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Simple Summary: B cells are an essential component of the immune system and develop in the bone
marrow microenvironment. B-cell development is tightly regulated by the stromal cells, fat cells and
bone cells in this microenvironment. However, when B-cell malignancies arise, leukemic cells can
alter normal microenvironment functioning to aid their growth, survival and resistance to cytotoxic
therapies. This review summarizes the role of the bone marrow microenvironment in regulating
healthy B-cell development and B-cell acute lymphoblastic leukemia (B-ALL). Understanding of
how the microenvironment contributes to B-ALL pathogenesis and treatment failure will allow us to
devise microenvironment-targeted therapies for B-ALL in the future.

Abstract: B lymphopoiesis is characterized by progressive loss of multipotent potential in hematopoi-
etic stem cells, followed by commitment to differentiate into B cells, which mediate the humoral
response of the adaptive immune system. This process is tightly regulated by spatially distinct bone
marrow niches where cells, including mesenchymal stem and progenitor cells, endothelial cells,
osteoblasts, osteoclasts, and adipocytes, interact with B-cell progenitors to direct their proliferation
and differentiation. Recently, the B-cell niche has been implicated in initiating and facilitating B-cell
precursor acute lymphoblastic leukemia. Leukemic cells are also capable of remodeling the B-cell
niche to promote their growth and survival and evade treatment. Here, we discuss the major cellular
components of bone marrow niches for B lymphopoiesis and the role of the malignant B-cell niche in
disease development, treatment resistance and relapse. Further understanding of the crosstalk be-
tween leukemic cells and bone marrow niche cells will enable development of additional therapeutic
strategies that target the niches in order to hinder leukemia progression.

Keywords: B-cell development; B-cell acute lymphoblastic leukemia (B-ALL); bone marrow microen-
vironment (BMM); B-cell niche; bone marrow (BM); leukemia

1. Introduction

Hematopoiesis is a process whereby multipotent and self-renewing hematopoietic
stem cells (HSCs) progress to become mature lymphoid and myeloid blood cells in the bone
marrow (BM) through differentiation in a hierarchically-organized and tightly-regulated
manner. This process is sustained throughout life by a pool of quiescent and self-renewing
HSCs, which act as a reservoir for actively proliferating and differentiating cells [1]. B lym-
phopoiesis is characterized by progressive loss of multipotent potential in HSCs, followed
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by commitment to differentiate and form B cells, a group of antibody-producing cells
specialized in mediating the humoral response of the adaptive immune system. While
the exact stepwise process of hematopoiesis remains under debate, in summary, B lym-
phopoiesis begins with differentiation of HSCs into multipotent progenitors (MPPs), which
then give rise to lymphoid primed MPPs [2] and, subsequently, to common lymphoid
progenitors (CLPs) [3,4]. The commitment of CLPs towards B-cell lineage is designated by
expression of Ly6D, a surface marker that identifies the first stage of B-cell lineage-specific
development [5]. This is then followed by sequential differentiation of CLPs into pre-pro-B
cells, pro-B cells, large pre-B cells, small pre-B cells and immature B cells in the BM. These
populations are characterized by their expression of stage-specific surface receptors, adhe-
sion molecules and sequential recombination events, which lead to formation of the B-cell
receptor [6-8].

The BM microenvironment (BMM) plays a vital role in hematopoiesis and B-cell
development. It is a region enriched with arterioles, sinusoidal blood vessels, sympathetic
nerve fibers, and a myriad of BMM-derived regulatory signals, which control and define the
fate of the hematopoietic and mesenchymal cell lineages that reside within [1]. Importantly,
BM niches have been implicated in driving hematological malignancies, with essential
roles in disease development, progression and treatment resistance [9]. Thus, development
of therapeutic strategies that disrupt malignant cell-BM niche interactions is of significant
interest to scientists and clinicians. In this review, we discuss the cellular constituents of
these BM niches and their involvement in B lymphopoiesis. We also outline the role of these
niche cells in B-cell acute lymphoblastic leukemia (B-ALL) and the regulatory mechanisms
involved.

