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Abstract

Bone marrow is the primary site of blood cell production in adults and serves as the source of
osteoblasts and osteoclasts that maintain bone homeostasis. The medullary
microenvironment is also involved in malignancy, providing a fertile soil for the growth of blood
cancers or solid tumors metastasizing to bone. The cellular composition of the bone marrow
is highly complex, consisting of hematopoietic stem and progenitor cells, maturing blood cells,
skeletal stem cells, osteoblasts, mesenchymal stromal cells, adipocytes, endothelial cells,
lymphatic endothelial cells, perivascular cells, and nerve cells. Intercellular communication at
different levels is essential to ensure proper skeletal and hematopoietic tissue function, but it
is altered when malignant cells colonize the bone marrow niche. While communication often
involves soluble factors such as cytokines, chemokines, and growth factors, as well as their
respective cell-surface receptors, cells can also communicate by exchanging metabolic
information. In this review, we discuss the importance of metabolic crosstalk between different

cells in the bone marrow microenvironment, particularly concerning the malignant setting.
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Introduction

As a consequence of the violent movements of tectonic plates 1.5 billion years ago,
tremendous amounts of minerals, such as calcium carbonate, were released into the oceans.
This allowed oceanic organisms to develop an exoskeleton, which was later converted into an
endoskeleton as the next major evolutive trait, eventually giving rise to vertebrates [1]. The
development of an endoskeleton allowed animals to expand their activity radius and colonize
entirely new environments. During the transition from an aquatic to a terrestrial environment,
increased exposure to ultraviolet light exerted a selective evolutionary pressure on several
tissues, including the hematopoietic system. Consequently, while hematopoietic stem and
progenitor cells are found in the kidney marrow in teleost fish, these cells reside in the bone
marrow in terrestrial vertebrates where they are protected from ultraviolet light by the cortical
bone [2]. Over 200 million years of co-evolution of blood and bone have led to the creation of
a complex bone marrow ecosystem that orchestrates the production of both hematopoietic
and skeletal cells. In modern day mammals, the bone marrow is composed of many different
cell types, extracellular matrix, secreted factors such as cytokines, chemokines and growth
factors, and metabolic cues [3]. Functionally, it serves as the primary site for hematopoiesis,
is involved in immune responses, and represents an important source of osteoblast and
osteoclast precursors that are needed to maintain skeletal health. The bone marrow is also
the preferred site for several cancers, including hematological malignancies such as

leukemias and multiple myeloma, and metastasis of breast and prostate cancer.

1. The cellular diversity of the bone marrow microenvironment
The mammalian bone marrow is a complex organ. In the long bones of the appendicular
skeleton, it is composed of a medullary canal surrounded by cortical bone and of smaller
compartments located in between bone trabeculae found at the long bone ends. In most bones
of the axial skeleton there is no central marrow canal, and bone marrow is found dispersed
throughout the cancellous bone located between the cortices of smaller flat and short bones.

The bone marrow is highly vascularized, with large arteries in the central marrow space



branching into small arterioles that end in capillaries near the metaphyseal and endosteal
regions (Figure 1). These transition zone capillary vessels connect to the dense, fenestrated,
and highly branched sinusoidal network of the marrow cavity that drains into the central veins
carrying blood out of the marrow [4]. In addition to this extensive blood vessel network, recent
evidence shows that the bone and bone marrow also contain lymphatic vessels [5]. Most
insights into the cellular composition of the bone marrow have come from mouse studies,
where engineered mouse strains have allowed researchers to identify and localize different
cell types in the bone marrow and determine their functional role in hematopoiesis or bone
formation. However, the human hematopoietic niche appears to be similar in most aspects [6].
In the following paragraphs, we aim to provide a concise overview of the different bone marrow
microenvironments from both the hematopoietic and skeletal point-of-view. For more in-depth
reading on hematopoietic and skeletal microenvironments in the bone marrow, we refer the

reader to several excellent recent review papers [7-11].

Since mature blood cells are predominantly short-lived, maintenance of hematopoiesis
throughout life relies on the presence of hematopoietic stem cells (HSCs). HSCs can generate
all functional blood cells (multipotency) and give rise to new HSCs during cell division (self-
renewal). HSCs reside in a specialized bone marrow microenvironment known as the HSC
niche, representing the functional and anatomical unit where signals from the periphery are
integrated to govern appropriate HSC behavior during steady-state and in response to stress.
Anatomically, two main HSC niches with distinct cellular composition are considered: the
endosteal niche, defined by its proximity to the bone surface — which can be cortical or
trabecular — and the central bone marrow niche, which comprises more than 90% of the bone

marrow volume [3, 9].

The endosteal niche is characterized by the presence of osteogenic cells, including
osteoprogenitors and osteoblasts, and arteriolar as well as transition zone capillary blood

vessels. The endosteal niche was initially thought to be the only bone marrow HSC niche, a



concept based on classic in vitro experiments showing that osteoblastic cells are an important
source of hematopoietic cytokines and support the maintenance of HSCs in culture [12, 13],
and on early studies with genetically-altered mice in which osteoblast pool expansion
correlated with increased numbers of primitive hematopoietic cells [14, 15]. However, it is now
appreciated that both the endosteal and central bone marrow niches harbor primitive HSCs,
with likely both overlapping and distinct functions for both niches [7-11]. In addition, more
advanced mouse experiments have revealed that the endosteal niche may be of particular
importance for lymphopoiesis, with Osterix (Osx)" osteoprogenitors having a prominent role in
B cell maturation, while Osteocalcin-expressing mature osteoblasts are required to maintain

early T cell progenitors and for T cell specification [16-18].

The central bone marrow niche is characterized by the abundance of sinusoidal blood vessels
covered by leptin receptor (LepR)-expressing perivascular mesenchymal stromal cells
(MSCs), as well as arterioles with mesenchymal neural-glial antigen 2 (NG2)" cells that in mice
are also identifiable by their high expression of a Nestin-GFP transgene. HSC visualization
through histology shows that under homeostatic conditions, the vast majority (>85%) of
primitive HSCs are closely associated with the sinusoids [19]. However, this association may
simply result from the high abundance of sinusoids in the central marrow [20]. The endothelial
cells and LepR* stromal cells are both essential components of the sinusoidal niche, providing
key factors that promote HSC maintenance such as C-X-C motif chemokine ligand 12
(CXCL12) and stem cell factor (SCF) [16, 21]. Direct contact between HSCs and sinusoidal
blood vessels is required, as HSCs have been shown to depend mainly on the membrane-
bound form of SCF [22]. Another essential cell type of the sinusoidal niche are
megakaryocytes, which produce transforming growth factor (TGF)-p1 and CXCL4 to limit HSC
proliferation [23, 24]. Recent evidence shows that the sinusoidal niche is also the site of
myelopoiesis, and interestingly revealed that granulocyte and monocyte/dendritic cell
differentiation occurs in different sinusoidal sub-niches, which are distinct from the sinusoidal

HSC niche [25].



The role of arterioles and their periarteriolar NG2* cells, enriched in the endosteal niche but
also found in the central bone marrow, remains an area of active research and debate [8, 10].
While only a small percentage of HSCs are located next to arterioles and periarteriolar NG2*
cells are not an important source of SCF, these cells may control HSC quiescence through
secreted factors such as CXCL12 [26, 27]. Periarteriolar niches appear to be particularly
important for lymphoid-biased HSCs, while myeloid-biased HSCs prefer the sinusoidal niche
[28]. The periarteriolar niche further supports HSC quiescence by maintaining HSCs in a low
reactive oxygen species (ROS) state [29]. Interestingly, arterioles are also intimately
associated with sympathetic nerve fibers [27, 30] and non-myelinating Schwann cells that
maintain HSC dormancy through TGF-B secretion [31]. Circadian noradrenaline secretion
from sympathetic nerves controls CXCL12 expression by periarteriolar cells, resulting in the

rhythmic release of HSCs to the periphery [30, 32].

