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Abstract

Purpose of Review Replacement of red hematopoietic bone marrow with yellow adipocyte-rich marrow constitutes a physiological
process associated with aging. Adipocytes have recently emerged as an active part of the bone marrow niche and exert paracrine and
endocrine functions, thereby contributing to the regulation of hematopoiesis. Here, we review the current understanding of the
interactions between bone marrow adipocytes (BMAs) and hematopoietic cells, as well as their potential role in the progression of
hematological malignancies.

Recent Findings Until recently, BMAs have been considered space-filler cells. Emerging evidence, however, associates BMA
abundance with hematopoietic regulation. On the one hand, human clinical data and experimental findings from animal models
suggest that BMAs may act as negative regulators of the hematopoietic microenvironment. On the other hand, recent data has also
shown BMAs to exert positive effects on hematopoietic stem cell (HSC) survival. These seemingly contradictory effects could be
explained either by a differential effect of distinct BMA subtypes on hematopoiesis, or by a differential response to BMA stimulation
in HSCs versus their committed progeny. Two distinct types of bone marrow adipocytes have previously been described based on
anatomical localization. Adipocytes located in the “yellow” marrow are bigger in size, less responsive to environmental stimuli, and
associated with HSC quiescence. On the contrary, adipocytes situated within regions of hematopoietically active “red” marrow are
significantly more labile and provide important support to regenerating blood populations. Moreover, beyond the presumed
differential role of BMA subtypes in hematopoiesis, an imbalanced proportion of stromal constituents could impair their capacity
to provide a protective role. Indeed, if BMA commitment has been shown essential for hematopoietic regeneration, skeletal regions
constitutively enriched in BMA would be poorly vascularized, which would in turn negatively affect HSC support. Recently, the
interplay of adipocytes and solid cancer has been revealed, with adipocytes promoting the growth of breast, ovarian and prostate
cancers. BMAs have been no exception, playing an active role in the support of neoplastic cells in the bone marrow niche,
particularly for bone metastatic disease and acute lymphoblastic leukemia (ALL). Acute myeloid leukemia (AML), however,
actively suppresses BMAs, which results in impaired myelo-erythroid maturation.

Summary It is becoming increasingly evident that BMAs are ideally placed to interact with normal and malignant hematopoiesis.
As such, elucidating the relationship between BMAs and specific hematopoietic cell types represents a novel avenue to explore
therapeutic strategies for the treatment of hematological malignancies.
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Introduction

The bone marrow (BM) represents the main hematopoietic
organ in adults, as its microenvironment contains a variety
of cell types at different maturation stages and is responsible
for the lifelong production of mature blood cells. Along with
hematopoietic elements, the BM microenvironment includes
stromal constituents such as adipocytes (BMA), osteoblasts,
and skeletal stromal cells (SSCs), which all play an active role
in regulating hematopoiesis through cell-cell contact and the
secretion of growth factors and cytokines.

BM-As are the most abundant stromal component found in
the BM niche. They progressively increase with aging, phys-
iologically replacing the hematopoietic components, and
eventually occupying up to 70% of the medullary cavity of
long bones. BMAs were historically considered insignificant,
space-filling cells until a few years ago, but emerging evi-
dence has linked the presence of these cells to the regulation
of the hematopoietic microenvironment [ 1, 2]. Human clinical
data and experimental findings from animal models suggest
that BMA may act as negative regulators of the BM microen-
vironment affecting hematopoiesis and bone regeneration [3,
4, 5e¢]. However, recent in vitro findings also demonstrated
that these cells may exert a positive role in the support of
hematopoietic stem cells (HSC) survival by expressing MSC
markers and as a source of cytokines and adipokines [62, 7-11,
12¢e, 13].