2. The Bone Marrow Microenvironment in B-Cell Development

B-cell development is regulated by spatially distinct BM niches. The current HSC
niche model consists of two distinct niches; endosteal and central, which are discernible by
their location and cellular composition. The endosteal niche is enriched with osteoblasts
and osteoclasts, and has recently been identified to contain transition zone blood vessels
composed of endothelial cells and surrounded by perivascular mesenchymal stem and
progenitor cells (MSPCs) [10]. In contrast, the central niche contains perisinusoidal and
periarteriolar blood vessels made up of endothelial cells and surrounded by perivascu-
lar MSPCs [10]. The endosteal and central niche both have roles in B-cell development.
(Figure 1)

2.1. The Endosteal B-Cell Niche

Using rat and mouse models, studies have provided anatomical evidence of a preferen-
tial localization of early B-cell precursors in the subendosteal region of the BM [11-14]. This
implies existence of an endosteal niche, where bone remodeling cells such as bone-forming
osteoblasts and bone-resorbing osteoclasts are localized, in addition to recently discovered
transition zone vessels. Interestingly, other studies have contradicted these findings, noting
that greater than 80% of CLPs were positioned >30 pm away from the endosteum [15].
While the importance of the endosteal niche in B lymphopoiesis remains under debate,
current findings suggest that several cell types in the endosteal niche have a specific role in
B-cell development (Figure 1).
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Figure 1. The progression of B-cell development within the bone marrow microenvironment.
Cells within the bone marrow microenvironment drive B lymphopoiesis by providing lineage instruc-
tive cues to B-cell progenitor populations. These cues are integrated at distinct developmental stages
as B-cell progenitors move between bone marrow niches. Abbreviations: C-X-C motif chemokine
ligand 12 (CXCL12); interleukin-7 (IL-7); stem cell factor (SCF); insulin-like growth factor-1 (IGF-1);
delta-like 4 (D114); Wnt Family Member 5A (Wnt5A); mesenchymal stem and progenitor cell (MSPC);
leptin receptor (LepR); CXCL12 abundant reticular (CAR); hematopoietic stem cell (HSC); common
lymphoid progenitor (CLP).

2.1.1. Osteoblasts

In recent years, the role of osteoblasts in B lymphopoiesis has been intensively investi-
gated. For instance, a study found that osteoblasts were able to induce lineage commitment
of primitive HSCs into IgM™* immature B cells during in vitro co-culture, providing evidence
of the supportive role of osteoblasts in B lymphopoiesis [16]. Furthermore, in vivo ablation
of both Collx1-2.3kb (Col2.3)-targeted mature osteoblasts [16,17] and osterix (Osx)-targeted
pre-osteoblasts [18,19] was found to impede B lymphopoiesis. Reduced B lymphopoiesis
was observed along with minimal perturbation to hematopoietic stem and progenitor cell
(HSPC) numbers, indicating a distinct regulatory influence on B-cell progenitor subsets
rather than HSPCs [16,18,19]. To gain further insight into the contribution of osteolineage
cells to B lymphopoiesis, various studies have conditionally attenuated expression of es-
sential B-cell niche factors, including CXC chemokine ligand 12 (CXCL12), interleukin-7
(IL-7), insulin-like growth factor-1 (IGF-1) and Wnt Family Member 5A (WNT5A), in osteo-
lineage cells.

CXCL12 has been identified as a major factor for B-cell development and is expressed
in osteolineage populations [11,20,21]. A profound impact on B lymphopoiesis was ob-
served with conditional deletion of Cxcl12 in pre-osteoblasts, mediated by the Osx-Cre
transgene, resulting in reduction of B lineage progenitors from the pre-pro-B differentia-
tion stage onwards [22]. However, this study noted that in Osx-Cre targeted mice, Cxcl12
expression was also reduced in the CXCL12 abundant reticular (CAR) cell population;
thus, the observed impact on B-lymphopoiesis could not be attributed to osteolineage cells
alone. Another study found that attenuating expression of Cxcl12 in mature osteoblasts
using Col2.3-Cre induced modest but significant reductions in early lymphoid committed
progenitor populations, but not in downstream B-cell progenitors [11]. In contrast, dele-