The LepR™ perivascular cells not only provide growth factors for the maintenance of HSCs;
they are also the major source of bone and adipocytes in adult bone marrow [33]. LepR" cells
are heterogeneous, including skeletal stem cells (SSCs) and osteogenic and adipogenic
progenitors [34, 35]. Recent findings from the Morrison group show that expression of an
osteogenic growth factor, Osteolectin, distinguishes periarteriolar LepR* cells poised to
undergo osteogenesis from perisinusoidal LepR* cells poised to undergo adipogenesis [36].
The hormone leptin, produced by adipocytes, can directly act on LepR* MSCs and promotes
their adipogenic differentiation at the expense of osteogenesis [37]. Leptin also controls bone
mass by acting on LepR-expressing hypothalamic neurons activating the sympathetic nervous

system, which inhibits osteogenesis via 32-adrenergic receptors present on osteoblasts [38].

When malignant cells colonize the bone marrow, they often seem to hijack HSC niches and
can induce extensive niche remodeling favoring disease progression at the expense of normal

hematopoiesis [9, 39-41]. Subsets of cancer cells with a quiescent phenotype, such as



leukemic stem cells or dormant breast metastatic cells, are frequently found in perivascular
regions, where they are maintained by endothelial cells and MSCs secreting CXCL12 and
TGF-B [42-46]. Actively proliferating cancer cells progressively change the niche to an extent
where normal hematopoiesis is severely impacted. MSCs and cells of the osteoblastic lineage
are often impacted in the malignant setting, although the phenotype can differ depending on
the type of cancer growing in the bone marrow, as detailed below. How bone marrow niche
cells can support malignant cell dormancy, growth and therapy-resistance is still being studied.
While many efforts have focused on cytokines, growth factors and adhesion molecules, it is
becoming increasingly clear that metabolic interactions between stromal and malignant cells
may play a key role in disease establishment and progression. Here, we provide an overview

of the current knowledge on metabolic crosstalk in the malignant bone marrow niche.

2. Metabolic interactions between stromal and blood cancer cells

2.1. Myeloid malignancies
Myeloid malignancies are bone marrow disorders occurring when HSCs and their progenitor
cells of the myeloid differentiation branch display abnormal proliferation, self-renewal, and
differentiation [47]. As a result, functional blood cell production is perturbed, and the bone
marrow often becomes hypercellular. Myeloid malignancies comprise myelodysplastic
syndromes (MDS), myeloproliferative neoplasms (MPN), chronic myeloid leukemia (CML),
and acute myeloid leukemia (AML) [48]. MDS are characterized by the overproduction of
immature progenitor cells, associated with reduced or abnormal mature blood cells. In MPN
in contrast, there is an overproduction of mature blood cells such as erythrocytes, platelets or
myeloid cells that gradually accumulate in the bone marrow and peripheral blood. CML, often
classified under MPN, is linked to the presence of the BCR::ABL1 translocation and
characterized by increased levels of immature hematopoietic stem or myeloid progenitor cells,
mostly without overt changes in mature blood cells [48]. MDS, MPN and CML progress
relatively slow, but they display pre-leukemic characteristics and have the propensity to

progress into AML. AML is characterized by a rapid clonal expansion of immature myeloid



progenitor cells in the bone marrow, blood, and other hematopoietic organs such as the spleen
and liver. AML is a very heterogeneous disease, with inter- and intra-clonal genetic
heterogeneity existing between and within patients [49-51]. There is also cellular
heterogeneity in AML, with cellular hierarchies composed of leukemia-initiating cells, also
called leukemic stem cells (LSCs), forming myeloid blasts and cells with mature phenotypes
[52]. The heterogeneity between AML clones or between patients is also reflected at the
epigenomic, transcriptomic, and metabolic level [53-55], creating substantial challenges for
the treatment of this dismal disease as the persistence of residual cells after therapy is very

common.

Growth of malignant myeloid cells in the bone marrow leads to substantial changes in niche
cell populations [56]. Progressive AML induces remodeling of the endosteal niche with loss of
endosteal vessels, sympathetic nerves, periarteriolar cells and mature osteoblasts, and
expansion of the osteoprogenitor pool [34, 57, 58]. MPN also cause neuroglial damage,
leading to apoptosis of periarteriolar Nestin-GFP* MSCs [59]. In myelofibrosis, a subtype of
MPN, increased cytokine production leads to fibrosis originating from LepR* perivascular cells
[60]. The presence of CML cells in contrast is associated with overproduction of dysfunctional
hyperinflammatory osteoblasts that poorly support normal HSCs, while MSC numbers remain
stable [61]. In MDS, increased MSC apoptosis and production of inflammatory cytokines have

been described [62, 63].

Alterations in the cellular composition of the bone marrow niche also impact its nutritional
characteristics, which can benefit malignant myeloid cells that have different metabolic
dependencies compared to their healthy counterparts. For example, while the bone marrow is
already considered to have low oxygen tensions in health [64], the growth of AML cells in the
bone marrow leads to vascular leakiness and increases hypoxia, creating an environment that
allows AML growth at the expense of normal hematopoiesis and that protects AML cells from

chemotherapy-induced cell death [65]. The cellular effects of hypoxia are often mediated by



hypoxia-inducible factor 1 alpha (HIF1a) signaling, and in accordance, high expression of
HIF 1o was detected in 67% of AML patients [66] and 49% of MDS patients, where it correlates
with poor prognosis [67]. Intriguingly, while loss or inhibition of HIF1a has adverse effects on
disease progression in CML [68], JAK2Y®'"F-positive MPN [69] and MDS [70], the impact in
AML is less clear, with studies showing both pro-tumorigenic [71] or tumor-suppressive effects
of HIF1a [72]. Differences between humans and mice, oncogenic drivers or disease stage
may underlie this discrepancy, and further research will be needed to unravel the role(s) of

HIF1o in AML.

One of the major downstream effects of HIF signaling is a reprogramming of cellular
metabolism, with one key feature being the activation of glycolysis (Figure 2). Glycolysis has
been shown to support leukemogenesis in CML and AML [73], although at least in AML,
glycolytic metabolism does not seem to be under the direct control of HIF signaling [74].
Molecular imaging studies using a genetically encoded metabolic sensor for the cytoplasmic
NADH/NAD" ratio (SoNar) revealed that AML LSCs with a more glycolytic profile home to the
hypoxic endosteal bone marrow niche [75]. This process is regulated by the enzyme pyruvate
dehydrogenase kinase 2 (PDK2), which limits pyruvate entry into the mitochondrial
tricarboxylic acid (TCA) cycle. Pyruvate can then be converted into lactate, a reaction that
regenerates NAD" from NADH, allowing cells to maintain a high glycolytic flux which requires
high cytoplasmic NAD* availability. Interestingly, the endosteal niche has also been shown to
have much higher ATP levels than the vascular niche, which acts as a homing signal for AML
LSCs [76]. By acting on P2X7, ATP enhances calcium flux-mediated phosphorylation of
CREB, inducing phosphoglycerate dehydrogenase (PHGDH) expression to maintain serine
metabolism and LSC fate. The presence of AML cells further increases bone marrow ATP
levels. While the source of ATP remains unknown, the differential ATP levels in the endosteal
versus vascular niche suggest that cells unique to this microenvironment, such as osteoblasts

or osteoclasts, may be responsible. Collectively, these studies suggest that the metabolic



preference of malignant myeloid cells can determine their physical localization in the bone

marrow, which they can further alter to create a self-reinforcing pro-tumorigenic niche.

