapy resistance in several different
tumour types (Lytle et al., 2018). The high rate of tumour relapse following initial
therapeutic responses suggests the existence of CSCs that are resistant to conventional
therapies. While some cytotoxic cancer therapies have resulted in mutation-based acquired
resistance, resulting from clonal evolution during therapy (Branford et al., 2002), other
studies have shown that pre-existing resistant clones are present in a tumour that drive
disease recurrence following treatment (Lee and Lu, 2014). CSCs are ideal targets for
therapy, but they are also challenging cancer targets, due to their heterogeneity within a
given tumour (from genetic or epigenetic changes acquired over time), and their similarities
with normal stem cells (including properties such as self-renewal, asymmetric division and
resistance to chemical insults).

Distinct signalling pathways control stem cell self-renewal in different tissue types, but, in
individual tumours, the same pathways are often used by both normal stem cells and CSCs
to regulate self-renewal, proliferation and differentiation of the given tissue of origin.
Existing therapies largely target the bulk population of tumours, but they are generally
ineffective at targeting CSCs. CSC self-renewal and resistance to chemotherapy can be
attributed to their reduced proliferation or quiescence, heightened DNA repair and reduced
apoptosis, increased clearance of reactive oxygen species (ROS), enhanced drug efflux
mechanisms and reduced immune clearance (Lytle et al., 2018). However, perhaps the most
compelling phenotype separating CSCs from normal stem cells are aberrations in the
dependencies on oxygen and lipid metabolism (reviewed below). These alterations in energy
metabolism not only contribute to CSC survival, but also chemotherapy resistance in
haematological malignancies (Kuntz et al., 2017, Pollyea et al., 2018, Jones et al., 2018).
Just as normal and malignant blood cell development have guided our knowledge of normal
and cancer stem cell biology, understanding the role of aberrant energy metabolism in LSCs
can guide our understanding of stem cell survival in a variety of malignancies, including
solid tumours, with the ultimate goal of identifying novel targets for improved cancer
therapy.

Cancer cell metabolism in myeloid LSCs

The production and consumption of energy in living cells are essential for countless
numbers of biological processes. Since the middle of the 20t century, cancer cells have
traditionally been thought to rely on glycolysis for adenosine triphosphate (ATP) production,
as opposed to mitochondrial oxidative metabolism, even in the presence of sufficient oxygen
levels. This phenomenon is now referred to as the Warburg effect (Warburg, 1956). This is
true in the bulk population of many tumours and also in many different cancer cell lines,
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because when glucose is highly abundant and rapidly imported into the cell, glycolysis
represents a more efficient method of ATP production than aerobic mitochondrial respiration
(Vazquez et al., 2010). This is counterintuitive, because it is well established that
mitochondrial oxidative phosphorylation is the preferred method of energy production in
normal cells, as it is far more metabolically efficient than aerobic glycolysis in terms of ATP
generated per molecule of glucose (up to 38 ATP molecules per glucose for oxidative
phosphorylation versus 2 for aerobic glycolysis) (Vazquez et al., 2010, Zheng, 2012).
However, there is a limited volume of cytosolic space available for components of the ATP-
generating machinery and, under conditions of high glucose uptake, the cell is limited in its
ability to increase mitochondrial concentration to match the increased respiration capacity
(Vazquez et al., 2010). It has been suggested that inefficient ATP production is only a
problem when resources are limited, generally not the case for proliferating tumour cells,
and that oxidative phosphorylation imposes large requirements for tumour cells in terms of
nucleotides, lipids and amino acids required during growth, thus resulting in a preference for
glycolysis (Vander Heiden et al., 2009).

The Warburg effect was the first demonstration that malignant tissues exhibit fundamental
differences in central metabolic processes when compared to normal tissues. Warburg
initially proposed that cancer cells prefer aerobic glycolysis because they have impaired
mitochondrial oxidative phosphorylation. However, the function of mitochondrial respiration
in cancer cells is indeed intact (Zheng, 2012), and there is increasing evidence that this is the
case for LSCs. Recent studies from several different groups have demonstrated that CSCs in
particular have a lower glycolytic reserve than more mature cancer cells, and rather depend
on oxidative metabolism for their survival. This is true of CSCs from multiple different
tumour types, including both solid tumours and haematological malignancies (Lagadinou et
al., 2013, Kuntz et al., 2017), a phenomenon now being referred to as the ‘reverse Warburg
effect’ (Fu et al., 2017). While the mechanism by which cancer cells regulate the balance
between oxidative phosphorylation and glycolysis is not completely understood, it was
demonstrated that they undergo waves of gene regulation that suppress and subsequently
restore oxidative phosphorylation. This can result from dysregulation of cell signalling
pathways, such as the LKB1-AMPK-p53 and PI3K-AKT-mTOR axes (Smolkova et al.,
2011), or transcription factors such as c-MYC (Lee et al., 2017). Altogether, these data
imply that the Warburg effect is not a universal feature of all cancer cells, particularly in
LSC and CSC populations, and therapies targeting oxidative metabolism might be a valuable
treatment approach in certain types of cancers.

