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Abstract

The bone marrow microenvironment (BMME) regulates hematopoiesis through a complex network of cellular and molecular compo-
nents. Hematologic malignancies reside within, and extensively interact with, the same BMME. These interactions consequently alter
both malignant and benign hematopoiesis in multiple ways, and can encompass initiation of malignancy, support of malignant pro-
gression, resistance to chemotherapy, and loss of normal hematopoiesis. Herein, we will review supporting studies for interactions of
the BMME with hematologic malignancies and discuss challenges still facing this exciting field of research. © 2021 The Authors. JBMR
Plus published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research.
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Introduction

The bone marrow microenvironment is at the core of
normal blood cell production

The bone marrow microenvironment (BMME) encompasses the
cellular and extracellular components that cooperate to regulate
maintenance of the skeleton and hematopoiesis. Postnatally, all
blood cells arise from multipotent hematopoietic stem cells
(HSCs)™ with the vast majority of these cells located in the bone
marrow (BM). The HSC “niche” is typically thought of as a site in
the bone where HSCs reside when not circulating, and where
they receive signals from a complex network of cells to remain
quiescent, self-renew, or differentiate into one of multiple hema-
topoietic lineages.”) Today, we know that several HSC niches
exist in different areas within the BM, including the arteriolar
and sinusoidal niches, which are composed of multiple and often
overlapping stromal and hematopoietic cell types. However, dif-
ferent variations of the niches are more specialized in the pro-
duction and maturation of the various types of committed

hematopoietic progenitors, such as common myeloid and com-
mon lymphoid progenitors.

The described cellular and molecular components of the HSC
niche® are continuously expanding, and today include both
endosteal and endothelial components such as: mesenchymal stro-
mal cells (MSCs),“® arteriolar” and sinusoidal® endothelial cells
(ECs), osteoblasts (OBs),"*'® spindle-shaped N-cadherin™CD45~
osteoblastic cells (SNO cells)"® macrophages,™ megakaryo-
cytes, " T cells,"® the sympathetic nervous system (SNS) through
B-adrenergic signaling,"”'® perivascular stromal cells"® including
LepR* skeletal stem cells,*® chemokine (C-X-C motif) ligand
12 (CXCL12)-abundant reticular (CAR) cells,?" skeletal lineage
cells,*? schwann cells,”® and adipocytes.**?> These niche cells
produce numerous regulatory factors that are vital for HSC quies-
cence and regeneration, and control of differentiation, including
various cell-surface proteins, extracellular cytokines, and inflamma-
tory molecules, such as CXCL12,°*" angiopoietin-1 (Ang-1),%®
thrombopoietin (TPO),%” stem cell factor (SCF),?® C-C motif che-
mokine ligand 3 (CCL3),%**? and angiogenin (ANG),®” as well as
variable oxygen tension and reactive oxygen species (ROS).523%
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Hematological malignancies have reciprocal interactions
with BM cell signals

The BMME plays a critical role in the development of malignant
hematopoiesis and leukemic progression in various mouse
models. Alterations to normal microenvironment signaling can
initiate hematologic malignancies, in conjunction with leukemic
BM then contributing signals that alter hematopoietic regula-
tion. Interactions with the BMME can also allow leukemic cells
to escape chemotherapy treatment.®® Therefore, in addition to
classically targeting cell-intrinsic mechanisms through chemo-
therapy, targeting the leukemic cell-extrinsic microenvironment
may be therapeutically beneficial.*¢-3® Despite the distinct bio-
logical differences among subtypes of leukemia, they all reside in
the BM and involve BMME alterations and interactions, especially
with cells that compose the HSC niche. For these reasons, inves-
tigation of microenvironmental dysfunction from one type of
leukemia may be broadly applicable across multiple hemato-
logic malignancies. In this review we discuss the BMME as it
applies across various types of leukemias.

Microenvironment Support for the Initiation of
Malignant Hematopoiesis

It has become well-established that a disruption of homeostasis
in the BMME can initiate leukemia in murine models. It was orig-
inally thought that leukemia develops solely from cell-intrinsic
mechanisms, such as somatic mutations, leading to cancer.
Although this is an important mechanism of disease initiation,
the other cellular components of the BMME are also susceptible
to dysfunction caused by aging and chronic inflammation, and
can play an important role in the induction of malignant hemato-
poiesis and leukemias; therefore, a knowledge of HSC-extrinsic
mechanisms may be important for understanding leukemia
pathogenesis. In murine models, several specific genetic alter-
ations to the microenvironment have been shown to lead to
myeloproliferative disease, even when healthy BM HSCs (from
wild-type mice) were transplanted into the diseased
BM. Support for leukemic development from the BMME thus
far has largely been focused on ECs and the osteolineage cells,
including MSCs and OBs. Last, changes that occur in aged BM
contribute to the development of leukemias. Although there
are barriers to studying leukemic development in humans, the
use of mouse models has given insight to the importance of
BM microenvironmental signaling to the development of hema-
tological malignancies (Figure 1).

Aberrant signaling in the BMME can result in
myeloproliferation

Retinoic acid receptors (RARs) are nuclear hormone receptors
implicated in the generation of HSCs and normal hematopoiesis.
The deletion of the retinoic acid receptor-y (RAR-y) in mice, using
a homozygous mutant null mouse for the Rarg gene, led to the
development of a myeloproliferative-like syndrome (MPS-
like).*¥ When BM from wild-type mice was transplanted into
Rarg™"~ mice, the MPS-like phenotype occurred, featuring over-
production of granulocytes and granulocyte/macrophage pro-
genitors in the BM, spleen, and peripheral blood. In contrast,
when Rarg~’~ BM was transplanted into wild-type recipients,
hematopoiesis was restored to normal. Therefore, the presence
of signaling from this receptor in the BMME will dictate whether

MPS-like symptoms will form, even when the HSCs are normal
and healthy.

Under stress conditions, cell-cycle proteins such as the retino-
blastoma protein (Rb)-family proteins influence HSCs to leave
quiescence, and cycle for production of the myeloid or lymphoid
lineage cells.“? When the Rb gene was deleted in the BMME
using an interferon (IFN)-inducible Mx1-Cre*pRb*’* mouse
model, a myeloproliferative phenotype was observed; this was
accompanied by profound mobilization of HSCs from the
BM.“" In contrast, deletion of Rb in HSCs alone resulted in only
subtle changes in hematopoiesis.*? The myeloproliferation
observed in Mx1-Cre*pRb*’* mice may be attributed to dysfunc-
tional cellular interactions in the BMME, from altered crosstalk
between the niche cells and Rb-deficient myeloid-derived cells.

Notch signaling is necessary for hematopoiesis and is associ-
ated with p-catenin signaling in BM cells local to the HSC
niche.""*349 When conditional knockout mice were generated
to have inactive Mind bomb-1 (Mib1), a protein involved in the
endocytosis of the Notch ligand, by use of a cyclic
recombinase—locus of x-over (Cre-Lox) system under the control
of the promoters MMTV and Mx1, defective Notch signaling
occurred and resulted in MPS-like disease.*” Additionally,
MPS-like disease still formed upon transplantation of wild-type
BM into the Mib1-null mice, providing evidence for the contribu-
tion of Notch signaling in the BMME to the disease pathogenesis.
Together, these studies have demonstrated that a single genetic
alteration to BM signaling can provide a cellular environment
with sufficient support to develop myeloproliferative diseases,
without an oncogenic mutation in the HSCs.

Leukemogenesis can arise from alterations to various
BM cells

Mutations in osteoprogenitors alone have led to leukemic condi-
tions in mouse models. The deletion of the ribonuclease IlI
enzyme Dicer1 from mouse osteoprogenitors, through the use
of Cre recombinase driven by the osterix promoter (Osx-Cre),
led to myelodysplasia (MDS) (reduced blood cell counts with
abnormalities detected in at least one blood cell lineage) and
phenotypes typical of acute myeloid leukemia (AML), such as
the accumulation of immature blood cells.*®) On the other hand,
this was not observed when Dicer1 was deleted from mature
OBs, by using a Cre recombinase driven by the osteocalcin pro-
moter. Moreover, due to the Dicer1 deletion, lower levels of
Shwachman-Bodian Diamond syndrome (SBDS) ribosome matu-
ration factor were expressed in the osteoprogenitors, and when
the Sbds gene was deleted from osteoprogenitors through
Osx-Cre in a subsequent experiment, it again resulted in a myelo-
dysplasia, confirming the role of this signaling pathway in the
disease pathogenesis.