In addition to their glycolytic metabolic profile, AML blasts and LSCs also display an active
mitochondrial metabolism and depend on oxidative phosphorylation (OXPHOS) for their
survival [77-79]. However, while AML cells have more mitochondria and increased respiration
compared to their normal counterparts, they exhibit an abnormal OXPHOS process
characterized by low spare respiratory capacity and poor ATP generation, presenting
therapeutic possibilities [80, 81]. Despite this abnormal mitochondrial metabolism, most AML
LSCs are characterized by relatively low levels of ROS [78], indicating that they can efficiently
dispose of ROS or limit ROS production. The mitochondrial TCA cycle in AML LSCs seems to
be fueled predominantly by fatty acids [82-84], and fatty acid oxidation (FAQO) further increases
in the setting of relapse after chemotherapy [85] or during treatment with the BCL2 (B-cell
lymphoma 2) inhibitor venetoclax [86]. At least part of the lipids used by AML cells to fuel FAO
is provided by adipocytes in the bone marrow microenvironment, which are induced by
leukemia cells to undergo remodeling and lipolysis [87, 88]. Adipocyte remodeling appears to
be triggered by GDF-15 secreted from AML cells [89], and renders the bone marrow niche
less supportive of normal myelo-erythropoiesis [90]. A similar metabolic crosstalk may occur
in CML, where LSCs have been shown to utilize gonadal adipose tissue as a niche that allows
them to evade chemotherapy by inducing adipocyte lipolysis to fuel FAO in a subpopulation

of LSCs expressing the fatty acid transporter CD36 [91].

Several recent studies have identified additional stroma-derived metabolites required for AML
cell growth and post-therapy survival. Vilaplana-Lopera and colleagues found that AML cells
prompt bone marrow MSCs to secrete acetate to fuel their TCA cycle and lipid biosynthesis
[92]. The presence of AML cells increases glycolysis in the stromal cells, and the transfer of
ROS from AML to stromal cells via gap junctions triggers the conversion of pyruvate to acetate.

In our own previous research, we showed that residual AML cells persisting after

10



chemotherapy exhibit transient metabolic adaptations enabling their survival in the bone
marrow. To support their synthesis of pyrimidine nucleotides, the residual AML cells took up
large amounts of glutamine and required niche-derived aspartate [93]. The origin of the
imported glutamine is most likely the circulation, although adipocytes may also be a source of

glutamine in the bone marrow [94].

Metabolic signaling in the opposite direction also exists in AML. For example, AML cells
produce excessive amounts of kynurenine, which acts as an oncometabolite that remodels
the endosteal niche to the cancer’s advantage [95]. In a positive feedback mechanism, the
secreted kynurenine induces a proinflammatory state through serotonin receptor signaling in
osteoblasts, leading to secretion of acute-phase protein serum amyloid A that upregulates
expression of IDO1 —the rate-limiting enzyme for kynurenine production— in AML cells, thus

favoring cancer progression [95].

Besides uni- and bidirectional metabolite exchange, organelle exchange is observed between
niche cells and leukemic blasts. MSCs have been shown to actively transfer functioning
mitochondria via tunneling nanotubes (TnTs) to AML cells, supporting leukemia cell growth
and resistance to chemotherapy [96, 97]. TnTs are F-actin-based membrane tubes,
sometimes also containing microtubules, that form between cells and allow intercellular
communication ranging from electrical signaling to the transfer of organelles [98]. The
generation of ROS in AML cells by the enzyme NADPH oxidase 2 (NOX2) or as a
consequence of mitochondrial dysfunction is an important trigger for this transfer. The
mitochondrial transfer may support AML cell bioenergetics and antioxidant defenses, as
suggested by a study from the Méndez-Ferrer group investigating the ability of Nestin®* MSCs

to protect AML LSCs from chemotherapy [99].
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In summary, it is now well-established that myeloid malignancies are linked to extensive
remodeling of the bone marrow niche, providing increased metabolic support of cancer cell

growth and therapy evasion.

2.2. Lymphoid leukemias
Lymphoblastic leukemia originates from genetic lesions occurring in blood progenitor cells that
are committed to differentiating into either the T cell (15%) or B cell (85%) lineage, including
mutations that impart the capacity for unlimited self-renewal or that induce stage-specific
developmental arrest, leading to the accumulation of immature blasts in the bone marrow,
peripheral blood and often also in the central nervous system (CNS) [100]. Unlike AML, acute
lymphoblastic leukemia (ALL) incidence is common in pediatric populations and has a good
prognosis. Pediatric ALL has a 5-year overall survival rate of 90%, whereas the 5-year overall
survival rate of adult ALL is only 40%. Drug resistance is the primary cause of disease
recurrence and relapse, which might be due to alterations in cell-intrinsic [101] and cell-
extrinsic [102, 103] anti-apoptotic pathways allowing a small population of cells to persist.
Reported literature suggests that in ALL the leukemia-initiating cells are widely nonspecific;
even the more differentiated cells give rise to leukemia in the xenograft model, unlike the

hierarchical model reported in the AML [104-1086].

While metabolic reprogramming has been less extensively studied in ALL compared to other
blood cancers, several studies indicate that both B-ALL and T-ALL cells exhibit hyperactivation
of OXPHOS, supporting leukemogenesis and therapy resistance [107-109]. Similar to AML
LSCs [78], leukemia-initiating cells in T-ALL are characterized by low levels of ROS despite
increased OXPHOS activity [110]. While leukemic T cells can utilize aerobic glycolysis to
support proliferation, this pathway is surprisingly less active in T-ALL cells compared to
proliferating normal T cells [108]. Whether this is linked to the different OXPHOS rate or due
to other metabolic demands in leukemic versus normal T cells has yet to be investigated. The

metabolic profile of ALL cells is also impacted by their microenvironment, suggesting a

12



remarkable plasticity. ALL cells are found in very different locations, including the bone
marrow, spleen, and CNS, each of which is substantially different in nutritional composition.
In the bone marrow, cytokines released by ALL cells induce adipocytes to activate lipolysis
and provide free fatty acids to ALL cells, shifting the leukemia cells from glucose oxidation to
FAO [111]. In contrast, within the CNS niche, ALL cells are found in the cerebrospinal fluid
which is low in oxygen and several nutrients including fatty acids, creating a particular

dependence for these cells on de novo lipid synthesis [112].

Like myeloid malignancies, ALL cells induce extensive niche remodeling when growing in the
bone marrow. In B-ALL, leukemia cells disrupt the normal perivascular niches, reducing
CXCL12 production at these sites [113]. Instead, the malignant cells produce large amounts
of SCF, attracting healthy HSCs but inhibiting their correct functioning. B-ALL cells also
secrete CCL3 and TGF-B1, recruiting Nestin® MSCs from sinusoidal niches and promoting
their transition into cancer-associated fibroblast-like cells that help form chemoprotective
islands [114]. T-ALL cells in the bone marrow do not seem to occupy or depend on any specific
niche, but induce rapid, selective remodeling of the endosteal space [115]. As a result,
perivascular MSCs are maintained but mature osteoblastic cells are completely lost, severely
compromising normal hematopoiesis. ALL cells also secrete extracellular vesicles (EVs),
consisting of lipid bilayers that act as carriers for amino acids, proteins, RNA, miRNA, and
DNA. EVs derived from B-ALL cells have been shown to induce a metabolic switch from
OXPHOS to aerobic glycolysis in nearby stromal cells (Figure 3). These stromal cells release
excess lactate in the microenvironment, which can be used by the tumor cells as a source of
energy, a phenomenon often referred to as the reverse Warburg effect [116]. Besides affecting
the bone marrow niche, EVs from ALL patients were also shown to compromise the

hematopoietic potential of healthy HSCs [117].