BMAs are morphologically similar to adipose tissue adipo-
cytes, as they present a single, large cytoplasmic lipid droplet
that accounts for approximately 90% of the cellular volume
and they originate from mesenchymal-like progenitor cell [14,
15]. The ability of both cellular populations to accumulate and
release fatty acids might suggest that BMAs could contribute
to energy balance. However, it has been long noted that BMAs
paradoxically increase upon malnourishment and hibernation
and that, contrarily to the peripheral white fat depots, which
include subcutaneous and visceral fat, BMA are resistant to
starvation-induced lipid mobilization [16, 17]. Furthermore,
Cawthorn and colleagues have recently demonstrated that
BMAT mass increases during controlled, moderate (30%) ca-
loric restriction (CR), quantitatively demonstrating the inverse
relationship between body mass index and marrow adiposity.
The authors could further show that BMAs constitute an im-
portant source of circulating adiponectin in CR, a phenome-
non blunted in Ost-Wnt10b—/— mice which have a defect in
marrow adipocyte production [18]. These findings dismiss the
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idea that BMAs act as caloric reservoir, apart from in extreme
CR conditions, and suggest that BMAs likely play different
roles in the maintenance of energy homeostasis [19-21].
Noteworthy, it has been demonstrated that lipolysis of
BMA may be induced by neoplastic cells, which employ fatty
acids as an energy source to promote their survival and pro-
liferation. In acute myeloid leukemia (AML), neoplastic cells
are able to modify BMA metabolism to activate lipolysis and
enable the transfer of fatty acids from adipocytes to AML
blasts [22]. This has also been shown to orchestrate T-acute
lymphoblastic leukemia blast propagation, demonstrating that
AML impairs the BM adipocyte niche preventing continued
maturation of healthy myeloid and erythroid cells [23e°].

Bone Marrow Adipocytes and Hematopoiesis

HSCs are small, quiescent cells that reside within a highly
regulated BM niche. They harbor self-renewal and differenti-
ation capabilities, and are responsible for the production of
mature blood elements throughout a human lifetime.

The importance of the BM niche as a highly organized
microenvironment was first supported by Schofield in 1978
[24]. This specialized microenvironment provides structural
and trophic support through its stromal components for HSC
survival and proliferation. BMA, one of the major stromal
components, therefore may play a significant role in the reg-
ulation of the hematopoietic niche.

In 1976, Tavassoli first proposed a distinction between two
BMA populations, based on differences in lipid profiles and in
histology with performic acid-Schiff staining (PFAS). PFAS-
positive BMAs are widely dispersed throughout the hemato-
poietic tissue and disappear with hematopoietic expansion,
while non-stained adipocytes accumulate regionally and re-
main unaffected by changes in hematopoiesis [25].

Recently, this model has been reconsidered, as newfound
evidence demonstrates that the role and features of BMA sub-
types may vary depending on their anatomical localization. It
has been demonstrated that BMA in the distal skeleton are
bigger in size, have an increased proportion of monounsatu-
rated fatty acids, and are less responsive to environmental
stimuli. These adipocytes have been described as part of the
constitutive marrow adipose tissue (c(BMAT) and seem to be
different from the regulated marrow adipose tissue (rBMAT)
adipocytes that are interspersed in hematopoietic tissue re-
gions. Mainly located in proximal bones, -BMAs are smaller
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in size and their number can vary depending on physiological
conditions and hematopoietic demand [26°].

Various human conditions, including bone disease, he-
matological malignancies, diabetes, and dietary intake, can
modulate the amount of  BMASs within the marrow. In turn,
cBMAs are much more stable and only contract upon ex-
treme CR, when they delipidate and the bone marrow ma-
trix is substituted by extracellular mucopolysaccharides in
a process denominated gelatinous transformation of the
marrow, a histological finding often associated with
caquexia [27, 28]. Overall, these results suggest that
BMA function varies depending on anatomical location,
and that rBMAT may be more closely related to the regu-
lation of active hematopoiesis. Indeed, the high levels of
adiponectin that occur concurrently with an increment of
rBMAT are probably involved in the normal and patholog-
ical regulation of hematopoiesis, although both negative
and positive outcomes have been reported on the direct
effect of adiponectin on hematopoietic recovery,
lymphopoiesis, and granulopoiesis [18, 29-32].
Specifically, Masamoto and colleagues have shown that
adiponectin is able to regulate HSC cycle and promote
hematopoietic recovery through enhancing HSC exit from
quiescence [33]. The stage of differentiation at which
MSCs and marrow preadipocytes start expressing
adiponectin at biologically relevant levels is yet to be de-
termined, though, so as to distinguish the effect of mature
adipocytes versus their precursors in stress hematopoiesis.
Clinical data obtained from patients with hematological
malignancies showed decreased adiponectin levels in BM
interstitial fluids [34]. Given the reduced BMA mass in
hematological malignancies, it has been suggested that a
minimal local adiponectin concentration is necessary to
guarantee physiological regulation of tumor necrosis factor
secretion by macrophages, protecting the niche from
chronic exposure to a pro-inflammatory microenviron-
ment, a well-known risk factor for cancer development
[35].