In murine osteoprogenitors and MSCs, a mutation of the gene
Ptpn11, causing activation of the protein tyrosine phosphatase
SHP2, can lead to myeloproliferative neoplasm and subsequent
leukemogenesis, and this effect was not seen if SHP2 was simi-
larly activated in mature osteolineage cells.*” As a result of this
mutation in the progenitors, high levels of the protein CCL3, also
called macrophage inflammatory protein-1 alpha (MIP-1a), are
secreted to the BMME, altering the HSC niche by recruiting
monocytes and elevating the levels of proinflammatory cyto-
kines in the local microenvironment. Another study confirmed
that this inflammatory signaling pathway is upregulated across
a variety of human pre-leukemic syndromes, and it predicted
leukemic progression and prognosis in MDS.“® These studies
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Fig. 1. Malignant cells interact with the BMME at the HSC niche: HSC niches in the BM are endosteal and perivascular. The bone surface is covered with
osteoblastic lineage cells, including OBs and osteoclasts. Arterioles (cross-sectional view) and sympathetic nerves are the site of the arteriolar niche, spa-
tially located with Nestin-GFP™ MSCs and NG2* pericytes, which secrete factors for HSC maintenance such as SCF. Closer to the center of the BM are sinu-
soids (cross-sectional view), where a sinusoidal HSC niche is comprised of CAR/LepR™ cells, Nestin-GFP™® MSCs, perivascular fibroblasts/NG2+ pericytes,
and megakaryocytes. HSCs, LSCs, and progeny extravasate through the sinusoids to circulation for hematopoiesis. HSCs adhere at the niche, and this
maintains quiescent reserve HSCs and provides signals for self-renewal. During malignancy: (i) LSCs can occupy the niche, by adhering to E-selectin on
ECs, where stromal cells and fibroblasts confer signals that contribute to chemotherapy resistance, (ii) ECs, fibroblasts, osteoblast lineage cells, and mega-
karyocytes secrete excess CXCL12 to the BMME, (iii) ECs secrete miR-126, which promotes LSC self-renewal, (iv) leukemia cells secrete exosomes that sup-
press stromal cell function and osteoblast development, (v) loss of sympathetic nerves is linked to loss of support for Nestin™ MSCs, (vi) immune cells such
as Tregs and leukemia-supportive macrophages provide immunosuppressive signals, (vii) leukemic blasts accumulate in the BMME around the HSC
niches, where they secrete excess CCL3, TNF, and TPO, (viii) there is an increase in inflammatory signaling, such as IFN-y and IL-1 and, (ix) CCL3 leads
to the formation of defective osteoblasts. Abbreviations: BM, bone marrow; BMME, bone marrow microenvironment; CAR/LepR*, CXCL12-abundant retic-
ular cells and leptin receptor+ cells; CCL3, C-C motif chemokine ligand 3; CXCL12, chemokine (C-X-C motif) ligand 12; EC, endothelial cell; GFP, green fluo-
rescent protein; HSC, hematopoietic stem cell; IFN-y, interferon vy; IL-1, interleukin 1; LSC, leukemia stem cell; miR-126, microRNA-126; MSC, mesenchymal
stromal cell; NG2, Neuron-Glial Antigen 2; OB, osteoblast; SCF, stem cell factor; TNF, tumor necrosis factor; TPO, thrombopoietin; Treg, T regulatory cell.

demonstrate that osteoprogenitors regulate normal hematopoi-
esis and can lead to a neoplastic pre-leukemic disease when
mutated or dysfunctional.

Mature OBs with mutations have been found to be capable of
initiating leukemia. Expression of a constitutively active
B-catenin in mouse OBs resulted in overexpression of the Notch
ligand Jagged1 (JAG1), and subsequent development of AML.“*
Furthermore, inhibition of the Notch pathway in an AML model
lessened leukemic development. Additionally, the Jag1-Notch
signaling pathway was further confirmed to be upregulated in
the OBs of over one-third of human AML patients. Therefore,
JAGT1 is necessary for normal hematopoiesis, dysregulated Notch
signaling in the BMME may contribute to the development of

leukemias, and targeting this signaling pathway presents a ther-
apeutic technique to slow disease progression in humans.

ECs are a major component of all HSC niches, lining the vessel
walls of the arterioles and sinusoids, and participating in the
hematopoietic signaling network. Deletion of the gene for
the receptor subunit glycoprotein 130 (gp130), a component of
the receptors for interleukin 6 (IL-6) family of cytokines, by use
of a Cre/loxP-mediated recombination driven by the Tie2 pro-
moter (Tie2-Cre), resulted in BM dysfunction and myeloprolifera-
tion.*” These hematopoietic defects were observed when
gp130 remained expressed by other stromal cell types, support-
ing a role unique to ECs in homeostatic blood cell production. To
note, in this model, gp130 was also deleted in the hematopoietic
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cells, as they too are targeted by Tie2-Cre; however, when wild-
type BM was transplanted into gp130-deficient BMME the
hematopoietic defects were replicated.*® This confirmed the
importance of gp130 on BM ECs alone as an HSC-extrinsic
regulator in the BMME that is required for normal hematopoiesis,
and that a myeloproliferative disorder can result from EC
dysfunction or alteration.

Aged BMME as a risk factor for leukemic initiation

Hematological malignancies commonly develop and are diag-
nosed in older individuals.*°~® This is attributed in part to
aged HSCs, which become genetically and epigenetically
altered due the natural accumulation of spontaneous somatic
mutations over time, leading to the development of clonal
hematopoiesis from mutations that confer a dominant prolif-
erative phenotype.®® However, the following cell-extrinsic
mechanisms within the aging BMME also contribute to malig-
nancy initiation.

Chronic inflammation increases with age, sometimes referred
to as the phenomenon of “inflammaging”. This results in a
higher percentage of white blood cells present in the BM, secret-
ing a higher concentration of inflammatory cytokines.®® For
example, extended exposure to high levels of proinflammatory
signaling by ILs, that occurs during “emergency” hematopoiesis,
affects HSC differentiation during chronic inflammation,®®
although it is still unknown whether this is sensed directly by
the HSCs or conferred through alterations in BMME signaling.

MSCs decrease in number and functionality with aging, as
they become senescent,®” including a reduced capacity to dif-
ferentiate to osteogenic cells; instead, they produce an above-
normal ratio of adipocytes in the BMME.®® Increased adipose
tissue and ectopic deposition of lipids can remodel the niche
architecture, and increase inflammation in the BM, thereby
reducing niche function as has been observed by a lessened
capacity for hematopoietic reconstitution.?**°)

There is a well-described tendency toward the production of
myeloid cells by the aged hematopoietic system, referred to as
“myeloid bias”. Vascular remodeling occurs with aging in the
BM, and this manifests as a decreased number of arterioles with
fewer Nestin* MSCs to support the HSC niche.®” In addition, the
endosteal arterioles contract while the Notch ligand Jag2
increases at the sinusoids; together, this directs the location of
HSCs towards the sinusoidal niche.®” The arteriolar niche is pref-
erential to production of lymphoid progenitors from HSCs,®? so
this loss of arteriolar niche signaling contributes to the shift
toward myelopoiesis displayed in aging. Additionally, signaling
from the inflammatory cytokine “regulated on activation, normal
T cell expressed and secreted” (Rantes) has been found to pro-
mote myeloid bias in aged BM, and when aged HSCs are placed
in a young BMME the overproduction of myeloid cells is
reduced.®®

Aged macrophages play a role in the bias toward the produc-
tion of megakaryocytes by aged HSCs through increased IL-1p
production in the BM.®® The skewed myelopoiesis, and dysfunc-
tion of aged BM macrophages, also results in the accumulation of
senescent neutrophils in the BM, further driving HSC niche dys-
function in aging.®? Aged neutrophils that infiltrate the HSC
niche are dysfunctional in their homeostatic role in the clearance
of dying cells in the BM, and this distorts signaling that controls
the circadian-rhythm related egress of hematopoietic progeni-
tors to and from circulation.®®