Cancers 2022, 14, 2089

4 of 27

tion of Cxcl12 in mineralizing mature osteoblasts, mediated by the osteocalcin (Ocn)-Cre
transgene, had no effect on the frequency of lymphoid progenitors [22]. These confounding
findings may be a result of the different transgenic models used to target mature osteoblasts
and, hence, recombination occurring in different populations of osteolineage cells. Overall,
while current evidence suggests that CXCL12 produced by early osteoprogenitors and,
to a lesser extent, COL2.3" mature osteoblasts may be important for B lymphopoiesis,
transgenic mouse models with the ability to target more specific osteolineage populations
will be essential for confirmation of these findings.

IL-7 is another important B-cell growth factor that is indispensable for differentia-
tion and maturation of B lymphocytes [23]. While mature osteoblasts do not appear to
provide an essential source of IL-7 to the B-cell niche [15], reduction of II7 expression in
the Osx-cre-targeted pre-osteoblastic population significantly impaired B lymphopoiesis at
multiple developmental stages in several studies [18,24-27]. Another cytokine, IGF-1, was
identified as a potential B-cell niche factor when it was observed to support the develop-
ment of pro-B cells from HSPCs in vitro [28]. The endosteal niche has been identified as
a potential source of this cytokine, with pre-osteoblasts [19] and COL2.3* osteoblasts [29]
both found to express IGF-1. Deletion of IGF-1 in OSX* cells was found to inhibit the pro-B
to pre-B transition, which suggests that pre-osteoblast-derived IGF-1 is indispensable for B
lymphopoiesis [19].

Wnt signaling has also been implicated in regulating hematopoiesis and B lym-
phopoiesis in the BM [30,31]. WNT5A is known to be expressed in the endosteal niche by
COL2.3* osteoblasts [29]. Furthermore, the osteoblast-specific impairment of Wnt protein
secretion, mediated by Wntless deficiency in Coll1-Cre transgenic mice, resulted in impaired
pro-B, pre-B and immature B cell numbers within the BM, and reduced IL-7 levels [31].
Although Wnt signaling is an important mediator of B lymphopoiesis in the endosteal niche,
it remains unclear whether Wnt proteins regulate B lymphopoiesis directly or indirectly
via modulation of other B-cell niche factors, and further research is required to address this
question. For example, Wnt is known to be a critical regulator of osteoblast formation [32];
therefore, impaired Wnt protein secretion may disrupt BM osteoblasts, thus altering the
endosteal B-cell niche and exerting an indirect impact on B lymphopoiesis.

Overall, whilst osteoprogenitors and osteoblasts are vitally important in B-cell de-
velopment through their production of lymphoid niche factors, their roles in this process
appear to be highly dependent on the stage of osteogenesis.

2.1.2. Osteocytes

Osteocytes are terminally-differentiated osteolineage cells that reside within the lacu-
nae of mineralized bone matrix. They comprise between 90-95% of all bone cells and con-
tribute to maintenance of bone homeostasis via interactions with osteoclasts and osteoblasts.
It has been reported that osteocytes are capable of modulating osteoclast differentiation
indirectly by influencing the expression of receptor activator of NF-kB ligand (Rankl) in
osteoblasts [33]. Furthermore, osteocytes can directly inhibit osteolineage differentiation
of mesenchymal progenitors and indirectly promote bone resorption via secretion of scle-
rostin [34]. Intriguingly, mice harboring a global deletion of sclerostin showed increased
osteoblast activity [35] and an osteopetrotic phenotype [36], which was accompanied by
decreased expression of Cxcl12 in BM stromal cells and elevated apoptosis of B-cell progeni-
tors in the BM [36]. It is worth noting that the same study also demonstrated that sclerostin
is primarily expressed in osteocytes and not in hematopoietic lineage cells, implicating a
non-cell autonomous impairment of B-cell differentiation by osteocytes. Similarly, condi-
tional ablation of the osteocyte population using transgenic mice engineered to express the
diphtheria toxin receptor under the dentin matrix protein 1 (Dmp1) promoter indirectly
induced lymphopenia by depleting lymphoid-supportive stroma in the BM [37]. Therefore,
it is plausible to conclude that osteocytes play a critical role in the regulation of B-cell niche
populations. Whether osteocytes can directly stimulate B-cell lymphopoiesis through direct
intercellular crosstalk remains to be investigated.
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2.1.3. Osteoclasts