Zhou and colleagues have further demonstrated that
besides adiponectin, BMA are also able to produce stem
cell factor (SCF), a cytokine that binds to the c-Kit recep-
tor on the HSC surface, maintaining their survival and
promoting their proliferation [12¢¢, 36]. This cytokine is
produced within the BM at very high concentration by a
specialized population of stromal cells with pericyte prop-
erties known as adventicial reticular cells (ARCs), but
also by endothelial cells, osteoblasts, and hematopoietic
cells. Although these cell populations can guarantee the
survival and proliferation of HSCs in healthy adult BM,
the increment of adiposity as defined by Adiponectin-Cre-

driven depletion seems necessary for rapid HSC regener-
ation in injured BM after radiation treatment [12¢¢].

The paracrine role of BMA has been investigated in
several prior studies [1, 2, 15]. However, a more intensive
effort is still required to establish and characterize the
whole secretome of BMA. Moreover, given the difficulty
on isolating pure mature adipocytes from marrow tissue,
which is highly infiltrated by hematopoietic cells, single
cell RNA sequencing will likely contribute to tease apart
their apparently contradictory role in HSC support.
Indeed, as HSC fate within the BM microenvironment is
dependent on BMA signaling, a balance between stimula-
tory and inhibitory cytokines would be necessary to main-
tain appropriate regulation of hematopoietic output [37,
38].

If the paracrine signaling of BMA through adipokine and
cytokine secretion has been demonstrated in several models, a
further cell-cell contact mediated regulation of HSC homeo-
stasis is also likely. A recent study explored the BMA niche
through electron microscopy, reconstructing a three-
dimensional niche and exploring the connections between
BMA and other cell types [39]. It was observed that the mem-
brane of BMA can be in direct contact with up to 20 maturing
hematopoietic cells and with further maturing hematopoietic
elements such as erythroblast islands. However, this specific
connection was observed in only about 30% of cells analyzed,
as opposed to the numerous tight junctions observed between
ARCs and maturing hematopoietic cells within the BM.

The regulation exerted by cell-to-cell contact mecha-
nisms was further analyzed in an in vitro model devel-
oped by Mattiucci et al. [6°]. Human primary BMAs were
isolated from the femoral head of patients undergoing hip
surgery and cultured in vitro using the ceiling culture
method. After obtaining a layer of adherent cells, BMAs
were cultured together with primary human isolated
CD34+ cells for 5 weeks. CD34+ cells were used for
hematopoietic colony forming unit (CFU) assays at the
end of the co-culture period, and it was shown that
HSCs were still able to proliferate and differentiate, al-
though short-term hematopoietic progenitors were drasti-
cally reduced during the first 3 weeks of coculture. This
model demonstrated that BMA can maintain the survival
and differentiation capability of HSCs after 5 weeks of
co-culture in vitro. Individually, BMA were less support-
ive than BM-MSC, but if included together BMA and
BM-MSC exerted a synergistic effect to increase HSC
proliferation.

This data supports the notion that BMAs represent an im-
portant, functional population within the marrow, and that a
balanced microenvironment is required for HSC survival.
Significant deviations in the composition of the BM stroma
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could favor the formation of niches unsupportive of HSCs.
Indeed, if the presence of BMA within the marrow is essential
for hematopoietic stem cells, it has also been shown that skel-
etal regions constitutively enriched in BMA (cMAT) are also
poorly vascularized, which in itself negatively affects HSC
frequency [3, 12¢¢].