Barriers to the study of the BMME

There are inherent difficulties when using murine models for
study of the leukemic initiation and progression in the BMME.
Cell specificity of the Cre strains is one such caveat to be aware
of when designing studies.®® Of note, it is unclear why hemato-
logic malignancy induced in mouse models by alterations to the
microenvironment has largely been of myeloid rather than lym-
phoid origin. Perhaps myeloid differentiation is more sensitive to
signals from the BMME, and therefore to microenvironmental
dysfunction. It is also possible that this occurs because many of
the deregulated BMME factors have included inflammatory cyto-
kines, which favor myeloid cell expansion.®” Alternatively, or
additionally, this may be due to the specific inbred strains of
mice used, typically C57BL/6; however, this strain has been more
commonly predisposed to the natural development of lymphoid
malignancies.®® Ultimately, the rationale behind these predis-
positions has not been elucidated; spontaneous and extrinsically
induced malignancies differ, and further research into the mech-
anisms of extrinsic and intrinsic leukemic initiation is still needed,
as well as confirming these findings on additional strains of mice.

Studying the contribution of the BMME to disease develop-
ment in humans has been hindered for multiple reasons; for
example, the leukemic cells express many of the same markers
that would be used to identify mature blood cells, and perform-
ing BM biopsies removes the cells from the architecture of the
niche and thereby away from the signals that drive dysfunction.
Because of such barriers to studying the role of the BMME
directly in leukemia patients, the majority of the research per-
formed has made use of murine models of disease. Therefore,
confirmation of these findings using human in vitro disease
models, and in human clinical studies, is paramount for transla-
tional applications. Nevertheless, these studies highlight the
importance of the BMME in the regulation of normal hematopoi-
esis, and present an intriguing potential for novel pharmacolog-
ical targets in leukemias.

Leukemic Progression and Chemoresistance

The BMME becomes dramatically altered during leukemia; this
has been demonstrated in multiple murine models of leukemia
and is very well-established in humans in hematological diseases
such as multiple myeloma, a malignancy of plasma cells.®® Many
of these changes, induced by the presence of malignant cells,
overlap with the types of BMME dysfunction that can initiate leu-
kemia; for example, abnormal cytokine signaling, MSC and
osteolineage cell dysfunction, and vascular remodeling occur in
MDS.7%" Such alterations support disease progression by pro-
viding a permissive environment for the replication of leukemic
cells, as well as a haven for leukemic stem cells (LSCs) at the
HSC niche during chemotherapy.

LSCs can escape chemotherapy at an HSC niche

Cancer stem cells (CSCs), which can self-renew and initiate a
malignancy, were first discovered in leukemia,”>”* and the con-
cept is now applied to many solid tumors. LSCs, also called
leukemia-initiating cells (LICs), are the CSCs of leukemia; they
can become quiescent at the HSC niche and escape chemother-
apy, and these cells must be eradicated in order to clear the dis-
ease from being able to reconstitute to relapse.”* They replicate
to produce more leukemic cells, although differentiation to nor-
mal hematopoietic lineages is blocked, producing an immature
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leukemic blast that may often express many markers of normal
blood cells but does not act functionally as a fully differentiated
hematopoietic cell.

Interaction with the BMME is capable of conferring chemo-
therapy resistance to malignant cells in the BM; leukemic cells
that reside near the endosteum are selectively retained following
treatment with chemotherapeutics.”> BM stromal cells have
been well-described to confer chemoresistance to AML cells, this
has been primarily reported using in vitro co-cultures.”®"® |n
in vivo models of both acute lymphoblastic leukemia (ALL) and
AML, very late antigen-4 (VLA-4)/vascular cell adhesion protein
1 (VCAM-1) signaling activated nuclear factor kB (NF-kB) in MSCs
and contributed to chemoresistance in LSC populations.”® How-
ever, the precise population of cells and molecular mechanisms
involved in chemoresistance have only recently begun to be
elucidated.

Cancer-associated fibroblasts (CAFs) have been found to sup-
port chemoresistance and, in the solid tumor microenvironment,
they correlate with poor prognosis.®® This has also been found
to occur in B cell acute lymphoblastic leukemia (B-ALL), where
CAFs are derived from MSCs®"; these CAFs transfer mitochon-
dria to B-ALL cells to rescue them from chemotherapy-induced
ROS stress, and this process is reversible by using microtubule
inhibitors. Furthermore, CAFs have been previously implicated
to be supportive in the pathology of multiple myeloma.®? The
concept that there are different subsets of fibroblasts, where
some have an immunosuppressive phenotype while others do
not support cancer progression, may be applicable to other cell
types in the microenvironment. This is an expanding area of
research, especially as the use of new methods, such as single-
cell RNA sequencing technology, emerges.

ECs have been shown to maintain chronic myelogenous leu-
kemia (CML)-initiating cells in a more quiescent state in a murine
model, and targeting the adhesion molecule E-selectin on vascu-
lature may be a novel way to improve disease progression in
myeloid leukemia.®® Inhibition of E-selectin in combination with
imatinib treatment has been shown to prolong survival of mice
with CML.%% A similar phenomenon was also observed in AML,
with E-selectin inhibition coupled with chemotherapy, where
leukemic mice doubled their survival time compared to animals
receiving chemotherapy alone.®” Furthermore, ECs have been
shown to produce large amounts of microRNA-126 (miR-126) in
CML, and targeting of miR-126 enhances the effectiveness of
tyrosine kinase inhibitors, thereby reducing LSC populations in
human CML xenografts.®® Additionally, the expression of
CXCL12 by ECs has been shown to be important in the mainte-
nance and chemoresistance of T cell acute lymphoblastic leuke-
mia (T-ALL).8® Thus, EC and MSC interactions with LSC
populations highlight a therapeutic opportunity to improve
response to traditional chemotherapy and reduce the rate of
relapse.

Inflammatory signals promote leukemic progression

In a model of CML, transgenic mice expressing the BCR/ABL (Phil-
adelphia Chromosome) translocation in hematopoietic stem and
progenitor cells (HSPCs) displayed BMME dysfunction that selec-
tively supports LSCs over normal HSPCs.®” This altered support
was attributable to the presence of high concentrations of the
inflammatory chemokines CCL3/MIP-1ac and CCL4/MIP-1p, as
well as the cytokines IL-1q, IL-1B, and tumor necrosis factor o
(TNF-a), in the BM of leukemic mice.®” CCL3 was also produced
by a basophil lineage cell and was critical for maintenance of an

LSC population during CML.®88% CCL3 has been shown to medi-
ate microenvironmental support for LSCs by causing a severe
osteoblastic defect in a murine model of blast crisis CML (bcCML)
that is suggested to be CCL3 dependent.*® Furthermore, it also
alters differentiation of MSCs to produce an expanded and func-
tionally deficient OB population during chronic-phase CML.®”
Loss of osteoblastic cells has previously been shown to result in
accelerated leukemic progression in a CML model, suggesting
that leukemia-induced osteoblastic dysfunction contributes to
microenvironmental support for leukemic cells.'? Finally, inhibi-
tion of CCL3 signaling in the BMME reduced leukemic burden in
a murine bcCML model, when mice were treated with Maraviroc,
a US Food and Drug Administration (FDA)-approved CCR5 inhib-
itor (a receptor for CCL3), using a BM targeted nanoparticle deliv-
ery system.®"

LSCs produce TNF-o, and this upregulates the NF-kB pathway
in an autocrine manner, worsening disease progression in AML
and CML.®*** Furthermore, leukemic cells can polarize macro-
phages to a leukemia-supportive phenotype through growth
factor independence 1 (Gfi1),® a transcription factor necessary
for the regulation of normal hematopoiesis that has been previ-
ously linked to leukemic development.®>®

Increased inflammation supports chemoresistance

When crosstalk between macrophages and MSCs is dysregulated
in disease, it can promote retention of LSCs and escape from che-
motherapy.®” It has been shown that a depletion of macro-
phages mobilizes HSCs,®® demonstrating their role in
controlling HSC retention. Macrophages secrete inflammatory
prostaglandin E2, signaling to Nestin™ MSCs to secrete CXCL12,
Ang-1, and VCAM-1,"%9%) which are HSC/LSC retention factors
and control HSC homing as shown in live tracking studies."®”
Monocytes expressing alpha-smooth muscle actin (a«-SMA™) also
stimulate the same prostaglandin E2 signaling to Nestin®
MSCs."°" Therefore, increased concentrations of CXCL12 in the
BM may lessen the normal mobilization of HSCs, as well as leuke-
mic cells, leading to retention in the BM and resistance to
chemotherapy.®”

Around one-third of CD4" T cells in the BM are regulatory T
cells (Tregs) (CD4™, CD25™, FOXP3™), as compared to approxi-
mately one-tenth of the cells present in the spleen.'®? Tregs
suppress myeloid differentiation of HSPCs, where they colocalize
in the endosteum, and have been shown to regulate normal B
cell lymphopoiesis.'® However, the presence of a higher per-
centage of Tregs in the BM can lead to an immune permissive
environment where less immune cells will effectively attack the
leukemic cells,"® and this may provide some resistance to
immunotherapy.