Osteoclasts are large multinucleated cells that are responsible for breaking down bone
tissue during bone remodeling and repair. The differentiation and maturation of osteoclasts
is mediated largely by binding of RANKL to the receptor activator of NF-kB (RANK),
which is expressed on osteoclast precursors [38]. It has been reported that depletion of
osteoclasts within the BM via knock-out of RANKL [39] or its receptor RANK [40] can lead
to severe osteopetrosis, which is also accompanied by defects in B lymphopoiesis. In other
studies where osteoclast-mediated bone resorption was inhibited either through genetic
or pharmacological approaches, impairment to B lymphopoiesis was also detected [41,42].
This effect appeared to be caused by CXCL12 and IL-7 depletion in the B-cell niche, possibly
due to a reciprocal decrease in osteoblast differentiation as a result of abrogated osteoclastic
activity [42]. While it remains unclear whether osteoclasts can directly affect B-cell develop-
ment, several important matrix-derived B-cell niche factors such as IGF-1 [43] are known to
be activated and released into the BMM during bone resorption. The role that this process
plays in B lymphopoiesis is worthy of further investigation. Overall, current evidence of a
direct crosstalk mechanism between osteoclasts and B cells is lacking; however, the indirect
impact of osteoclastic activity on B lymphopoiesis through regulation of other B-cell niche
populations remains plausible.

2.2. The Central B-Cell Niche

The central BM niche comprises 90% of total BM volume and contains an extensive
vascular network, which is composed of a central artery and vein, as well as arterioles that
connect to a network of sinusoidal vessels via transition zone vessels at the endosteum [10].
These blood vessels are made up of endothelial cells, which are in contact with perivascular
MSPCs and sympathetic nerve fibers. Perivascular MSPCs are overlapping cell populations
that include CAR cells [21], leptin receptor (LepR*) MSPCs [44], nestin* MSPCs [45], neural
glial antigen 2 (NG2*) MSPCs [46] and PDGFR-«* Scal* (PaS) MSCs [47]. Additionally,
galectin-1" stromal cells [48] and adipocytes [49] are considered essential components of
this system. Collectively, these cells make up the central hematopoietic niche (Figure 1).

2.2.1. Perivascular MSPCs

Mesenchymal stem cells (MSCs) are known to possess tri-lineage differentiation po-
tential and are capable of giving rise to osteoblastic, adipocytic and chondrogenic cell
lineages in the BM. As these stem cells undergo differentiation, they transition into early
mesenchymal progenitor populations, which are capable of committing to a single lin-
eage, dictated by lineage-specific internal /external stimuli. The supportive role of these
MSPCs in hematopoiesis was illustrated over a decade ago by mouse studies, wherein sub-
cutaneous or sub-renal injection of MSPCs generated an ectopic BMM that supported host
hematopoiesis [50,51]. Furthermore, analysis of BM sections by microscopy has identified
that B-cell progenitors, at multiple developmental stages, are in contact with CAR cells [52],
LepR* MSPCs [53] and IL-7/CXCL12 expressing MSPCs [54], suggesting that these stromal
cells form an important niche that is supportive of B-cell development.

Identification of perivascular MSPC populations commonly relies on their close prox-
imity to the BM vasculature and expression of factors/markers such as LepR, nestin,
CXCL12, IL-7, stem cell factor (SCF), NG2 and paired-related homeobox 1 (PRX1) [8]. Trans-
genic reporters or conditional knockout mouse models that target promoter sequences of
MSPC-related genes enable these populations to be identified, ablated or their production
of certain niche factors silenced, thus allowing functional assessment of their roles in B
lymphopoiesis. A summary of these markers and cre-recombinase mouse strains has been
documented [8]. The conditional ablation of the CAR cell population through diphtheria
toxin receptor knock-in at the Cxcl12 locus resulted in significantly reduced CXCL12 and
SCF levels in the BM, reduced numbers of CLPs and pro-B cells, and increased apoptosis
and quiescence in the pro-B cell population [55]. These results demonstrated an essential
role for the CAR cell population in B lymphopoiesis.