In fact, there have been several recent reports on an inhibitor of oxidative phosphorylation,
IACS-010759, having efficacy in several different cancer models, including lung cancer,
melanoma, renal cell carcinoma, and chronic lymphocytic leukaemia (Lissanu Deribe et al.,
2018, Sun et al., 2019, Fischer et al., 2019). One particular study reported that IACS-010759
inhibited proliferation and induced apoptosis in models of glioblastoma, neuroblastoma and
AML that were shown to be reliant on oxidative phosphorylation (Molina et al., 2018). This
was a seminal study demonstrating that pharmacological inhibition of oxidative
phosphorylation may be a viable treatment option in several types of cancers. IACS-010759
is a potent, clinical-grade small-molecular inhibitor targeting complex | of the electron
transport chain that is currently under clinical development. Their studies in AML
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demonstrated sensitivity to IACS-010759 in several different AML cell lines and primary
AML samples; however, future studies will be required to assess the effects of IACS-010759
on the AML LSC population.

LSCs in acute myeloid leukaemia (AML)

AML is the most common type of acute leukaemia in adults, and although survival has
increased steadily over the past several decades, especially among younger patients, AML
remains one of the most challenging diseases to cure owing to drug resistance, relapse or
complications associated with chemotherapy (e.g. infection). AML is a highly
heterogeneous disease, with various cytogenetic rearrangements (e.g. t(8;21) and t(15;17))
and mutations reported (e.g. FL73-internal tandem duplication [ITD], NPM1, KIT, IDH1,
IDHZ, CEBFA) (Grimwade et al., 2010). Despite advances in the understanding of AML
pathogenesis, the therapeutic backbone has remained largely unchanged for over four
decades, and approximately 70% of patients aged 65 years or older will die within 1 year of
diagnosis (Derolf et al., 2009, Yang and Wang, 2018). LSCs are considered to play a pivotal
role in AML relapse, as these cells have been shown to be resistant to standard
chemotherapy regimens. Thus, targeting of the LSC population has the potential for better
outcomes or even curative treatment strategies for AML patients (Pollyea and Jordan, 2017).
Recent studies have elucidated the role of aberrant energy metabolism in AML LSCs, which
is paving the way for new therapeutic strategies to improve outcomes in this high-risk
patient population.

While LSCs exhibit many of the molecular and functional properties of normal HSCs,
including self-renewal and a quiescent cell cycle status, there are also important differences
that serve as potential targets for therapy (Lagadinou et al., 2013). For instance, several cell
surface markers are beginning to show differential expression between LSCs and HSCs
(Figure 3), and therapeutic targeting of these markers is emerging in active clinical trials.
Cell surface molecules are attractive molecular targets due to the availability of monoclonal
antibodies (mAbs) and chimeric antigen receptor T cells (CAR T cells) for therapy.
Therapeutic mAbs are broadly characterized into three different classes: i) antibody-drug
conjugates that target leukaemia cells directly with cytotoxic compounds, ii) antibodies that
target interactions with the bone marrow microenvironment and iii) antibodies that reinforce
host immunity. CAR T cells, on the other hand, are T cells engineered to target a specific
tumour antigen. However, recent studies have implicated aberrations in energy metabolism
as another potential therapeutic liability in stem cells from patients with myeloid
malignancies. Over the past several years, Jordan and colleagues have demonstrated that
primitive, chemotherapy-resistant AML LSCs are characterized by a low rate of energy
metabolism and lower levels of cellular oxidative status, including reactive oxygen species
(ROS) (Lagadinou et al., 2013, Jones et al., 2018, Pollyea et al., 2018). This phenotype was
associated with increased expression of BCL-2, and could be reversed by BCL-2 inhibition
(Lagadinou et al., 2013). ROS-low AML LSCs were shown to be metabolically dormant,
have increased levels of glutathioine, and demonstrate a dependency on oxidative respiration
rather than glycolysis for energy production, in stark contrast to their normal counterparts or
the bulk tumour population (Lagadinou et al., 2013). More recently, the dependence of AML
LSCs on oxidative phosphorylation was formally established by assessing the effects of
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glucose depletion on the LSC population versus the bulk leukaemia population (Jones et al.,
2018). In contrast to the previous theory of a dependence on glycolysis, AML LSCs did not
respond to glucose depletion, whereas the bulk of AML cells were highly dependent on
glucose. In this elegant study, the authors demonstrated that, in the case of newly diagnosed
AML, amino acid uptake, catabolism and steady-state levels were increased in LSCs, and
that LSCs rely on amino acid metabolism for oxidative phosphorylation and survival.