Microenvironmental Alterations Cause a Loss of
Normal Hematopoiesis

Changes in the BMME occur with the development of hemato-
logical malignancies, leading to HSC niche dysfunction, and,
thereby, result in the loss of normal hematopoiesis. Signals from
leukemic cells lead to BMME remodeling, and the creation of a
self-reinforcing leukemic niche through positive feedback signal-
ing loops. The loss of normal hematopoiesis may eventually
cause pancytopenia, hemorrhage, and infections, leading to
much of the morbidity and symptoms associated with leuke-
mias. Therefore, research of the BMME in hematological
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malignancies is lending to the development of
“nichotherapies”,"® in concert with chemotherapies, to
improve prognosis by slowing disease progression and retaining

support for normal hematopoiesis.

The endosteal niche is remodeled by malignancy

In an immunocompetent mouse model of AML, OBs were signif-
icantly inhibited by a factor secreted by the leukemic cells, sug-
gested to be the chemokine CCL3, that was also confirmed to
be increased in the BM of primary patient samples of AML.?%
Additionally, during a murine model of myeloproliferative neo-
plasia, MSCs differentiated into functionally-altered osteoblastic
lineage cells due to signals from leukemic myeloid cells that
include TPO and CCL3, among other local paracrine signals, driv-
ing the expansion of the osteoblastic lineage cells. This creates
an endosteal leukemic niche that supports inflammation and
fibrosis, while losing important hematopoietic signals such as
transforming growth factor § (TGF-B) and other HSC retention
factors,®? favoring LSCs over normal HSCs. Because the chemo-
kine CCL3 has been demonstrated to be involved in BM microen-
vironmental dysfunction in multiple leukemic models and is not
critical for the maintenance of non-leukemic HSCs,®? it could be
an intriguing therapeutic target.

To date, the nature of the cell types that form the endosteal
niche is not clear. A recent study described that there are at least
five different types of skeletal-derived cell types that line endos-
teal surfaces, four of these co-express CD517, lack Sca-1 expres-
sion, and can be further subdivided by their expression of
platelet-derived growth factor receptor o (PDGFRa) and
PDGFRP.?? These four novel skeletal cell types have been shown
to have distinct functional potential, including support of B lym-
phopoiesis, and some of these cell types express high levels of
HSC regulatory molecules. Multiplex immunofluorescence stud-
ies revealed that the four populations of CD51" Sca-1~ cells
localized to the growth plate and/or trabecular, but not cortical,
endosteal bone surfaces in tibias of mice. Furthermore, mature
cuboidal osteoblasts lined trabecular and cortical bone and were
shown to be CD517.? Hence, there are a hierarchy of cell types
that line the endosteal surface and further studies of their roles in
regulating hematopoiesis, including HSCs, and their responses to
hematopoietic malignancies are warranted.

Leukemic exosomes secreting messenger RNAs (mRNAs) to
the microenvironment in AML remodel the HSC niche."®> When
mice were preconditioned with leukemic exosomes in the BM,
the disease progressed more rapidly, and osteolineage cells
had blunted development through the induction of Dickkopf
Wnt signaling pathway inhibitor 1 (DKK1) overexpression. Addi-
tionally, factors that support the normal HSC niche, including
CXCL12, were downregulated in stromal cells after exposure to
AML-derived exosomes, suppressing normal hematopoiesis
and promoting a niche that is more permissive to malignant cell
growth.

Intravital microscopy studies using a mouse model of T-ALL
revealed that the leukemic cells destroyed OBs, thereby altering
the endosteal niche.'%® A loss of OBs was also observed in sec-
tions of human T-ALL BM trephine biopsies. Moreover, SNS sig-
naling is disrupted due to development of sympathetic
neuropathy in an mixed lineage leukemia (MLL)/AF9 model of
AML,1%” leading to niche dysfunction by reducing differentia-
tion of Nestin™ MSCs, a key perivascular cell signal for HSC self-
renewal and maintenance. Such SNS signaling is also perturbed
in myeloproliferative neoplasms (MPNs) in humans, and the

ablation of Nestin™ MSCs caused an expansion of myeloprolifer-
ative progenitor populations in a mouse model of MPN.('%®
The endosteal vascular niche is remodeled in a murine model
of AML by leukemia cell-secreted anti-angiogenic and inflamma-
tory cytokines including TNF and CXCL2.® Together, these
impair the ability to sustain normal hematopoiesis as the endos-
teal niche loses cells that support normal HSC maintenance, due
to damage to stromal cells, ECs, and OBs. The use of therapeutic
deferoxamine or genetic targeting to protect the endosteal vas-
culature was able to rescue some HSC loss and slow disease pro-
gression, highlighting the importance of endosteal vasculature
to contribute to a normal functioning endosteal HSC niche. Addi-
tionally, leukemic precursor cells caused remodeling of the niche
by CLXL12 reduction, leading to a growth advantage to ALL cells
over normal hematopoietic cells in a human ex vivo co-culture
study."% Finally, a common complication after therapies such
as chemotherapy or radiation is the bone loss secondary to

inflammation, altering the production of myeloid lineage
cells #1119

Chronic inflammation contributes aberrant signals

During long-term stress response, caused by a lack of mature
blood cells during leukemia, and/or by the loss of blood cells
after chemotherapy, HSPCs are prompted to increase blood cell
production by responding to incoming inflammatory signals
and cytokines, such as IFNs.""" This stimulates “emergency”
hematopoiesis, especially for short-lived cells such as granulo-
cytes that cannot undergo clonal expansion.”'? In mouse
models of BMME-induced blood cell malignancies an inflamma-
tory phenotype has also been observed, such as in the RAR-y and
Rb deficient mice.®**" However, chronic signaling for such
hematopoiesis can lead to HSC exhaustion, and/or a loss of the
HSC pool, where HSCs are no longer able to self-renew to pro-
duce the primary differentiated cells that are the progenitors to
the lymphoid and myeloid Iineages.“m Therefore, inflammatory
signals from immune cells may contribute to a loss of hemato-
poiesis when these signals are prolonged in the BMME during
leukemia.