Cancers 2022, 14, 2089

6 of 27

In the BMM, cytokines produced by perivascular MSPCs are indispensable for nor-
mal B-cell development. For instance, deletion of Cxc/12 in Prx1-Cre expressing stromal
cells, a cell population which includes LepR* MSPCs [56], CAR cells and osteoblasts [22],
significantly impaired B lymphopoiesis, as shown by reductions in B-cell progenitor popu-
lations in the BM [11,22]. Furthermore, conditional knock-out of Cxcl12 in a subset of the
LepR/CAR population using an [/7-Cre transgenic mouse model induced reductions in
HSCs and MPPs within the BM [15]. Similar findings were observed in a LepR-Cre mouse
model, with conditional deletion of Cxcl12 in LepR™ perivascular MSPCs impairing HSC
retention in the BM [11]. In contrast, Nestin-Cre mediated Cxcl12 deletion did not induce
any hematopoietic defects, indicating that the nestin® MSPC population does not provide
an essential source of this cytokine for hematopoiesis [11]. However, discrepancies between
the expression of nestin transgenes have been observed, with Nestin-GFP appearing to be
expressed in a different subpopulation of MSPCs compared to other nestin transgenes [44].
Therefore, the effect of Nestin-Cre-directed Cxcl12 deletion may not be representative of the
entire nestin* MSPC population. Interestingly, LepR* MSPCs have been reported to be a
major source of IL-7 in the BMM [15]. Deletion of II7 in a LepR-Cre transgenic model has
been shown to reduce the number of Ly6D* CLPs, leading to markedly-reduced lymphoid
progenitors in the BM and subsequent development of B lymphopenia [15]. In addition,
Prx1-Cre targeted deletion of 1I7 was also shown to affect B-cell development at the pro-B
stage [15]. Wnt ligand secretion by MSPCs has also been identified as an important factor
in the perivascular B-cell niche. Whntless ablation in a Nestin-Cre mouse model identified
that Wnt ligand production by nestin* MSPCs is important for B lymphopoiesis from the
pro-B stage of development onwards [31]. Another niche factor, connective tissue growth
factor (CTGF), was shown to be important for hematopoiesis, with Ctgf knock-out mice
exhibiting deficiencies in B lymphopoiesis [57]. Further investigation in vitro found that
in the presence of IL-7, CTGF facilitated the pro-B to pre-B transition and proliferation of
both progenitor populations. CTGF is expressed by BM stromal cells including MSCs and
CAR cells; thus, is likely to play an important role in the central B-cell niche [57]. However,
further work delineating stromal subtype-specific effects of CTGF on B lymphopoiesis is
needed. Finally, LepR-Cre specific deletion of Sc¢f in LepR* cells reduced HSC, MPP and CLP
numbers, while downstream progenitors remained unaffected [58]. Similarly, Cre-induced
knockout of Scf in IL-7* cells led to a reduction in HSC and MPP populations; however,
downstream progenitor numbers were not assessed [15]. Overall, these results suggest that
LepR* MSPCs, PRX1* MSPCs and CAR cells are important sources of CXCL12 and IL-7 for
B lymphopoiesis, while their production of SCF appears to be critical at earlier stages of B
lymphopoiesis.