In contrast to LSCs from patients with newly diagnosed AML, LSCs from relapsed AML
patients were not dependent on amino acid metabolism for their survival, but were rather
dependent on increased fatty acid metabolism, suggesting another metabolic vulnerability in
patients after relapse (Jones et al., 2018). In fact, evidence suggests there may be
fundamental differences between pre-treatment LSCs and cells present after therapy in AML
patients. Earlier reports of therapy-resistant AML cells suggested enrichment for LSCs in G
phase of the cell cycle with an immature cell phenotype ( Saito et al., 2010). However, Farge
et al (2017) demonstrated that, in cytarabine-resistant AML cells generated in patient-
derived xenografts, the resistant cells present after therapy were not necessarily enriched for
LSCs, but were shown to require oxidative metabolism with increased fatty acid oxidation,
exhibiting a gene expression signature consistent with oxidative phosphorylation pathways.
In contrast to the findings of Jordan and colleagues described above, therapy-resistant LSCs
in this model exhibited high levels of ROS (Farge et al., 2017), a difference possibly
reflected by the use of in vivo models rather than freshly isolated cells from therapy-resistant
AML patients, or the use of phenotypically defined LSCs rather than ROS content.

Despite the differences mentioned above, one phenotype remains consistent across the two
groups, and that is a dependency of LSCs and therapy-resistant AML cells on oxidative
metabolism (Farge et al., 2017, Jones et al., 2018). This liability is now being translated into
clinical advances for high-risk AML patients, with ongoing clinical trials testing the efficacy
of the bioavailable BCL-2 inhibitor, venetoclax, in combination with hypomethylating
agents, to therapeutically target primitive LSCs both /n vitro and in vivo (DiNardo et al.,
2018, Pollyea et al., 2018). In these studies, the authors demonstrated that treatment of older
AML patients with venetoclax in combination with azacitidine resulted in remissions that
were superior to conventional treatment regimens. They demonstrated that LSCs isolated
just 6 h after initiation of treatment demonstrated strong downregulation of pathways related
to oxidative phosphorylation. Of particular importance, LSCs from patients undergoing
combination therapy showed targeted disruption of the tricarboxylic acid (TCA) cycle, with
decreased levels of a-ketoglutarate and increased levels of succinate, implicating inhibition
of the electron transport chain complex Il (Pollyea et al., 2018). They further went on to
show /n vitro that the combination therapy suppressed oxidative phosphorylation by
reducing glutathionylation of succinate dehydrogenase, thereby selectively targeting the
AML LSC population. These studies extend recent findings suggesting an important role for
mitochondrial respiration in survival of AML LSCs (Skrtic et al., 2011, Lagadinou et al.,
2013, Chan et al., 2015), and demonstrate that targeting of these metabolic dependencies in
AML might improve patient outcomes. One might argue that venetoclax and other BH3
mimetics work through induction of mitochondrial apoptosis rather than inhibition of
oxidative phosphorylation. BH3 mimetics by design inhibit anti-apoptotic BCL-2 family
members, leading to BAX and BAK activation (Ni Chonghaile and Letai, 2008). However,

Br J Haematol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bencomo-Alvarez et al. Page 7

in ROS-low AML LSCs, pharmacological inhibition of BCL-2 dramatically reduced
oxidative phosphorylation and ATP levels, which was followed by an increase of
mitochondrial ROS levels, reduced levels of glutathione, and induction of apoptotic cell
death (Lagadinou et al., 2013), thus classifying this compound as an indirect inhibitor of
oxidative metabolism that is showing clinical efficacy in several different types of cancers,
including AML.

LSCs in chronic myeloid leukaemia (CML)