It is well recognized that many adhesive interactions between ALL cells and MSCs contribute

to the self-renewal and survival of leukemic cells, such as lymphocyte function-associated

13



antigen (LFA-1)/intercellular adhesion molecule-1 (ICAM-1)-mediated and very late antigen-4
(VLA-4)/vascular cell adhesion molecule-1 (VCAM-1)-mediated adhesion [118, 119]. The
other form of intercellular connections recently recognized is the formation of TnTs, where the
cell extends filopodia-like protrusions toward the adjacent or neighboring cells, as described
in AML. ALL cells form TnTs with stromal cells in the BM to transfer and exchange
mitochondria, autophagosomes, and ICAM-1 [120]. In B-ALL, DNA-damaging
chemotherapeutic agents such as daunorubicin and cytarabine promote activation of the
stromal cells via ROS and result in the formation of TnTs, transferring mitochondria to the
leukemic cells as a chemoprotective mechanism [121]. Inhibition of TnT formation by
microtubule inhibitors such as vincristine sensitizes leukemia cells to chemotherapy. In T-ALL,
leukemia cells transfer their damaged mitochondria to stromal cells and maintain a low number
of functional mitochondria as a mechanism to reduce intracellular ROS levels [122].
Neutralization of ICAM-1 significantly reduced TnT formation and restored the sensitivity of T-

ALL cells to chemotherapy [122].

Another way in which stromal cells can help lymphoid leukemia cells to maintain low ROS
levels is by modulating cysteine availability. Cysteine, typically present in its oxidized form
cystine in the extracellular space, is regarded as the rate-limiting substrate for the synthesis
of the antioxidant glutathione. In an elegant study, Zhang and colleagues demonstrated that
primary chronic lymphoid leukemia (CLL) cells exhibit a limited capacity to take up cystine due
to low expression of the x. transporter [123]. Bone marrow MSCs in contrast import cystine,
convert it to cysteine and release it back into the extracellular space where it is taken up by
CLL cells, allowing the cancer cells to synthesize glutathione and protecting them from

chemotherapy-induced cytotoxicity.

Interactions between MSCs and lymphoid leukemia cells appear to play a pivotal role in the
resistance to metabolic therapies. L-asparaginase is one of the frontline therapies in the

management of ALL [124]. Due to their low expression of asparagine synthetase,
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lymphoblasts are auxotrophic for the non-essential amino acid asparagine. L-asparaginase
depletes the extracellular pool of asparagine, thereby promoting leukemic cell death [124].
However, it has been reported that stromal cells protect ALL cells from L-asparaginase-
mediated cell death by providing asparagine [125, 126]. ALL blasts synthesize and secrete
glutamine, which is taken up by MSCs and used to produce asparagine. In accordance, MSCs
from ALL patients have increased expression of SLC38A5, an exporter of asparagine to the
extracellular milieu [125]. Like asparagine, arginine is an essential amino acid for some ALL
cells. Treatment with pegylated arginase, depleting extracellular arginine levels, is toxic to T-
ALL cells in culture and reduces disease burden and extends lifespan in mouse B-ALL
xenografts [127, 128]. Similar to the effects of L-asparaginase, the presence of MSCs rescues

arginase-induced toxicity, although the underlying mechanism is still unclear [127, 128].

We anticipate that in the coming years, further understanding of the metabolic interactions
occurring in lymphoblastic leukemias growing in the bone marrow and other

microenvironments will provide the basis for novel therapeutic strategies.

2.3. Multiple myeloma
Multiple myeloma (MM) is a blood cancer of monoclonal plasma cells that accumulate in the
bone marrow [129]. It is the second most common hematological malignancy in high-income
countries. MM typically starts as an asymptomatic precursor condition such as monoclonal
gammopathy of undetermined significance (MGUS) or smoldering MM, in which the initiating
genetic abnormalities are already present. Progression to overt MM is complicated by multi-
organ dysfunction, including hypercalcemia, renal insufficiency, anemia, and bone destruction
[129]. While the introduction of new therapies has significantly extended survival, most MM
patients will die of their disease due to eventual relapse and therapy resistance development

[129].
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The bone marrow microenvironment plays a key role in MM progression [56]. Most genetic
mutations appear to be acquired very early in disease development, at the asymptomatic
precursor stage [130], and transition to malignancy may be facilitated by changes in the
microenvironment. Bone marrow MSCs have been recognized as critical regulators of
myeloma cell adhesion, migration, proliferation, and survival through direct cell-cell contact or
by secreting cytokines such as interleukin-6 (IL6), CXCL12 and insulin-like growth factor 1
(IGF1) [56]. The MSCs also appear to be irreversibly changed, with reduced osteogenic
differentiation potential and increased expression of inflammatory cytokines [131]. In addition,
EVs secreted by MSCs derived from MM patients promote cancer cell growth, while those

obtained from healthy donor MSCs are tumor suppressive [132].

Bone destruction, one of the main features of advanced MM, is associated with enhanced
osteoclast activity stimulated by the secretion of IL6 and RANK ligand (RANKL) by MM cells,
and with reduced osteoblast differentiation and activity. This creates a disequilibrium that
favors bone loss, creating a feedback loop driving further MM cell proliferation and immune
suppression because of the release of IGF1 and TGF-B during bone resorption [133].
Secretion of osteoblast-inhibiting factors such as DKK1 and sclerostin is one way by which
MM cells inhibit osteoblast activity [133], but metabolic signals are also involved (Figure 4).
Some MM cells express high levels of thymidine phosphorylase, which converts thymidine into
thymine and 2-deoxy-D-ribose-1-phosphate that is further dephosphorylated into 2-deoxy-D-
ribose (2DDR) [134]. MM cell-secreted 2DDR binds to integrins aVp3/a5p1 in osteoblast
progenitors, activates PI3K/Akt signaling, increases DNMT3A expression and methylation of
RUNX2 and Osx, leading to decreased osteoblastogenesis [134]. The secreted 2DDR also
binds to integrin aVB3 in osteoclast progenitors, activates PI3K/Akt signaling, and increases
DNMT3A expression and methylation of /IRF8, leading to increased NFATc1 expression and
osteoclastogenesis [134]. Finally, 2DDR acts on osteocytes, where it increases expression of

MHC class Il transactivator (CIITA) through STAT1/IRF1 signaling [135]. CIITA induces
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RANKL and sclerostin production by osteocytes, which respectively promote osteoclast and

inhibit osteoblast differentiation, thus promoting bone destruction.

MM cells also change the metabolic composition of the bone marrow. Both MM cell lines and
patient-derived cells take up large amounts of glutamine to fuel their TCA cycle [136].
Accordingly, glutamine levels in the bone marrow plasma of MM patients are depleted, and
glutamine synthetase is activated in stromal cells [136]. Since glutamine is a key nutrient for
osteoblast differentiation, proliferation, and bone formation [137-139], the loss of bone mass

in MM may be additionally linked to glutamine depletion in the bone marrow microenvironment.