Chronic proinflammatory responses can increase the number
of active HSCs that have decreased functionality.” ' During dis-
ease, antigens on leukemic cells can activate T cells to become
effector T cells (CD8™), and it has been shown that some T cells
may be activated to attack leukemic cells,""" though this is
dampened in an immune permissive environment when high
levels of Tregs are present during leukemias."'® Cytotoxic effec-
tor CD8™ T cells (CTLs) also secrete the proinflammatory cytokine
IFN-y, which can directly and/or indirectly stimulate HSPCs to
proliferate; for example, IFN-y activates MSCs to secrete IL-6,
which in turn has been shown to induce proliferation of LSCs in
a murine CML model.""” Immune cells also produce IL-6, such
as T cells and B cells, and IL-6 signaling has been shown to pro-
gress disease in a CML model through a paracrine proinflamma-
tory positive feedback loop."®

The inflammatory cytokine IFN-y is secreted by activated T
cells and macrophages during normal immune response, and it
can also stimulate quiescent HSCs to actively replicate." " Fur-
thermore, elevated IFN-y has negative impacts on the stemness
and engrafting capabilities of HSCs, while increasing prolifera-
tion of HSPCs.'?? The signaling from IFN-y stimulates the
expression of BST2, an E-selectin ligand, on HSCs, leading them
to move away from the CAR cells that are vital to retain their qui-
escence.'?V Additionally, HSPCs with mutant DNMT3a are
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particularly responsive to IFN-y signaling, a mechanism that
allows them to drive premalignant clonal hematopoiesis.!'*?
Both T cells and B cells also secrete TNF-a, a major proinflamma-
tory cytokine, which, like IFN-y, has been shown to repress func-
tional hematopoiesis,’?® and these cell types are persistent
during chronic inflammation. Both TNF-a and IFN-y have been
shown to be elevated in patients with MDS."%¥

The HSC niche microenvironment is affected across
leukemia types

These studies support the concept that the recovery of normal
hematopoiesis from leukemia-induced impairment requires
not only elimination of leukemic cells, but also restoration of
the normal BMME; combination therapies that include target-
ing the microenvironment will add benefit over traditional
chemotherapy to leukemic cells. Additionally, although a
large variety of cell populations are involved in BM dysfunc-
tion during leukemia, there are consistent features that
emerge, namely the involvement of MSCs, osteolineage cells,
and ECs, and inflammatory signaling, suggesting that thera-
peutic targets may exist that would be effective across multi-
ple leukemic subtypes.

Conclusions

The studies reviewed herein, largely performed in mouse
models, reveal that leukemias of both myeloid and lymphoid ori-
gin reside in the BM and interact extensively with the BMME. The
cellular populations and several molecular mechanisms involved
in leukemic progression also often overlap, with mesenchymal
lineage cells and endothelial cells being common targets of
leukemia-derived inflammatory signals (CCL3, TNF, CXCL12)
identified across multiple leukemic subtypes. Therefore, contin-
ued investigation into these possible novel therapeutic targets
that have the potential to affect multiple subtypes of leukemia
is critical.

Hindering these research efforts is the lack of a reliable in vitro
model of the human leukemic BMME, although there are models
that have moved the field closer to being able to mimic the
human leukemic BMME. One such model used subcutaneous
humanized ossicles to engraft human HSPCs and primary AML
samples in mice with a more relevant human BMME."?> This
model and the development of others will be useful in the valida-
tion of findings generated in mouse models, with a direction to
translational human studies.

To note, BMME-induced hematological malignancies, in
murine research, have resulted primarily in MPS-like disease that
in some cases can progress to fully transformed acute leukemia,
and do not typically result in a de novo AML/ALL. Therefore, we
propose that some hematopoietic malignancies may be able to
be induced extrinsically, and in others, the BMME alterations
are in addition to pathogenesis from cell-intrinsic mechanisms
leading to disease development. Here, the leukemia develops
and then benefits from BMME dysfunction. Regardless, what
has become clear is that virtually every hematopoietic malig-
nancy involves the BMME in some fashion, including: initiation,
progression, resistance to chemotherapy, and suppression of
normal hematopoiesis, making the leukemic BMME a prime tar-
get for future research.

Acknowledgments

This review was supported in part by grants from the National
Health and Medical Research Council of Australia grant
1158608 (to Louise E. Purton) and the Victorian State Govern-
ment Operational Infrastructure Support Program (to St. Vin-
cent’s Institute), by the Cancer Research UK Program
Foundation Award C36195/A26770 and Wellcome Trust Investi-
gator Award in Science 212304/Z/18/Z (to Cristina Lo Celso),
and pilot funding from the Cancer Microenvironment Research
Program at the Wilmot Cancer Institute (to Benjamin J. Frisch).

Disclosures

Celia A. Soto, Cristina Lo Celso, Louise E. Purton, and Benjamin J.
Frisch have no real or potential conflicts of interest to declare.

Author contributions

Celia A. Soto, Cristina Lo Celso and Louise E. Purton wrote,
reviewed and edited the manuscript. Benjamin J. Frisch wrote,
reviewed and edited the manuscript while supervising all
aspects of manuscript preparation.

Peer review

The peer review history for this article is available at https://
publons.com/publon/10.1002/jbm4.10516.

References

1. Till JE, McCulloch EA. A direct measurement of the radiation sensi-
tivity of normal mouse bone marrow cells. Radiat Res. 1961;14(2):
213-222.

2. Schofield R. The relationship between the spleen colony-forming
cell and the haemopoietic stem cell. Blood Cells. 1978;4(1-2):7-25.

3. Lord B, Testa N, Hendry J. The relative spatial distributions of CFUs
and CFUc in the normal mouse femur. Blood. 1975;46(1):65-72.

4. Asada N, Kunisaki Y, Pierce H, et al. Differential cytokine contribu-
tions of perivascular haematopoietic stem cell niches. Nat Cell Biol.
2017;19(3):214-223.

5. Greenbaum A, Hsu Y-MS, Day RB, et al. CXCL12 in early mesenchy-
mal progenitors is required for haematopoietic stem-cell mainte-
nance. Nature. 2013;495(7440):227-230.

6. Mendez-Ferrer S, Michurina TV, Ferraro F, et al. Mesenchymal and
haematopoietic stem cells form a unique bone marrow niche.
Nature. 2010;466(7308):829-834.

7. Kunisaki Y, Bruns |, Scheiermann C, et al. Arteriolar niches maintain
haematopoietic stem cell quiescence. Nature. 2013;502(7473):
637-643.

8. Acar M, Kocherlakota KS, Murphy MM, et al. Deep imaging of bone
marrow shows non-dividing stem cells are mainly perisinusoidal.
Nature. 2015;526(7571):126-130.

9. Fang S, Chen S, Nurmi H, et al. VEGF-C protects the integrity of the
bone marrow perivascular niche in mice. Blood. 2020;136(16):
1871-1883.

10. Bowers M, Zhang B, Ho Y, Agarwal P, Chen CC, Bhatia R. Osteoblast
ablation reduces normal long-term hematopoietic stem cell self-
renewal but accelerates leukemia development. Blood. 2015;125
(17):2678-2688.

11. Calvi LM, Adams GB, Weibrecht KW, et al. Osteoblastic cells requlate
the haematopoietic stem cell niche. Nature. 2003;425(6960):
841-846.

JBMR® Plus

FROM THE NICHE TO MALIGNANT HEMATOPOIESIS 7 of 10


https://publons.com/publon/10.1002/jbm4.10516
https://publons.com/publon/10.1002/jbm4.10516

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Zhang J, Niu C, Ye L, et al. Identification of the haematopoietic stem
cell niche and control of the niche size. Nature. 2003;425(6960):
836-841.

Zhu J, Garrett R, Jung Y, et al. Osteoblasts support B-lymphocyte
commitment and differentiation from hematopoietic stem cells.
Blood. 2007;109(9):3706-3712.

Chow A, Lucas D, Hidalgo A, et al. Bone marrow CD169+ macro-
phages promote the retention of hematopoietic stem and progen-
itor cells in the mesenchymal stem cell niche. J Exp Med. 2011;208
(2):261-271.

. Bruns|, Lucas D, Pinho S, et al. Megakaryocytes regulate hematopoi-

etic stem cell quiescence through CXCL4 secretion. Nat Med. 2014;
20(11):1315-1320.

Fujisaki J, Wu J, Carlson AL, et al. In vivo imaging of Treg cells provid-
ing immune privilege to the haematopoietic stem-cell niche.
Nature. 2011;474(7350):216-219.

Heidt T, Sager HB, Courties G, et al. Chronic variable stress activates
hematopoietic stem cells. Nat Med. 2014;20(7):754-758.

Méndez-Ferrer S, Lucas D, Battista M, Frenette PS. Haematopoietic
stem cell release is regulated by circadian oscillations. Nature.
2008;452(7186):442-447.

Sacchetti B, Funari A, Michienzi S, et al. Self-renewing osteoprogeni-
tors in bone marrow sinusoids can organize a hematopoietic micro-
environment. Cell. 2007;131(2):324-336.