Perhaps the best understood case of drug-resistant LSCs is in the chronic phase of CML.
CML is caused by the Philadelphia (Ph) chromosome, discovered by Nowell and
Hungerford in 1960 (Nowell and Hungerford, 1960), which generates a reciprocal
translocation known as t(9;22) that gives rise to the BCR-ABL 1 fusion oncogenic tyrosine
kinase. CML is well-controlled in the clinic by treatment with tyrosine kinase inhibitors
(TKIs), such as imatinib, nilotinib and dasatinib (O’Hare et al., 2012, Cortes et al., 2013).
BCR-ABL.1 targeted therapies are remarkably effective at eliminating most of the Ph-
positive cells in chronic phase CML patients, inducing ostensible complete remissions.
However, these drugs do not target the CML LSC (Graham et al., 2002, Corbin et al., 2011,
Hamilton et al., 2012), and the CML clone can rapidly return after treatment is discontinued,
even after many years of therapy. While some authors have reported treatment-free
remission following optimal molecular response with first or second generation TKIs
(Rousselot et al., 2014, Bocchia et al., 2018), life-long treatment is required to maintain
remission in the majority of patients (Chomel et al., 2011, Chu et al., 2011). Long-term TKI
treatment comes at a high economic burden and often with significant side effects, as
chronic TKI therapy is associated with a reduced quality of life and considerable morbidity,
such as cardiovascular adverse events (Minson et al., 2019, Caocci et al., 2019, Jain et al.,
2019) and skeletal muscle toxicity (Janssen et al., 2019). Furthermore, patients who have
progressed to the blast phase of disease, in which the progenitor population acquires self-
renewal properties similar to that of stem cells (see Figure 1), still have a poor prognosis
(O’Hare et al., 2012, Cortes et al., 2013). Thus, therapies involving TKIs in combination
with drugs that target the LSC population would be a major advancement, leading to
eradication of the CML LSC, to cure the majority of patients. Similar to stem cells
discovered in AML, LSCs from CML patients have been shown to reside in the CD3438~
population, and are capable of engrafting into immunocompromised mice (Wang et al.,
1998). Interestingly, recent evidence suggests that CML LSCs, like AML LSCs, are
susceptible to inhibition of oxidative phosphorylation, a vulnerability that could result in
improved treatment options for CML patients and eradication of disease (Kuntz et al., 2017).

BCR-ABL1 has been shown to induce aerobic glycolysis (the Warburg effect) in CML cells
through activation of the PI3BK/AKT pathway (Alvarez-Calderon et al., 2015). Consequently,
imatinib-mediated BCR-ABL1 inhibition results in reduced glucose uptake through
suppression of glycolysis, increased flux of glucose through the mitochondrial TCA cycle,
inhibition of fatty acid synthesis, and restriction of de novo nucleotide production
(Gottschalk et al., 2004, Barnes et al., 2005, Kominsky et al., 2009). On the other hand,
imatinib resistance in cell line models of CML has been associated with activation of
hypoxia-inducible factor 1-a (HIF1a), also resulting in increased glycolysis (Zhao et al.,
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2010, Kluza et al., 2011). One study used a large-scale loss-of-function RNA interference
screen to identify genes whose inhibition synergizes with imatinib in the K562 CML cell
line. Interestingly, this screen identified several different enzymes associated with glucose
metabolism as synthetically lethal when used in combination with imatinib (Gregory et al.,
2010). The authors subsequently demonstrated that an enzyme involved in the pyruvate
dehydrogenase (PDH) complex, dihydrolipoamide S-acetyltransferase (DLAT), is a critical
mediator of CML cell survival upon TKI-mediated BCR-ABLL1 inhibition. These data
confirmed that inhibition of glucose utilization is partly responsible for the effects of
imatinib treatment, but that mitochondrial pyruvate oxidation can provide protection against
TKIs (Alvarez-Calderon et al., 2015). Interestingly, they observed similar results in FMS-
like tyrosine kinase 3 receptor (FLT3)-1TD-positive AML cells treated with FLT3 inhibitors,
suggesting that this may be a general mechanism of TKI resistance, and not specific for
BCR-ABLU1 inhibition. Ultimately, inhibition of mitochondrial function has anti-leukaemia
effects in combination with TKIls, and TKI treatment creates metabolic perturbations that are
potential targets for combination therapies (Alvarez-Calderon et al., 2015).

More recently, Kuntz et al (2017) established the metabolic profile of more primitive CML
progenitor cells (CD34*) compared to more differentiated cell populations (CD347), and
discovered that more primitive cells rely on upregulated oxidative metabolism for their
survival. Additionally, their work also revealed an increase of oxidative metabolism in
CD34%38~ CML stem cells compared to the same population from normal individuals.
Using liquid chromatography-mass spectrometry, more primitive CML progenitors were
shown to have an increase in lipolysis and fatty acid oxidation, with increased levels of
glycerol-3-phosphate, carnitine and acylcarnitine, and a decrease of free fatty acids. They
further went on to show that CML LSCs were susceptible to combination therapy with TKIs
and tigecycline, an antibiotic that inhibits mitochondrial protein translation, both /in vitro and
in vivo (Kuntz et al., 2017). While further studies will be required to elucidate the
mechanism by which CML LSCs become reliant on oxidative mitochondrial metabolism,
these results are encouraging for patients who are destined for life-long TKI therapy, and
highlight a commonality between LSCs from CML and AML patients.