Besides glutamine catabolism, MM cells rely heavily on glycolysis, even though they can
engage mitochondrial OXPHOS when needed [140]. The glycolytic phenotype of MM cells
appears to be driven by genetic alterations as well as the low oxygen levels of the bone marrow
microenvironment [140]. Like in other lymphoid malignancies, MM cells can take up lactate
from their microenvironment, where it is released by MSCs, other stromal cells or the cancer
cells themselves [141]. The fate of this lactate in MM cells remains however unclear. With MM
progression, the bone marrow becomes hypoxic [142], which may favor the creation of an
immune-suppressive microenvironment in which the cancer cells increase adenosine
production [143]. Indeed, bone marrow plasma from MM patients shows increased levels of
adenosine as well as CD39 and CD73, the enzymes responsible for converting ATP to
adenosine [144]. Adenosine blocks T cell activity and, in accordance, inhibition of both CD39
and CD73 increases the immune response and abrogates tumor progression in a mouse

model of MM [144].

Another stromal cell type altered in the setting of MM are bone marrow adipocytes, which may
not be surprising given the link between obesity and risk of MM progression [145, 146]. The
number of adipogenic stromal cells, pre-adipocytes and adipocytes is increased in the bone

marrow of premalignant MGUS and smoldering MM patients, but not in overt MM [146]. In
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culture, premalignant MM cells stimulate adipogenic differentiation of stromal cells, and
adipocytes promote premalignant MM cell proliferation [146]. In overt MM, bone marrow
lipolysis is seen, and fatty acids released in this process are taken up by MM cells and fuel
their proliferation [145, 146]. Malignant MM cells also alter adipocyte gene expression and
cytokine secretory profiles, leading to ROS generation, mitochondrial damage, and induction
of a senescent-like phenotype in adipocytes [145]. The altered bone marrow adipocytes in
turn protect MM cells from treatment-induced cell-cycle arrest and apoptosis [145], and may
contribute to MM-induced bone lesions that do not heal even when the disease is in remission

[147], making them an interesting target for therapeutic intervention [145].

As observed for other blood cancers, mitochondrial transfer from bone marrow MSCs to
cancer cells has been observed in MM. Mitochondrial transfer in MM is bi-directional, occurring
via TnT formation and partial cell fusion [148, 149]. The transfer is strongly increased upon
chemotherapy treatment, increasing ATP levels and lowering ROS levels in the MM cells,
while increasing stromal ROS [149]. Thus, mitochondrial activity, even if usually low in MM,
can be important for these cells. In that regard, low OXPHOS activity can be a marker for
venetoclax sensitivity in MM, and drugs inhibiting mitochondrial electron transport chain

subunits sensitize MM to venetoclax treatment in mouse models [150].

Emerging fields of biomedicine, such as those exploring the importance of the microbiome,
can lead to interesting discoveries regarding heterocellular metabolic crosstalk. In a recent
study, Jian and colleagues uncovered a vicious cycle where MM patients presented with a
dysregulated gut microbiome composition, which in turn favored MM progression [151]. The
accumulation of urea nitrogen in MM stimulates the growth of nitrogen-recycling bacteria such
as Klebsiella and Streptococcus in the gut, which promote MM progression via de novo
synthesis of glutamine. Other metabolites produced by gut bacteria, such as short-chain fatty
acids, are also known to impact bone homeostasis [152]. We anticipate that in the coming

years, continuing research in this area will significantly increase our understanding of the
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importance of these short-chain fatty acids and other bacterial metabolites for bone health and

pathology, including for the growth of cancer cells in the bone marrow microenvironment.

3. Metabolic interactions between stroma and metastatic solid tumor cells
Metastasis is a life-threatening outcome in patients with cancer. It is a complex process
involving the acquisition of invasive properties and tumor cell interactions with different
microenvironments. Bone is the most frequent site of metastasis of two of the most common
cancers, breast cancer and prostate cancer [153]. At the early stages of metastasis, the
acquired migratory and invasive properties are associated with epithelial-mesenchymal
transition (EMT), encompassing changes in cell morphology and interactions with neighboring
cells and the extracellular matrix [154]. Recent studies have shown that the extravasation of
breast cancer cells from the primary tumor site is improved by hypoxia exposure, as it induces
the expression of cell adhesion molecules that enable the interaction with endothelial cells
[155]. Similarly, key EMT inducers such as TWIST (twist basic helix-loop-helix transcription
factor 1), ZEB1 (zinc finger E-box binding homeobox 1) or SNAI1 (snail family transcriptional
repressor 1) are directly activated by HIF signaling in several cancer models [156]. In patients
with bone metastasis, there are two types of lesions: osteolytic lesions, primarily found in
breast cancer, and osteoblastic lesions, which are common in prostate cancer. Mixed lesions
can also occur, especially at the early stages of bone colonization [157]. The bone lesions are
characterized by an imbalance between the formation of new bone by osteoblasts and the
resorption of mineralized bone by osteoclasts, leading to clinical complications such as
pathological fractures, bone pain and metabolic disturbances, which severely reduce the

quality of life [158].

3.1. Breast cancer metastasis
Breast cancers are traditionally divided into three subtypes: estrogen receptor-positive (ER™;
often further subdivided by hormone receptor status and proliferative characteristics into low-

risk luminal A and high-risk luminal B subtypes), human epidermal growth factor receptor 2
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positive (HER2"), and triple negative breast cancer (TNBC; where cells lack the expression of
ER, HER2 and progesterone receptor). All three subtypes metastasize most frequently to bone
compared to other organs, although the incidence of bone metastasis is slightly higher in the
HER2" subtype compared to the others [159]. Most bone lesions associated with breast
cancer metastasis are osteolytic, linked to enhanced osteoclastogenesis and osteoclast
activation by metastatic breast cancer cells, leading to overall bone loss [158]. However,
breast cancer cells have also been shown to inhibit osteogenic differentiation by secreting the
Whnt antagonist sclerostin [160]. In accordance, sclerostin inhibition reduces metastases and
prevents breast cancer-induced bone destruction by promoting osteoblast-mediated bone

formation [161].

Hypoxia can contribute to establishing the premetastatic niches in different tissues through
the secretion of systemic signals, such as lysyl oxidase (LOX), by the hypoxic tumor cells
[162]. The main function of LOX is to induce collagen crosslinking and matrix stiffness. In
bone, LOX induces IL6 expression and interacts with RANKL, resulting in an acceleration of
the bone resorption process by osteoclasts. LOX can be secreted from primary tumors into
the circulation, leading to its accumulation in distant organs such as bone where it primes the
tissue for colonization by inducing the formation of premetastatic lesions [154, 163]. Once
breast cancer cell colonization is established, the local LOX production increases, which
further increases IL6 and RANKL levels, osteoclast activity and bone loss [154]. Similar to the
vicious circle of bone loss observed in MM, the release of growth factors such as IGF1 and
TGF-B from the bone matrix during osteoclastic resorption stimulates tumor cell growth and
osteolytic factor production, favoring bone resorption adjacent to the tumor cells [158]. In
addition, the presence of the cancer cells induces osteoblast senescence, associated with

increased IL6 production that further stimulates osteoclastogenesis [164].