Zhou BO, Yue R, Murphy MM, Peyer JG, Morrison SJ. Leptin-recep-
tor-expressing mesenchymal stromal cells represent the main
source of bone formed by adult bone marrow. Cell Stem Cell. 2014;
15(2):154-168.

Sugiyama T, Kohara H, Noda M, Nagasawa T. Maintenance of the
hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signal-
ing in bone marrow stromal cell niches. Immunity. 2006;25(6):
977-988.

Green AC, Tjin G, Lee SC, et al. The characterization of distinct popu-
lations of murine skeletal cells that have different roles in B lympho-
poiesis [published online ahead of print March 30, 2021]. Blood.
https://doi.org/10.1182/blood.2020005865.

Yamazaki S, Ema H, Karlsson G, et al. Nonmyelinating Schwann cells
maintain hematopoietic stem cell hibernation in the bone marrow
niche. Cell. 2011;147(5):1146-1158.

Naveiras O, Nardi V, Wenzel PL, Hauschka PV, Fahey F, Daley GQ.
Bone-marrow adipocytes as negative regulators of the haemato-
poietic microenvironment. Nature. 2009;460(7252):259-263.

Zhou BO, Yu H, Yue R, et al. Bone marrow adipocytes promote the
regeneration of stem cells and haematopoiesis by secreting SCF.
Nat Cell Biol. 2017;19(8):891-903.

Arai F, Hirao A, Ohmura M, et al. Tie2/angiopoietin-1 signaling reg-
ulates hematopoietic stem cell quiescence in the bone marrow
niche. Cell. 2004;118(2):149-161.

Sitnicka E, Lin N, Priestley G, et al. The effect of thrombopoietin on
the proliferation and differentiation of murine hematopoietic stem
cells. Blood. 1996;87(12):4998-5005.

Ding L, Saunders TL, Enikolopov G, Morrison SJ. Endothelial and
perivascular cells maintain haematopoietic stem cells. Nature.
2012;481(7382):457-462.

Frisch BJ, Ashton JM, Xing L, Becker MW, Jordan CT, Calvi LM. Func-
tional inhibition of osteoblastic cells in an in vivo mouse model of
myeloid leukemia. Blood. 2012;119(2):540-550.

Staversky RJ, Byun DK, Georger MA, et al. The chemokine CCL3 reg-
ulates myeloid differentiation and hematopoietic stem cell num-
bers. Sci Rep. 2018;8(1):14691.

Goncalves KA, Silberstein L, Li S, et al. Angiogenin promotes hema-
topoietic regeneration by dichotomously regulating quiescence of
stem and progenitor cells. Cell. 2016;166(4):894-906.

Itkin T, Gur-Cohen S, Spencer JA, et al. Distinct bone marrow blood
vessels differentially regulate haematopoiesis. Nature. 2016;532
(7599):323-328.

Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz OH, Terhorst C, Morrison SJ.
SLAM family receptors distinguish hematopoietic stem and

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

progenitor cells and reveal endothelial niches for stem cells. Cell.
2005;121(7):1109-1121.

Spencer JA, Ferraro F, Roussakis E, et al. Direct measurement of local
oxygen concentration in the bone marrow of live animals. Nature.
2014;508(7495):269-273.

Wang A, Zhong H. Roles of the bone marrow niche in hematopoie-
sis, leukemogenesis, and chemotherapy resistance in acute myeloid
leukemia. Hematology. 2018;23(10):729-739.

Balderman SR, Li AJ, Hoffman CM, et al. Targeting of the bone mar-
row microenvironment improves outcome in a murine model of
myelodysplastic syndrome. Blood. 2016;127(5):616-625.

Barbier V, Erbani J, Fiveash C, et al. Endothelial E-selectin inhibition
improves acute myeloid leukaemia therapy by disrupting vascular
niche-mediated chemoresistance. Nat Commun. 2020;11(1):2042.

Duarte D, Hawkins ED, Akinduro O, et al. Inhibition of endosteal vas-
cular niche remodeling rescues hematopoietic stem cell loss in
AML. Cell Stem Cell. 2018;22(1):64-77 .e6.

Walkley CR, Olsen GH, Dworkin S, et al. A microenvironment-
induced myeloproliferative syndrome caused by retinoic acid
receptor gamma deficiency. Cell. 2007;129(6):1097-1110.

Daria D, Filippi MD, Knudsen ES, et al. The retinoblastoma
tumor suppressor is a critical intrinsic regulator for hematopoietic
stem and progenitor cells under stress. Blood. 2008;111(4):1894-
1902.

Walkley CR, Shea JM, Sims NA, Purton LE, Orkin SH. Rb regulates
interactions between hematopoietic stem cells and their bone mar-
row microenvironment. Cell. 2007;129(6):1081-1095.

Walkley CR, Orkin SH. Rb is dispensable for self-renewal and multi-
lineage differentiation of adult hematopoietic stem cells. Proc Natl
Acad Sci U S A. 2006;103(24):9057-9062.

Kode A, Manavalan JS, Mosialou |, et al. Leukaemogenesis induced
by an activating beta-catenin mutation in osteoblasts. Nature.
2014;506(7487):240-244.

Weber JM, Forsythe SR, Christianson CA, et al. Parathyroid hormone
stimulates expression of the Notch ligand Jagged1 in osteoblastic
cells. Bone. 2006;39(3):485-493.

Kim YW, Koo BK, Jeong HW, et al. Defective Notch activation in
microenvironment leads to myeloproliferative disease. Blood.
2008;112(12):4628-4638.

Raaijmakers MH, Mukherjee S, Guo S, et al. Bone progenitor dys-
function induces myelodysplasia and secondary leukaemia. Nature.
2010;464(7290):852-857.

Dong L, Yu WM, Zheng H, et al. Leukaemogenic effects of Ptpn11
activating mutations in the stem cell microenvironment. Nature.
2016;539(7628):304-308.

Zambetti NA, Ping Z, Chen S, et al. Mesenchymal inflammation drives
genotoxic stress in hematopoietic stem cells and predicts disease evo-
lution in human pre-leukemia. Cell Stem Cell. 2016;19(5):613-627.

Yao L, Yokota T, Xia L, Kincade PW, McEver RP. Bone marrow dys-
function in mice lacking the cytokine receptor gp130 in endothelial
cells. Blood. 2005;106(13):4093-4101.

Abelson S, Collord G, Ng SWK, et al. Prediction of acute myeloid leu-
kaemia risk in healthy individuals. Nature. 2018;559(7714):400-404.

Chen Y, Wang H, Kantarjian H, Cortes J. Trends in chronic myeloid
leukemia incidence and survival in the United States from 1975 to
2009. Leuk Lymphoma. 2013;54(7):1411-1417.

Shanafelt TD, Rabe KG, Kay NE, et al. Age at diagnosis and the utility
of prognostic testing in patients with chronic lymphocytic leuke-
mia. Cancer. 2010;116(20):4777-4787.

Turesson |, Velez R, Kristinsson SY, Landgren O. Patterns of multiple
myeloma during the past 5 decades: stable incidence rates for all
age groups in the population but rapidly changing age distribution
in the clinic. Mayo Clin Proc. 2010;85(3):225-230.

Bowman RL, Busque L, Levine RL. Clonal hematopoiesis and evolu-

tion to hematopoietic malignancies. Cell Stem Cell. 2018;22(2):
157-170.

Josephson AM, Bradaschia-Correa V, Lee S, et al. Age-related inflam-
mation triggers skeletal stem/progenitor cell dysfunction. Proc Nat!
Acad Sci U S A. 2019;116(14):6995-7004.

MW 8of10

SOTO ET AL.

JBMR Plus (WOA)


https://doi.org/10.1182/blood.2020005865

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Pietras EM, Mirantes-Barbeito C, Fong S, et al. Chronic interleukin-1
exposure drives haematopoietic stem cells towards precocious
myeloid differentiation at the expense of self-renewal. Nat Cell Biol.
2016;18(6):607-618.

Zhou S, Greenberger JS, Epperly MW, et al. Age-related intrinsic
changes in human bone-marrow-derived mesenchymal stem cells
and their differentiation to osteoblasts. Aging Cell. 2008;7(3):
335-343.