LSCs in myelodysplastic syndrome (MDS)

Myelodysplastic syndrome (MDS) is a heterogeneous disease encompassing many different
conditions categorized by similar clinical characteristics, including peripheral blood
cyptopenias involving one or more lineages, bone marrow hypercellularity and dysplastic
features of the cytoplasm or nucleus (Greenberg et al., 2011). MDS can arise de novoor as a
result of prior chemotherapy or radiotherapy. MDS is primarily a disease of the elderly, with
a mean age of 70 years at diagnosis, and can have various clinical presentations, including
anaemia, bleeding or infections, in combination with hypercellular or sometimes
hypocellular bone marrow. As the disease progresses, haematopoietic cells demonstrate
enhanced genomic instability (Kuramoto et al., 2002, Papaemmanuil et al., 2013), leading to
additional cytogenetic abnormalities, an increase of blasts in the bone marrow, with
transformation to AML occurring in ~30% of patients (Mufti, 2004). MDS patients who
have progressed to AML have poor outcomes, with increased rates of chemotherapy
resistance and mortality (de Witte et al., 1995, Ruutu et al., 1997). Many genetic mutations
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have been associated with MDS (Papaemmanuil et al., 2013, Haferlach et al., 2014), with
factors involved in RNA splicing identified as the most commonly targeted biological
process (Ogawa, 2019). Mutations in RNA splicing or DNA methylation factors were found
to be mutated early in disease manifestation, whereas mutations in chromatin remodelling
and cell signalling genes occurred at later stages. Due to the role of DNA hypermethylation
in MDS, standard therapies currently include hypomethylating agents, such as 5’-azacitidine
or decitibine; however, for the majority of patients, this strategy only improves disease
symptoms and is not curative (Corey et al., 2007).

MDS is considered a stem cell-derived disease (Stevens et al., 2018), which can affect either
a single cell lineage or multiple lineages (Nilsson et al., 2007, Chung et al., 2008). However,
research into MDS stem cells is less advanced than AML or CML, partly due to difficulties
in establishing mouse models of the disease. The characterization of stem cells requires the
use of /n vivo repopulation assays, but clonal cells from MDS patients have proven to
engraft poorly into immunocompromised mice ( Pang et al., 2013, Rhyasen et al., 2014,
Medyouf et al., 2014). In addition to these xenotransplantation models, transgenic mouse
models have been developed that display characteristics of MDS. However, the utility of
these models is under scrutiny, because these engineered mice develop MDS with features
distinct from that of MDS in humans (reviewed in (Zhou et al., 2015)).

Woo et al (2014) were the first to demonstrate unequivocally that MDS is a stem cell-derived
disease, establishing that rare lineage-negative CD34*38790"45RA™~ MDS cells function as
MDS-propagating cells in a xenotransplantation model, and also harbour driver mutations in
a subset of the stem cell population. More recently, Stevens et al (2018) added to these
findings, showing that upregulation of the interleukin-3 (IL3) receptor alpha chain, CD123,
on MDS stem cells designates changes in cellular physiology. Specifically, CD123* MDS
stem cells had elevated levels of protein synthesis and significant changes in cellular energy
metabolism that render them susceptible to pharmacological intervention, similar to the
groups recent findings in AML (Jones et al., 2018, Pollyea et al., 2018). Targeting protein
synthesis and energy metabolism was effective at eliminating MDS stem cells both /n vitro
and /n vivo, yet again revealing similarities between LSCs from multiple different myeloid
malignancies.

Opportunities for therapeutic intervention and future directions

It is clear that metabolic dependencies serve as a potent therapeutic target for stem cells
from AML, CML and MDS patients, and, as such, could lead to curative treatment
strategies. In addition to studies using venetoclax to target BCL-2, other critical metabolic
mediators are being targeted, such as isocitrate dehydrogenase (IDH) ¥ in IDH-mutated
gliomas and AML (Fujii et al., 2016). One target that appears to be active in LSCs from
AML, CML and MDS patients is sirtuin-1 (SIRT1). In CML, SIRT1 protein and S/R71
RNA levels were found to be elevated in CML versus normal stem and progenitor cells, and
SIRT1 inhibition in combination with imatinib enhanced elimination of CML LSCs through
activation of p53 (also termed TP53) (Li et al., 2012). Additionally, SIRT1 deacetylase
activity was shown to promote mutation-based drug resistance in CML (Wang et al., 2013).
In AML, SIRT1 was shown to be activated by c-MYC, promoting maintenance and drug
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resistance in FLT3-ITD-positive AML LSCs (Li et al., 2014). More recently, SIRT1 was
shown to also be activated in MDS, resulting in disruption of stem and progenitor cell
maintenance by restoring TET2 function (Sun et al., 2018). Nevertheless, SIRT1 also plays a
role in normal haematopoiesis, maintaining HSC homeostasis under conditions of oxidative
stress or nutrient deprivation (Singh et al., 2013), suggesting that SIRT1 inhibition may have
pleiotropic effects. Further investigation will be required to elucidate the effectiveness of
SIRT1 inhibition as a LSC-targeted therapy in patients with myeloid malignancies. LSCs not
only exhibit selective dependencies on oxidative phosphorylation, but also demonstrate other
LSC-specific metabolic properties, including reliance on mitochondrial translation (Skrtic et
al., 2011), uncoupling of oxygen consumption from ATP production (Samudio et al., 2009),
increased metabolism of branched-chain amino acids (Hattori et al., 2017), and sensitivity to
perturbations in the electron transport chain (Chan et al., 2015).