The different breast cancer subtypes have not only different proliferation and metastasis

capabilities, but also distinct metabolic traits (Figure 5). ER* tumors show an equilibrium
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between OXPHOS and glycolysis, sometimes also exhibiting a reverse Warburg effect
through uptake of lactate released by cancer-associated fibroblasts, while most TNBC cells
show a classical Warburg metabolism characterized by high aerobic glycolysis and lactic acid
fermentation, and low OXPHOS [165]. HER2" tumors display higher expression of glutamine
and lipid metabolism-related proteins compared to other subtypes [166, 167]. Nevertheless,
metabolic heterogeneity may also exist within breast tumors [168], and the interplay of cancer
cells with their microenvironment further influences metabolic profiles [169]. In this view, it is
interesting to note that breast cancer cells metastasizing to different organs display extensive
metabolic heterogeneity and engage distinct metabolic programs depending on their site of
metastasis [170]. A recent study further showed that TNBC metastatic tumors adopt a
metabolic signature resembling that of primary tumors of their destination tissue [171]. The
extent of adaptation, however, varies across different organs, and the metastatic tumors also

retain metabolic features resembling their TNBC origin.

In a pioneering study, Dupuy and colleagues discovered that breast cancer cells with broad
metastatic potential use both OXPHOS and glycolysis, while cells with site-selective
metastatic potential engage OXPHOS (bone- or lung-metastatic cells) or glycolysis-dependent
(liver-metastatic cells) metabolic strategies [170]. They further showed that the mitochondrial
metabolism of bone- and lung-metastatic breast cancer cells is fueled by both glucose and
glutamine oxidation [170]. Comparison of bone-tropic breast cancer cells with parental cell
lines further revealed that bone-metastatic cells have increased dependency on extracellular
glutamine for their survival [172]. This dependency is linked with serine biosynthesis, allowing
the cells to resist low glucose levels in the metastatic niche [172]. Similar results were found
by Pollari et al., who linked this feature to increased osteoclastogenesis as well [173]. Serine
proved to be an essential nutrient for osteoclasts [173], and excessive serine biosynthesis by
breast cancer cells occupying the bone marrow niche could therefore be one factor
contributing to metastasis-related bone loss. Highly glycolytic MDA-MB-231 cells, a TNBC cell

line, also induce osteolytic lesions, but appear to do so via a different mechanism. The
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aggressive TNBC cells secrete large amounts of lactate, which is taken up by osteoclasts
through monocarboxylate transporter 1 (MCT1) [174]. In accordance, inhibition of MCT1

abrogates bone resorption in mice with metastatic breast cancer [174].

Reverse metabolic communication from osteoclasts to breast cancer cells also occurs, and
seems to involve several lipid molecules. The presence of breast cancer cells increases
osteoclast secretion of polyunsaturated fatty acids such as arachidonic acid and
eicosapentaenoic acid, both prometastatic lipids, and decreases secretion of
lysophosphatidylcholines, which are antimetastatic [175]. The mechanisms through which

these lipids influence cancer cell proliferation, migration and survival are still unknown.

Lipids in the breast cancer microenvironment are also provided by adipocytes, which are
induced by tumor cells to activate lipolysis and release fatty acids into their surroundings,
fueling the cancer cell’'s metabolism. Breast cancer cells preferably colonize the adipose niche
in the bone marrow, where they are in close contact with adipocytes [176]. Exposure to lipids
supplied by marrow adipocytes induces expression of the fatty acid transporter CD36, the lipid
chaperone fatty acid-binding protein 4 (FABP4), and pro-inflammatory IL13 in metastatic
breast cancer cells and stimulates their growth and invasiveness [177]. In addition to fatty
acids, bone marrow adipocytes are also a source of adipokines such as leptin and adiponectin,
and of inflammatory cytokines, all of which promote tumor progression [176]. Given this
nefarious role of adipocytes, it is not surprising that obesity doubles the chance to develop

breast cancer and promotes its progression and metastasis [178].

Another player in this intercellular lipid crosstalk are osteoblasts. Release of the bile acid salt
sodium deoxycholate by osteoblasts promotes cell survival and induces the migration of
metastatic breast cancer cells [179]. Osteoblasts also produce bioactive lipids including
lysophosphatidic acid (LPA) and prostaglandin E> (PGE2) [180]. LPA acts on osteoclasts by

promoting survival and cytoskeleton rearrangement, thus favoring bone resorption, and
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stimulates proliferation, survival, and migration of bone metastatic cancer cells [180]. LPA also
stimulates inflammatory cytokine production by both osteoblasts and tumor cells. In addition
to LPA, breast cancer cells increase the production of PGE> by osteoblasts, promoting bone
metastasis through different mechanisms [181]. PGE: can directly enhance tumor cell growth,
survival, migration, and invasion [180], but also induces recruitment of regulatory T cells to
bone metastatic sites thus allowing escape from immune surveillance [182]. Breast cancer
cells also produce PGE>, which increases very early in the metastatic process and is required
for the cancer cells to colonize the bone microenvironment [180, 183]. The effects of PGE2 on
bone cells are complex, as this molecule can stimulate both bone formation and resorption
[180]. PGE: can act directly on osteoblasts and stimulate their differentiation [180]. However,
PGE:; also increases RANKL expression by osteoblasts and has been shown to stimulate the
differentiation of mouse osteoclast precursors into osteoclasts. In combination with the fact
that it stimulates pro-osteoclastic cytokine production by tumor cells, PGE: is generally
considered to favor bone destruction in breast cancer metastasis [180], although further

research is warranted.

In contrast to osteoblasts, which play a mostly tumor-supportive role in breast cancer
metastasis, bone-embedded osteocytes were shown to reduce tumor cell growth and
migration. Osteocytes release ATP through connexin 43 hemichannels, and ATP binds to the
purinergic P2X7 receptor in breast cancer cells and inhibits their migration and growth [184,
185]. To escape this effect, breast cancer cells can convert ATP to adenosine through the
action of the CD39 and CD73 ectonucleotidases [186]. Opposite to ATP, adenosine promotes
breast cancer cell migration and growth [184], and may have additional inhibitory effects on
immune cells as observed in MM [144], although this remains to be confirmed in the metastatic
breast cancer setting. Elevated oxidative stress in the tumor-occupied bone marrow
microenvironment can also increase adenosine secretion by osteocytes [187], changing the

ATP-to-adenosine ratio in favor of tumor cell growth.
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Like the other types of cancer growing in bone, breast cancer cells communicate with stromal
cells in a contact-dependent manner through gap junctions and TnTs. Transfer of microRNAs
from bone marrow stromal cells to breast cancer cells is involved in the dormancy of bone
metastases, and this transfer appears to occur through gap junctions rather than via EVs [188].
Whether gap junction-mediated metabolite exchange [189] occurs between these cells is
unknown. TnT-mediated transfer of cytoplasmic material, including mitochondria, to breast
cancer cells from bone marrow MSCs and endothelial cells has also been described [190,
191]. The transfer of stroma-derived mitochondria boosts the oxidative metabolism of the

cancer cells and promotes their resistance to chemotherapy.

3.2. Prostate cancer metastasis
Prostate cancer is one of the cancers that most frequently metastasizes to bone [192]. This
predilection can anatomically be explained by the close contact between the prostatic venous
plexus and the vertebral venous plexus of the spinal column [193]. In addition, prostate cancer
cells express receptors for cytokines that are abundant in bone marrow, like the

CXCL12/CXCR4 or the SCF/cKIT axes, serving as an early homing mechanism [194].