Ambrosi TH, Scialdone A, Graja A, et al. Adipocyte accumulation in
the bone marrow during obesity and aging impairs stem cell-based
hematopoietic and bone regeneration. Cell Stem Cell. 2017;20(6):
771-784.e6.

Mancuso P, Bouchard B. The impact of aging on adipose function
and adipokine synthesis. Front Endocrinol (Lausanne). 2019;10:137.

Ho Y-H, del Toro R, Rivera-Torres J, Remodeling of bone marrow
hematopoietic stem cell niches promotes myeloid cell expansion
during premature or physiological aging. Cell Stem Cell. 2019;25(3):
407-418.e406.

Kusumbe AP, Ramasamy SK, Itkin T, et al. Age-dependent modula-
tion of vascular niches for haematopoietic stem cells. Nature.
2016;532(7599):380-384.

Ding L, Morrison SJ. Haematopoietic stem cells and early lymphoid
progenitors occupy distinct bone marrow niches. Nature. 2013;495
(7440):231-235.

Ergen AV, Boles NC, Goodell MA. Rantes/Ccl5 influences hematopoi-
etic stem cell subtypes and causes myeloid skewing. Blood. 2012;
119(11):2500-2509.

Frisch BJ, Hoffman CM, Latchney SE, et al. Aged marrow macro-
phages expand platelet-biased hematopoietic stem cells via
interleukin-1B. JC/ Insight. 2019;5(10):e124213.

Casanova-Acebes M, Pitaval C, Weiss LA, et al. Rhythmic modulation
of the hematopoietic niche through neutrophil clearance. Cell.
2013;153(5):1025-1035.

Joseph C, Quach JM, Walkley CR, Lane SW, Lo Celso C, Purton LE.
Deciphering hematopoietic stem cells in their niches: a critical
appraisal of genetic models, lineage tracing, and imaging strate-
gies. Cell Stem Cell. 2013;13(5):520-533.

Pietras EM. Inflammation: a key regulator of hematopoietic stem cell
fate in health and disease. Blood. 2017;130(15):1693-1698.

Rivina L, Davoren MJ, Schiestl RH. Mouse models for radiation-
induced cancers. Mutagenesis. 2016;31(5):491-509.

Kumar SK, Rajkumar V, Kyle RA, et al. Multiple myeloma. Nat Rev Dis
Primers. 2017;3:17046.

Li AJ, Calvi LM. The microenvironment in myelodysplastic syn-
dromes: niche-mediated disease initiation and progression. Exp
Hematol. 2017;55:3-18.

Medyouf H, Mossner M, Jann JC, et al. Myelodysplastic cells in
patients reprogram mesenchymal stromal cells to establish a trans-
plantable stem cell niche disease unit. Cell Stem Cell. 2014;14(6):
824-837.

Lapidot T, Sirard C, Vormoor J, et al. A cell initiating human acute
myeloid leukaemia after transplantation into SCID mice. Nature.
1994,367(6464):645-648.

Park CH, Bergsagel DE, McCulloch EA. Mouse myeloma tumor stem
cells: a primary cell culture assay. J Natl Cancer Inst. 1971;46(2):
411-422.

Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and
cancer stem cells. Nature. 2001;414(6859):105-111.

Ishikawa F, Yoshida S, Saito Y, et al. Chemotherapy-resistant human
AML stem cells home to and engraft within the bone-marrow end-
osteal region. Nat Biotechnol. 2007;25(11):1315-1321.

Bendall LJ, Daniel A, Kortlepel K, Gottlieb DJ. Bone marrow adherent
layers inhibit apoptosis of acute myeloid leukemia cells. Exp Hema-
tol. 1994;22(13):1252-1260.

Manabe A, Coustan-Smith E, Behm FG, Raimondi SC, Campana D.
Bone marrow-derived stromal cells prevent apoptotic cell death in
B-lineage acute lymphoblastic leukemia. Blood. 1992;79(9):2370-
2377.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

Panayiotidis P, Jones D, Ganeshaguru K, Foroni L, Hoffbrand AV.
Human bone marrow stromal cells prevent apoptosis and support
the survival of chronic lymphocytic leukaemia cells in vitro. Br J Hae-
matol. 1996;92(1):97-103.

Jacamo R, Chen Y, Wang Z, et al. Reciprocal leukemia-stroma VCAM-
1/VLA-4-dependent activation of NF-kappaB mediates chemoresis-
tance. Blood. 2014;123(17):2691-2702.

Kieffer Y, Hocine HR, Gentric G, et al. Single-cell analysis reveals
fibroblast clusters linked to immunotherapy resistance in cancer.
Cancer Discov. 2020;10(9):1330-1351.

BurtR, Dey A, Aref S, et al. Activated stromal cells transfer mitochon-
dria to rescue acute lymphoblastic leukemia cells from oxidative
stress. Blood. 2019;134(17):1415-1429.

Frassanito MA, Rao L, Moschetta M, et al. Bone marrow fibroblasts
parallel multiple myeloma progression in patients and mice:
in vitro and in vivo studies. Leukemia. 2014;28(4):904-916.

Haltalli MLR, Lo Celso C. Targeting adhesion to the vascular niche to
improve therapy for acute myeloid leukemia. Nat Commun. 2020;11
(1):3691.

Godavarthy PS, Kumar R, Herkt SC, et al. The vascular bone marrow
niche influences outcome in chronic myeloid leukemia via the E-
selectin - SCL/TAL1 - CD44 axis. Haematologica. 2020;105(1):
136-147.

Zhang B, Nguyen LXT, Li L, et al. Bone marrow niche trafficking of
miR-126 controls the self-renewal of leukemia stem cells in chronic
myelogenous leukemia. Nat Med. 2018;24(4):450-462.

Pitt LA, Tikhonova AN, Hu H, et al. CXCL12-producing vascular endo-
thelial niches control acute T cell leukemia maintenance. Cancer
Cell. 2015;27(6):755-768.

Zhang B, Ho YW, Huang Q, et al. Altered microenvironmental regu-
lation of leukemic and normal stem cells in chronic myelogenous
leukemia. Cancer Cell. 2012;21(4):577-592.

Baba T, Naka K, Morishita S, Komatsu N, Hirao A, Mukaida N. MIP-
1alpha/CCL3-mediated maintenance of leukemia-initiating cells in
the initiation process of chronic myeloid leukemia. J Exp Med.
2013;210(12):2661-2673.

Baba T, Tanabe Y, Yoshikawa S, et al. MIP-1alpha/CCL3-expressing
basophil-lineage cells drive the leukemic hematopoiesis of chronic
myeloid leukemia in mice. Blood. 2016;127(21):2607-2617.

Schepers K, Pietras EM, Reynaud D, et al. Myeloproliferative neopla-
sia remodels the endosteal bone marrow niche into a self-
reinforcing leukemic niche. Cell Stem Cell. 2013;13(3):285-299.

Ackun-Farmmer MA, Soto CA, Lesch ML, et al. Reduction of leukemic
burden via bone-targeted nanoparticle delivery of an inhibitor of C-
chemokine (C-C motif) ligand 3 (CCL3) signaling. FASEB J. 2021;35
(4):221402.

Gallipoli P, Pellicano F, Morrison H, et al. Autocrine TNF-a produc-
tion supports CML stem and progenitor cell survival and enhances
their proliferation. Blood. 2013;122(19):3335-3339.

Kagoya Y, Yoshimi A, Kataoka K, et al. Positive feedback between
NF-kB and TNF-a promotes leukemia-initiating cell capacity. J Clin
Invest. 2014;124(2):528-542.

Al-Matary YS, Botezatu L, Opalka B, et al. Acute myeloid leukemia
cells polarize macrophages towards a leukemia supporting state
in a growth factor independence 1 dependent manner. Haematolo-
gica. 2016;101(10):1216-1227.

Moroy T, Vassen L, Wilkes B, Khandanpour C. From cytopenia to leu-
kemia: the role of Gfi1 and Gfi1b in blood formation. Blood. 2015;
126(24):2561-2569.

van der Meer LT, Jansen JH, van der Reijden BA. Gfi1 and Gfilb: key
regulators of hematopoiesis. Leukemia. 2010;24(11):1834-1843.