Continuing with the theme of targeting aberrant metabolism to eliminate myeloid LSCs,
many groups have turned to fatty acid metabolism. Indeed, CML and AML LSCs have been
shown to evade chemotherapy through metabolic adaptation to an adipose tissue niche (Ye et
al., 2016), and bone marrow adipocytes have been shown to support HSPCs /in vitro (Tabe et
al., 2017). Still other groups have focused on targeting of the fatty acid translocase, CD36,
which is responsible for transporting free fatty acids into the cell (Landberg et al., 2018,
Pascual et al., 2017). CD36 expression is markedly elevated on LSCs versus normal HSCs,
resulting in chemotherapy resistance (Ye et al., 2016, Farge et al., 2017, Thomas and Majeti,
2016). It is possible that fatty acid metabolism may be a contributing factor to the increased
dependency of myeloid LSCs on oxidative phosphorylation. However, redundancies in fatty
acid metabolism and signalling pathways, including a plethora of different fatty acid binding
proteins, might limit the utility of targeting this pathway in LSCs. Regardless, these data
outline once again the importance of aberrant energy metabolism in LSC survival and
therapeutic response.

While there have been many attempts to target the LSC population in pre-clinical models,
few approaches have made it to phase I/11 clinical trials (Tables I, II), with peer-reviewed
publications just starting to emerge (Tables S1,S1lI). Given the phenotypic similarities
between normal HSCs and stem cells from patients with these diseases, targeting of
molecules that are upregulated on LSCs but not normal HSCs, such as CD36 discussed
above, seems an ideal strategy for use in combination treatment approaches. One such
strategy used a monoclonal antibody targeting CD44 in the bone marrow microenvironment
(\Vey et al., 2016). CD44 is the receptor for hyaluronic acid, for which inhibition prevented
engraftment of CML and AML cells /n vivo (Jin et al., 2006). Similar pre-clinical studies
have been performed targeting other cell surface molecules, including VCAM-1 (Jacamo et
al., 2014) and CD33 (Fathi et al., 2018). Indeed, several groups have reasoned that targeting
the microenvironment could help eradicate myeloid LSCs, which includes treatment with the
CXCR4 antagonist, plerixafor (AMD3100), and strategies targeting the 1L3 receptor alpha
chain, CD123 (Tables I, SI). Thus, targeting the bone marrow microenvironment appears to
be a promising strategy to eradicate AML, CML and MDS LSCs to restore normal
haematopoiesis.
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In addition to targeting the microenvironment, molecules targeting cell surface receptors and
intracellular signalling pathways have also gained attention. Microenvironment interactions
work together with a network of cytokine receptors, cytokines and chemokines to promote
survival and self-renewal of normal and leukaemic stem cells. Cell surface receptor targets
that were shown to be upregulated in LSCs versus normal HSCs include CD123, as
mentioned above, as well as molecules such as the IL2 receptor, CD25, and CD33, CD47
and CD70 (Figure 3). Studies targeting intracellular signalling pathways include clinical
trials with molecules targeting the PI3BK/AKT pathway, the Sonic hedgehog pathway, the
ubiquitin proteasome system, and histone methyltransferases (Table I1, Table S2). Our group
previously demonstrated that combined inhibition of BCR-ABL1 and STAT3 induces
synthetic lethality in TKI-resistant CML stem and progenitor cells (Eiring et al., 2015b).
Canonical STAT3 function involves phosphorylation-dependent dimerization followed by
nuclear translocation to activate transcription. However, TKI resistance is not associated
with a STAT3 transcriptional signature (Eiring et al., unpublished observations) suggesting
an alternative, non-canonical function for STAT3 in drug resistance of CML. Interestingly,
STAT3 has been linked to mitochondrial respiration (Lee et al., 2018), and was shown to
activate CD36 expression in lymphoid leukaemias (Rozovski et al., 2018). Thus, it is
tempting to speculate whether STAT3 plays a role in aberrant energy metabolism in CML
LSCs, TKI-resistant CML progenitor cells, and possibly stem cells from other cancers.
STAT3-mediated metabolic regulation might tie into bone marrow microenvironment-
mediated support of LSC quiescence and survival, but further studies will be required to
fully elucidate the role of STAT3 in LSC survival and self-renewal.