In contrast to most other tissues, normal prostate epithelial cells are energetically inefficient
and perform aerobic glycolysis due to the inhibition of the TCA cycle enzyme m-aconitase,
responsible for the synthesis of isocitrate, by high intracellular zinc levels [165]. This blockade
leads to an accumulation of citrate, which is secreted into the prostatic fluid. At the early stages
of malignant transformation, prostate cells lose their ability to accumulate zinc due to the
downregulation of zinc transporters, relieving the TCA cycle block and allowing the cells to
generate energy by citrate oxidation and OXPHOS [165]. This metabolic reprogramming
reduces glucose uptake by prostate cancer cells compared to their non-malignant
counterparts, and the mitochondrial metabolism of the cancer cells is fueled instead by lactate
released by cancer-associated fibroblasts [195]. This stromal-derived lactate also supports

lipid synthesis by prostate cancer cells [196], and in accordance overexpression of lipogenic
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enzymes is an early event in prostate cancer development [197]. Activation of lipid synthesis
supports the metabolic requirements of prostate cancer cells and stimulates epigenetic
rewiring by providing acetyl moieties for histone acetylation, fostering their growth and
metastatic potential [196]. During late stages, prostate cancer cell metabolism is modified

again, showing a higher glycolytic phenotype in combination with active OXPHOS [165].

Although the metabolism of bone-metastatic prostate cancer cells is still poorly understood,
Diedrich and colleagues showed that marrow adipocytes can promote a glycolytic phenotype
in the cancer cells, with high expression of glycolytic enzymes and decreased mitochondrial
OXPHOS (Figure 6) [198]. This metabolic phenotype may also be stimulated by the
upregulation of HIF signaling that comes with low oxygen levels in the bone. Whitburn et al.
recently found that co-cultures of prostate cancer cells with different bone marrow stromal cell
lines increased intracellular levels of TCA cycle metabolites in addition to glycolytic
metabolites in the cancer cells [199]. In accordance, prostate cancer bone metastasis showed
increased expression of genes relating to OXPHOS, the TCA cycle, ROS detoxification, and
glutathione metabolism compared to primary prostate cancer. Prostate cancer bone
metastasis also showed upregulation of the pentose phosphate pathway (PPP) versus primary
tumors. This phenotype was not seen in liver or lung metastases, suggesting that alterations
in the PPP are specific to the bone microenvironment and not a generalized metabolic
response to metastasis [199]. Mechanistically, bone marrow stromal cells were found to up-
regulate the expression of the rate-limiting PPP enzyme G6PD in prostate cancer cells via IL6
secretion. Consequently, blocking G6PD activity inhibited prostate cancer proliferation,

migration, mesenchymal phenotype, and increased sensitivity to chemotherapy.

Since bone-metastatic prostate cancer cells have high rates of glycolysis and the PPP, it is
likely that nutrients other than glucose contribute to mitochondrial oxidative metabolism. One
possible fuel are fatty acids released by adipocytes, given that prostate cancer bone

metastases are rich in free fatty acids and cholesterol compared to normal bone [200], and
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that exposing adipocytes to prostate cancer cell-conditioned medium upregulates lipolysis
[198]. Like breast cancer cells, exposure of prostate cancer cells to adipocyte-conditioned
medium induces expression of CD36, FABP4 and several pro-inflammatory cytokines, and
prostate bone tumors of mice fed a high-fat diet show similar expressional changes compared
to tumors derived from control mice [177]. Whether adipocyte-derived fatty acids are used for
FAO in prostate cancer cells remains to be confirmed. However, a recent study shows that
crosstalk with osteoprogenitors can stimulate fatty acid metabolism in prostate cancer cells
[201]. Fibronectin and collagen type 1 released by osteoprogenitors were found to activate
protein kinase A signaling in prostate cancer cells, which in turn increased the expression of
several metabolic genes, including those encoding PPAR-a (peroxisome proliferator activated
receptor alpha), the master transcriptional regulator of FAO, and GPX1 (glutathione
peroxidase 1) which plays a crucial role in ROS detoxification. Another possible fuel of
metastatic prostate cancer cell mitochondrial metabolism is aspartate, which is highly
abundant in bone marrow plasma [93] and further enriches in prostate cancer bone
metastases compared to normal bone [200]. Aspartate uptake and metabolism are also known
to be increased in prostate cancer cells undergoing EMT [202]. Further studies are needed to
investigate the contribution and relative importance of these and other nutrients for prostate

cancer cells growing in the bone marrow microenvironment.

4. Conclusions & Future Perspectives
In the 45 years since Ray Schofield formulated his hypothesis on the existence of a specialized
bone marrow niche for HSCs [203], our insights into the signals and cellular interactions
constituting that niche have grown tremendously, as well as our understanding of the changes
that accompany cancer cell invasion [3, 4, 7-11]. In contrast, the existence of metabolic
crosstalk in the normal and malignant bone marrow microenvironment remained under the
radar until recently. We now have a much better understanding of the nature and extent of
metabolic exchanges and interactions occurring between different cells in the bone marrow.

Its importance is particularly evident in cancer, and interference with specific metabolic
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communication axes on which bone marrow-resident cancer cells depend for their growth and

survival may have therapeutic potential, as highlighted throughout this review.

Yet many unanswered questions remain. Most efforts have focused on interactions that affect
central carbon metabolism —glycolysis and the TCA cycle— but other areas of cellular
metabolism remain poorly studied, such as the metabolism of different lipids, nucleotides,
glycans and vitamins. The identity and importance of most metabolite transporters —both
importers and exporters— in bone, blood and cancer cells also remain unknown. In addition,
even though the metabolic composition of bone marrow plasma is very different than that of
peripheral blood plasma, it is unclear whether specific metabolites can serve as homing
signals for the bone marrow, and whether this may explain why some tumors, but not others,
metastasize to bone. Finally, while a couple of studies have provided the first evidence that
metabolic heterogeneity between different bone marrow niches exists, the extent and

functional importance of this necessitates further investigation.

Methodologically, most studies of intercellular metabolic interactions are still rudimentary,
although technological advances offer hope for improvement. Cellular co-cultures, with or
without inserts physically separating the cells, are most used, as is the use of conditioned
medium. Combining these systems with mass spectrometry-based metabolomics analysis can
reveal interaction-induced changes in the metabolic programs of both cell types, providing
clues to potential metabolic cooperation. In this view, the combination of cellular co-cultures
with metabolic tracer analysis is of particular interest, as it can be used to label a pathway of
interest in one cell type specifically, and then, after tracer removal and initiation of the co-
culture, follow the uptake of labeled metabolites by the second cell type [93]. Genetic
interference with metabolite transporters offers another elegant way to study metabolic
communication. Still, redundancy between transporters can complicate result interpretation,
and not all exchanges require a transporter since TnTs or gap junctions can also be involved.

Finally, while established cancer cell lines have their merit, the use of primary patient- or

27



animal-derived cells can be much more revealing, as these cells are less adapted to artificial

cell culture conditions and therefore often more niche dependent.

The options to study cellular metabolism in vivo, let alone metabolic crosstalk, are even more
limited. While metabolomics analysis or in vivo metabolic tracing in cancer cells growing in the
bone marrow is definitely feasible, as we have shown in AML mouse models [93, 204],
metabolic analysis of niche cells is much more complicated given their scarcity and lengthy
isolation procedures that will impact their metabolic profile. One possible way to overcome
these limitations is metabolic imaging. Matrix-assisted laser desorption ionization (MALDI) and
desorption electrospray ionization (DESI) mass spectrometry allow the spatial identification of
metabolites, and the most advanced systems can now reach single cell or even subcellular
resolution [205, 206]. Using a bioinformatics approach can provide an interesting alternative,
as shown by Zhen and colleagues who recently developed a computational tool to infer

metabolite-mediated cell-cell communication events based on single-cell RNA-seq data.