Agarwal P, Isringhausen S, Li H, et al. Mesenchymal niche-specific
expression of Cxcl12 controls quiescence of treatment-resistant leu-
kemia stem cells. Cell Stem Cell. 2019;24(5):769-784.€6.

Winkler IG, Sims NA, Pettit AR, et al. Bone marrow macrophages
maintain hematopoietic stem cell (HSC) niches and their depletion
mobilizes HSCs. Blood. 2010;116(23):4815-4828.

JBMR® Plus

FROM THE NICHE TO MALIGNANT HEMATOPOIESIS 9 of 10



99. Chow A, Huggins M, Ahmed J, et al. CD169+ macrophages provide 113. Sato T, Onai N, Yoshihara H, Arai F, Suda T, Ohteki T. Interferon reg-
a niche promoting erythropoiesis under homeostasis and stress. ulatory factor-2 protects quiescent hematopoietic stem cells from
Nat Med. 2013;19(4):429-436. type | interferon-dependent exhaustion. Nat Med. 2009;15(6):
100. Lo Celso C, Fleming HE, Wu JW, et al. Live-animal tracking of individ- 696-700.
ual haematopoietic stem/progenitor cells in their niche. Nature. 114. Chambers SM, Shaw CA, Gatza C, Fisk CJ, Donehower LA,
2009;457(7225):92-96. Goodell MA. Aging hematopoietic stem cells decline in function
101. Ludin A, Itkin T, Gur-Cohen S, et al. Monocytes-macrophages that and exhibit epigenetic dysregulation. PLoS Biol. 2007;5(8):e201.
express a-smooth muscle actin preserve primitive hematopoietic 115. Molldrem JJ, Lee PP, Wang C, et al. Evidence that specific T lympho-
cells in the bone marrow. Nat Immunol. 2012;13(11):1072-1082. cytes may participate in the elimination of chronic myelogenous
102. Zhao E, Xu H, Wang L, et al. Bone marrow and the control of immu- leukemia. Nat Med. 2000;6(9):1018-1023.
nity. Cell Mol Immunol. 2012;9(1):11-19. 116. Ustun C, Miller JS, Munn DH, Weisdorf DJ, Blazar BR. Regulatory T
lls i t | leukemia: is it time for i dula-
103. Pierini A, Nishikii H, B.akerJ, gt al. Foxp3+ regulatory T cells .ma.intain ;ins?lglzgz.ez(r)n1y1e;1(198e(:1;))tz1550§:_5eorg|5a. s It time forimmunomodula
the bone marrow microenvironment for B cell lymphopoiesis. Nat
Commun. 2017:8(1):15068. 117. Schirch C, Riether C, Amrein MA, Ochsenbein AF. Cytotoxic T cells
X . ) induce proliferation of chronic myeloid leukemia stem cells by
104. Levesque J-P, W|pkler IG, Raskq JEJ. Nichotherapy for stem cells: secreting interferon-y. J Exp Med. 2013:210(3):605-621.
there goes the neighborhood. Bioessays. 2013;35(3):183-190.
. . . 118. Reynaud D, Pietras E, Barry-Holson K, et al. IL-6 controls leukemic
105. Kumar B, Garcia M, Weng L, et al. Acute m)/e'O'd Iv.eul.<em|a. trans- multipotent progenitor cell fate and contributes to chronic myelog-
fgrms the bone marrow niche into a Iegkem|a—perm{55|ve microen- enous leukemia development. Cancer Cell. 2011;20(5):661-673.
vironment through exosome secretion. Leukemia. 2018;32(3): . ) )
575-587. 119. Baldridge MT, King KY, Boles NC, Weksberg DC, Goodell MA. Quies-
. . . cent haematopoietic stem cells are activated by IFN-y in response to
106. Hawkins ED, Duarte D, Akinduro O, et al. T-cell acute leukaemia chronic infection. Nature. 2010:465(7299):793-797.
exhibits dynamic interactions with bone marrow microenviron- . ] . . .
ments. Nature. 2016:538(7626):518-522. 120. Haltalli MLR, Watcham S, Wilson NK, et al. Manipulating niche com-
. i position limits damage to haematopoietic stem cells during plas-
107. |Har|10m Mrthagg D, Mlhzoguchl T, ethal- Acute myel?genous modium infection. Nat Cell Biol. 2020;22(12):1399-1410.
eukemia-induced sympathetic neuropathy promotes malignancy .
in an altered hematopoietic stem cell niche. Cell Stem Cell. 2014;15 121. Florez MA’. Mgtatall KA, Jeopg Y’ etal. In_terferon gamma mediates
(3):365-375 hematopoietic stem cell activation and niche relocalization through
A ’ \ 5. er Acuilera A M o 5 N ot BST2. Cell Rep. 2020;33(12):108530.
108. Arranz L, Sdnchez-Aguilera A, Martin-Pérez D, et al. Neuropathy o L. X
haematopoietic stem cell niche is essential for myeloproliferative 122. gg&?sagzhni:;’:%ggj o%flnjﬂ:cttai?r:l gﬁh;lehljekjsoﬂ;)icegirfc;; :Elze;t;ic’gn
| . Nature. 2014;512(7512):78-81. X e X A
neoplasms. Nature ( ) naling [published online ahead of print March 19, 2021]. Cell Stem
109. Balandran JC, Purizaca J, Enciso J, et al. Pro-inflammatory-related Cell. https://doi.org/10.1016/j.stem.2021.03.002.
loss of CXCL12 niche promotes acute lymphoblastic leukemic pro- . - )
gression at the expense of normal lymphopoiesis. Front Immunol. 123. Selleri C,Sato T, Ar)derson S, Young NS, Maciejewski JP. Interferon-y
3017:7:666. and tumor necrosis factor-a suppress both early and late stages of
! hematopoiesis and induce programmed cell death. J Cell Physiol.
110. Quach JM, Askmyr M, Jovic T, et al. Myelosuppressive therapies sig- 1995;165(3):538-546.
nificantly increase pro-inflammatory cytokines and directly cause 124. Rebel VI, Hartnett S, Hill GR, Lazo-Kallanian SB, Ferrara JLM, Sieff CA.
bone loss. J Bone Miner Res. 2015;30(5):886-897. . ) )
Essential role for the P55 tumor necrosis factor receptor in regulat-
111. Essers MA, Offner S, Blanco-Bose WE, et al. IFNalpha activates dor- ing hematopoiesis at a stem cell level. J Exp Med. 1999;190(10):1493-
mant haematopoietic stem cells in vivo. Nature. 2009;458(7240): 1504.
904-908. 125. Reinisch A, Thomas D, Corces MR, et al. A humanized bone marrow
112. Takizawa H, Boettcher S, Manz MG. Demand-adapted regulation of ossicle xenotransplantation model enables improved engraftment
early hematopoiesis in infection and inflammation. Blood. 2012;119 of healthy and leukemic human hematopoietic cells. Nat Med.
(13):2991-3002. 2016;22(7):812-821.
B 100f 10 SOTOETAL. JBMR Plus (WOA)


https://doi.org/10.1016/j.stem.2021.03.002

	From the niche to malignant hematopoiesis and back: reciprocal interactions between leukemia and the bone marrow microenvir...
	Introduction
	The bone marrow microenvironment is at the core of normal blood cell production
	Hematological malignancies have reciprocal interactions with BM cell signals

	Microenvironment Support for the Initiation of Malignant Hematopoiesis
	Aberrant signaling in the BMME can result in myeloproliferation
	Leukemogenesis can arise from alterations to various BM cells
	Aged BMME as a risk factor for leukemic initiation
	Barriers to the study of the BMME

	Leukemic Progression and Chemoresistance
	LSCs can escape chemotherapy at an HSC niche
	Inflammatory signals promote leukemic progression
	Increased inflammation supports chemoresistance

	Microenvironmental Alterations Cause a Loss of Normal Hematopoiesis
	The endosteal niche is remodeled by malignancy
	Chronic inflammation contributes aberrant signals
	The HSC niche microenvironment is affected across leukemia types

	Conclusions
	Acknowledgments
	Disclosures
	Author contributions
	Peer review

	References