Bone Marrow Adipocytes and Hematopoietic
Malignancies

In recent years, the interplay between adipocytes and solid
cancer has been revealed, with adipocytes promoting the
growth of breast, ovarian, and prostate cancers
[40—42].Concerning the relationships between adipocytes
and hematological malignancies, it has been recognized that
leukemia and myeloma cell lines preferentially engraft into
ectopic adipocyte enriched BM. Moreover, peripheral white
adipose tissue protects B-ALL and myeloma cells from che-
motherapy [43-46].

Bone marrow adipocytes have also been shown to play an
active role in the support of neoplastic cells in the bone mar-
row niche and are now considered a potential therapeutic
target.

Shafat et al. examined the adipocyte-leukemia cell interac-
tions to determine if this relationship is essential for the
growth and survival of AML. Using in vivo and in vitro
models of AML, they have shown that BMAs from the tumor
microenvironment support the survival and proliferation of
malignant cells from patients with AML. They show that
AML blasts alter the metabolic profile of adipocytes to induce
phosphorylation of hormone-sensitive lipase and consequent-
ly activate lipolysis, which then enables the transfer of fatty
acids from adipocytes to AML blasts. In addition, pharmaco-
logically blocking the lipid transfer between bone marrow
adipocytes and leukemic blasts through inhibition of
FABP4, the fatty acid binding protein necessary for transport
of'these lipids, decreased tumor survival in vitro and increased
survival of leukemic mice in vivo [22].

Lu et al. demonstrated that leukemic cells contributed to the
generation of small adipocytes in vitro. They attribute the
decrease of free fatty acids (FFA) in adipocytes co-cultured
with leukemic cells to FFA transport from adipocytes to leu-
kemic cells, which may consequently promote leukemic cell
proliferation. These findings highlight that only these small
adipocytes, and not all adipocytes, are correlated with poor
prognosis for AML patients. They suggest that small adipo-
cytes in the BM may serve as adverse prognostic factors,
potentially disrupting AML-adipocyte interactions as a
targeted therapeutic approach for AML [47].

As mentioned above, the biology of BM adipocytes can
vary on the basis of their anatomical location. Recent evidence
of human hematopoietic systems derived from mouse models
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show that adipocytes situated within regions of
hematopoietically active “red” marrow provide important sup-
port to regenerating blood populations [12¢¢]. Unlike “yellow”
marrow and peripheral adipose depots, red BM experiences a
consistent accumulation of newly formed adipocytes under
homeostatic conditions [26¢, 48]. Boyd et al. observed in
both patients and surrogate clinical models that AML disrupts
the adipocytic niche in BM. Leukemic suppression of BM
adipocytes led to imbalanced regulation of endogenous hema-
topoietic stem and progenitor cells, resulting in impaired
myelo-erythroid maturation. Moreover, they showed that in
vivo administration of PPAR agonists induced BM adipogen-
esis, which rescued healthy hematopoietic maturation while
repressing leukemic growth [49e¢]. In addition, Cahu et al.
investigated different BM sites and their control on leukemia
development. They focused on constitutive adipocyte-rich or
adipocyte-poor (and inversely hematopoietic-poor and hema-
topoietic-rich, respectively) BM and studied whether T-ALL
cells exhibit niche-specific genomic, phenotypic, and prolifer-
ative features. Using mouse thoracic vertebrae versus tail ver-
tebrae, as respective BM models of constitutive adipocyte-
poor and adipocyte-rich BM, they demonstrate that these
two BM microenvironments imprint niche-specific character-
istics on T-ALL cells, associated with modified cell-cycle and
metabolism-related chemo-resistance. Altogether, these re-
sults demonstrate that BM sites differentially orchestrate T-
ALL propagation, stamping specific features to leukemic cells
such as quiescence and decreased response to cell cycle-
dependent chemotherapy [23¢¢].

In conclusion, it is becoming increasingly evident that
BMA are capable of influencing the BM microenvironment
and hematopoiesis, and consequently tumor cell behavior by
providing non-cell autonomous survival capacity for leukemic
cells independently of their cell-intrinsic genetics.

As such, elucidating the relationship between BMA and
leukemic cells represents a unique opportunity to explore nov-
el therapeutic strategies for the treatment of hematological
malignancies.
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