It is clear that a better understanding of the unique metabolic dependencies of CSCs and
LSCs will be critical to achieving better outcomes for patients with different types of
malignancies. However, despite our increased understanding of the survival and self-renewal
of LSCs, experimental studies have yet to be translated into improved long-term survival
outcomes for leukaemia patients. Therefore, additional studies of normal and leukaemic
stem cell biology will be required to instruct new treatment approaches. While translating
new therapeutic approaches into the clinic will probably be accompanied by many
challenges, more effective targeting of LSCs has the potential to improve outcomes for
patients with myeloid malignancies and, indeed other types of cancers.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Comparison of normal ver sus leukaemic haematopoiesis.
During normal haematopoiesis (/ef?), a small number of haematopoietic stem cells gives rise

to a limited number of progenitor cells, which subsequently gives rise to mature members of
all blood cell types, including red blood cells, myeloid cell lineages such as granulocytes,
dendritic cells, monocytes, or platelets, and lymphoid lineage cells, including NK cells, and
T and B lymphocytes. In malignant haematopoiesis (right), leukaemic stem and progenitor
cells with enhanced self-renewal or proliferation and reduced apoptosis give rise to abnormal
numbers of mature cells in the bone marrow, peripheral blood, and other tissues. CFU-G,
colony forming unit-granulocyte; CFU-M, colony forming unit-monocyte; CMP, common
myeloid progenitor; EP, erythroid progenitor; GMP, granulocyte-macrophage progenitor; LT-
HSC, long term-haematopoietic stem cell; MEP, megakaryocyte-erythroid progenitor; MKP,
megakaryocyte progenitor; MPP, multipotent progenitor; NK cell, natural killer cell; ST-
HSC, short term-haematopoietic stem cell.
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OXPHOS

Figure 2. Pathways commonly associated with survival of LSCsfrom AML, CML, and MDS
patients.

The illustration summarizes some of the major pathways commonly activated in LSCs,
including WNT/B-catenin, NF-xB, Sonic hedgehog (SHH), Notch, and oxidative
phosphorylation (OXPHOS), which is facilitated by upregulation of the anti-apoptotic
protein, BCL-2. All of these pathways can be activated through various mechanisms. To
date, the leading commonality among stem cells from each disease is a reliance on
OXPHOS. AML, acute myeloid leukaemia; APC, adenomatous polyposis; p-Cat, beta-
catenin; BAK, BCL2 homologous antagonist killer; BAX, BCL2-associated X protein;
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BCL2, B-cell lymphoma 2; CBF1, core binding factor 1;CML, chronic myeloid leukaemia;
Cyt C, cytochrome c; DVL, dishevelled; FZD, frizzled; GLI1, glioma-associated oncogene
homolog 1; GSK3p, Glycogen Synthase Kinase 3 Beta; IxBa, nuclear factor-kappa B
inhibitor alpha; LEF, lymphoid enhancer-binding factor; LRP5/6, low density lipoprotein
receptor-related protein 5/6; LSC, leukaemic stem cell;MDS, myelodysplastic syndrome;
SMO, smoothened; NF-xB, nuclear factor kappa B; NICD, notch intracellular domain,
OXPHQOS, oxidative phosphorylation; PTCH, patched; SHH, sonic hedgehog; STCF, T-cell
factor; TNFR, tumour necrosis factor receptor; Ub, ubiquitin.
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Figure 3. Energy dependencies and cell surface molecules being targeted in active clinical trials
or in preclinical studies.

Identifying pathways that are commonly targetable in AML, CML, and MDS will allow for
greater clinical utility in the treatment of myeloid malignancies. Here, we summarize some
of the energy dependencies and cell surface molecules that are currently being targeted in
clinical trials or have been identified to be upregulated in AML, CML, or MDS in preclinical
studies. Some of these targets are common across the three disease entities, including
oxidative phosphorylation (OXPHOS) and CD123. Commonalities between AML and CML
LSCs include fatty acid metabolism and CD36, whereas commonalities between AML and
MDS LSCs include CD47, TIM3, CD25, and CD99. AML, acute myeloid leukaemia; CML,
chronic myeloid leukaemia; MDS, myelodysplastic syndrome; OXPHOS, oxidative
phosphorylation; ROS, reactive oxygen species.
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Table I.