Given this technological progress, the extent of cellular metabolism, and the numerous
metabolic exchanges that have been described in other tissues such as the brain [207], we
are convinced that the coming years will bring a wealth of new insights into the direct and
indirect metabolic interactions between bone and blood cells in both the healthy and malignant

bone marrow niche.
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Figure Legends

Figure 1. The cellular composition of the bone marrow niche. Several stromal cell types
are involved in the maintenance of HSCs and the support of hematopoiesis in the bone
marrow. In the central bone marrow niche, LepR* adipo-CAR cells and sinusoidal endothelial
cells provide CXCL12 and SCF to support HSC retention and function, while megakaryocytes
secrete CXCL4 and TGF-B1, preserving HSC quiescence. Myelopoiesis also takes place in
the central bone marrow, in niches distinct from those where HSCs are found. NG2*
periarteriolar cells and non-myelinating Schwann cells secrete respectively CXCL12 and TGF-
B, involved in maintaining quiescent HSCs near arterioles in the endosteal and central bone
marrow regions. In the endosteal niche, Osteolectin*LepR™* osteo-CAR cells provide CXCL12
and SCF to lymphoid-biased HSCs and early lymphoid progenitors. Osteoprogenitors further
support B cell maturation, while mature osteoblasts maintain early T cell progenitors. The role
of mature adipocytes in the bone marrow is complex and incompletely understood, but they

are thought to support HSCs by providing fatty acids.

Figure 2. Metabolic crosstalk between AML cells and bone marrow stromal cells. AML
LSCs with a more glycolytic profile home to the hypoxic endosteal bone marrow niche, where
high environmental ATP —from a yet unknown cellular source— additionally promotes leukemic
serine biosynthesis. Metabolic crosstalk in the endosteal niche also includes a vicious cycle
of AML-derived kynurenine and osteoblast-derived acute-phase protein serum amyloid A
(SAA) production, leading to niche remodeling in favor of cancer progression. AML LSCs and
blasts with a more oxidative metabolism may preferentially localize close to and interact with
adipocytes or MSCs. Release of GDF15 by AML cells triggers adipocyte lipolysis, providing
fatty acids for oxidation in the AML cells. Transfer of ROS from AML cells to MSCs stimulates
acetate production, which is also taken up by AML cells to fuel their TCA cycle and support

lipid synthesis. AML mitochondria damaged by excessive ROS can be transferred to MSCs
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via TnTs, and the cancer cells receive healthy mitochondria via a similar mechanism in return.
MSCs also provide glutamine-derived aspartate to AML cells, allowing the latter to synthetize

nucleotides necessary for proliferation and DNA damage repair.

Figure 3. Metabolic interactions in the ALL bone marrow niche. The ALL bone marrow is
characterized by an accumulation of MSCs at the expense of osteoblasts. MSCs convert
glucose to lactate, which fuels the mitochondrial metabolism of ALL cells in addition to fatty
acids provided by adipocytes. High ROS levels promote the exchange of damaged versus
healthy mitochondria between ALL cells and MSCs via TnTs. MSCs also help ALL cells to
maintain their redox balance by converting cystine to cysteine, which after transfer to the
leukemic cells supports reduced glutathione (GSH) synthesis. MSCs further protect ALL cells
from amino acid-depleting therapies such as L-Asparaginase or PEG-Arginase by respectively

providing asparagine or arginine on which the ALL cells depend for their survival and growth.

Figure 4. Short- and long-distance metabolite exchanges in MM. Avid glutamine
consumption by MM cells leads to osteoblast depletion and bone destruction. Secretion of 2-
deoxy-D-ribose (2DDR) by MM cells further contributes to this phenotype. Low
microenvironmental glutamine levels trigger glutamine synthesis in MSCs, but this process
does not appear to be sufficient in osteoblasts, which need large amounts of glutamine to
differentiate and function. Urea, released in large amounts due to the hyperactive nitrogen
metabolism of MM cells, stimulates the growth of nitrogen-recycling bacteria in the gut that
through glutamine synthesis promote MM progression. Besides glutamine catabolism, MM
cells exhibit high rates of glycolysis, a phenotype that is reinforced by bone marrow hypoxia.
Low oxygen levels in the bone marrow also promote production of the immune-suppressive
metabolite adenosine by the cancer cells. MM cells additionally take up lactate produced by
MSCs and induce fatty acid release by adipocytes, although it is still unclear whether these

metabolites fuel oxidative phosphorylation or have a different metabolic fate in the MM cells.
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As observed for other blood cancer cells, MM cells exhibit mitochondrial exchange with MSCs,

trading their damaged for functional mitochondria.

Figure 5. Subtype-dependent metabolic crosstalk in bone-metastatic breast cancer.
Most metastatic breast cancer cells in the bone microenvironment exhibit an active
mitochondrial metabolism fueled by glucose, glutamine, MSC-derived lactate, and adipocyte-
derived fatty acids. Mitochondria transferred from endothelial cells and MSCs further boost
the oxidative capacity of the cancer cells. Glutamine metabolism in metastatic breast cancer
cells also supports the biosynthesis of serine, a metabolite that is not only essential for cancer
cell survival in the metastatic niche, but that additionally promotes osteoclastogenesis and
bone destruction. TNBC cells induce bone loss through a different mechanism. These cells
exhibit high rates of glycolysis and fermentation, releasing high amounts of lactate that
promotes osteoclast activity and bone resorption. In turn, secretion of PUFAs by osteoclasts
promotes proliferation, migration, and survival of breast cancer cells. While the osteoblast-
osteoclast balance is disturbed in the bone marrow invaded by breast cancer cells, osteoblasts
are still present and secrete several metabolites that favor tumor growth, including LPA, PGE:
and deoxycholate. Osteocytes can have pro- or anti-tumorigenic effects on breast cancer cells
depending on their relative secretion of ATP and adenosine. This ratio can change in response
to oxidative stress, and ectonucleotidase expression by the cancer cells can further shift the

ratio between these two metabolites in favor of tumor cell growth and migration.

Figure 6. Metabolic communication between stromal and prostate cancer cells in bone.
Current insights in the metabolic communication occurring in bone-metastatic prostate cancer
are very limited in comparison to other cancers growing in the bone marrow. Co-culture with
MSCs stimulates glycolysis, TCA cycle activity and redox metabolism in prostate cancer cells.
Unique to prostate cancer cells growing in the bone marrow microenvironment is their high
rate of PPP activity, a pathway that is stimulated by IL6 released by MSCs. While relatively

limited, metastatic prostate cancer cells do exhibit mitochondrial oxidative metabolism, which
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may be fueled by fatty acids released by bone marrow adipocytes. Adipocytes also release
glycerol, although its uptake by and metabolic fate in bone-metastatic prostate cancer cells
remains unknown. While no metabolic interactions with mature osteoblasts have been
described yet, osteoprogenitors release fibronectin and collagen type 1, which activate protein
kinase A (PKA) signaling in prostate cancer cells. PKA increases expression of several
metabolic genes in the cancer cells, including some involved in fatty acid metabolism and ROS
detoxification. Aspartate, an amino acid highly enriched in the bone marrow, may also fuel
mitochondrial metabolism of metastatic prostate cancer cells like it does in primary tumors,

although this remains to be investigated.
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