Ongoing anti-LSC clinical trials targeting cell surface molecules

L SC Targets Agent(s) Disease(s) Phase Trial Identifier
Cell Surface Molecules
CD123 SL-401 AML, BPDCN 1&2
AML 1&2
XmAb14045 AML, CML, BPDCN 1
KHK?2823 AML, MDS 1
IMGN632 AML, BPDCN, MPN 1
CAR-T Cells Myeloid malignancies 1& 2
CAR-T Cells AML 1
CAR-T Cells AML 1
CAR-T Cells AML 1
CD123/CD3 JNJ-63709178 AML 1
Flotetuzumab (MGDO006) AML, MDS 1&2
CML, BPDCN 2
CD123/CLL1 CAR-T Cells AML 2&3
CD33 IMGN779 AML 1
GEM333 AML 1
F16IL2, w/BI 836858 AML 1
Gemtuzumab ozogamicin ~ AML, MDS 1
Gemtuzumab ozogamicin ~ AML 2
Lintuzumab (HuM195) AML 1
CAR-T Cells AML 1
CAR-T Cells Myeloid malignancies 1& 2
CD33/CCL1 CAR-T Cells AML, CML, MDS 1
CD33/CD3 AMV564 AML 1
INJ-67571244 AML, MDS 1
AMV564 MDS 1
CD33/38/56/123/117/133/34/Mucl ~ CAR-T Cells AML N/A
CD33/38/123/56/Mucl/CLL1 CAR-T Cells AML 1&2
CD47 HuU5F9-G4 AML, MDS 1
AML, MDS 1
TTI-621 AML, MDS, MPN 1
CD70/CD27 ARGX-110 AML, MDS 1&2
c-KIT Midostaurin (PKC412) AML 2
AML 2
¢-KIT, SRC family Ponatinib AML 1&2
CXCR4/CXCL12 CX-01 AML, MDS 1
TIM3 MBG453 AML, MDS 1

Page 24

AML, acute myeloid leukaemia; BPDCN, blastic plasmacytoid dendritic cell neoplasm; CAR-T cells, chimeric antigen receptor-T cells; CCL1,
chemokine ligand 1; CD, cluster of differentiation; CML, chronic myeloid leukaemia; CXCR4/CXCL12, chemokine receptor type 4 / chemokine
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ligand 12; c-KIT, KIT proto-oncogene receptor tyrosine kinase; LSC, leukaemic stem cell; MDS, myelodysplastic syndrome; MPN,
myeloproliferative neoplasms; SRC, proto-oncogene tyrosine-protein kinase SRC.
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Table Il.

Ongoing anti-LSC clinical trials targeting cell signaling and metabolism

Page 26

L SC Targets Agent(s) Disease(s) Phase Trial Identifier
Cell Signalling Molecules
IL-1RAP CAR-T cells CML N/A
NF-xB Bortezomib AML 2
AML 1
mTOR Dactolisib (BEZ235) AML, CML 1
Sirolimus AML 1
Sonic hedgehog Glasdegib (PF-04449913) AML 2
MDS, CMML 2
AML, MDS 1
AML, MDS 2
AML 3
Sonidegib (LDE225) AML, CMML, MDS 1
Vismodegib AML 2
Cellular Metabolism
BCL-2 Venetoclax (ABT-199) AML 1&2
AML 1&2
AML 1&2
AML 1&2
565487 AML 1
BCL-2/IDH1 Venetoclax (ABT-199) and Ivosidenib AML 1&2
(AG120)
IDH1 Ivosidenib (AG120) AML 1
AML 1
AML Approved
AML 3
AML 1&2
IDH305 AML, MDS 1
FT-2102 AML, MDS 1&2
BAY-1436032 AML 1
IDH2 Enasidenib (AG221) AML 1
AML 3
AML, CMML 1
AML 1&2
Complex | (ETC) IACS-010759 AML 1
Biomarker-based (The Beat AML Various compounds AML 1&2

Trial)

AML, acute myeloid leukaemia; BCL-2, B-cell lymphoma 2; CAR-T cells, chimeric antigen receptor T cells; CML, chronic myeloid leukaemia;
CMML, chronic myelomonocytic leukaemia; ETC, Electron Transport Chain; IDH, isocitrate dehydrogenase; IL-1RAP, interleukin 1 receptor
accessory protein; LSC, leukaemic stem cell; MDS, myelodysplastic syndrome; mTOR, mechanistic target of rapamycin; N/A, not available; NF-

xB, nuclear factor kappa B.
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