It is important to note that earlier studies utilized markers for perivascular MSPC
populations that have since been found to encompass a heterogenous stromal cell popula-
tion. Through single cell RNA sequencing technologies and advances in microscopy, these
populations have been found to vary in their gene expression, cytokine expression, lineage
priming and location within the BMM. As such, an important distinction has been drawn
between perisinusoidal and periarteriolar niches. LepR*, Nestin-GFP4™ MSPCs and CAR
cells appear to be overlapping perivascular stromal populations [56], but can be further
classified into perivascular subpopulations depending on their BM anatomical location
around sinusoids or arterioles, which exhibit adipogenic or osteogenic lineage priming,
respectively [12,29,59,60]. In addition, the Nestin-GFPbrisht NG2+ MSPC population, which
localizes around arterioles [46], is distinct from LepR* and CAR populations and is thought
to sit at the top of the MSPC differentiation hierarchy [60]. This NG2* MSPC population has
also been identified in the proximity of type H/transition zone vessels [61]. Interestingly,
recent investigations have found that periarteriolar MSPCs may provide a niche for a
quiescent population of lymphoid-biased HSCs, with NG2* cell depletion reducing this
HSC population by half [62]. Finally, osteolectin has recently been identified as a surface
marker specific for arteriolar LepR* MSPCs [12]. This population forms an important
lymphoid niche, with 35% of CLPs localized within 5 um of osteolectin® LepR* cells. SCF
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production by this niche population is essential, as its deletion led to a drastically-reduced
frequency of CLPs, pre-pro-B cells and pre-B cells in the BM [12]. Taken together, current
data suggests that periarteriolar NG2* nestin-GFPP*8"t MSPCs support lymphoid-biased
HSCs, while periarteriolar LepR* osteolectin® MSPCs contribute to a SCF-rich niche for the
earliest lymphoid progenitors.

In contrast to periarteriolar MSPCs, perisinusoidal MSPCs have not been well studied,
and their importance in B lymphopoiesis has only recently been appreciated. In the BM,
adipocytic-primed LepR™ cells associated with sinusoidal capillaries (as opposed to peri-
arteriolar, osteogenic-primed LepR™* cells) [12] are highly enriched for pro-hematopoietic
factors such as CXCL12, SCF and IL-7 [29]. Pro-B cells have been shown to localize around
IL-7Migh perisinusoidal LepR* cells, away from the endosteum [53]. This indicates that
the perisinusoidal niche may be required for committed B-cell progenitors. Therefore,
it is plausible that progression of B-cell development requires trafficking of early B-cell
progenitors to the perisinusoidal niche. Future studies delineating the potential differential
contributions of arteriolar/sinusoidal MSPCs to B lymphopoiesis within the central niche
will be worthwhile.

2.2.2. Galectin-1* Stromal Cells

Research has identified stromal cells that express galectin-1, a pre-B-cell receptor
ligand essential for proliferation and differentiation of large pre-B cells [63]. Interestingly,
galectin-1* has also been identified in a stromal cell subset lacking IL-7 expression [48].
This population was distributed evenly throughout the BM with no apparent association
with vascular structures and could therefore represent a distinct B-cell niche for large pre-B
cells as they transition to small pre-B cells.

2.2.3. Endothelial Cells

Blood vessels are composed of endothelial cells, which form a critical cellular compo-
nent of the BMM and regulate the exchange of cells, nutrients, soluble factors, oxygen and
waste between the BMM and peripheral blood. BM vasculature can be classified based on
surface marker expression levels of endomucin and CD31 on endothelial cells. Research
has identified type H transition zone vessels (endomucin8?, CD31Mgh), which are fed
directly by arterioles in the metaphysis and endosteum, and type L (endomucin'®, CD31!)
sinusoidal vessels predominantly associated with central BM [64]. Similarly, single cell
RNA sequencing has identified two BM VE-Cadherin™ endothelial cell clusters that differ-
entially profile based on their sinusoidal or arterial gene signatures [29]. Sinusoidal and
arteriolar endothelial cells not only differ in properties such as permeability and surface
marker expression [65], but also in their supportive abilities for hematopoiesis.

Endothelial cells are known to contribute hematopoietic cytokines such as
CXCL12 [11,20,22,66], IL-7 [15], SCF [44] and CTGF [57] to perivascular BM regions. For in-
stance, several studies have shown that deletion of Cxcl12 [11,22] and Scf [44,58] from
endothelial populations using the Tie2-Cre transgene could impair HSPC maintenance to
a certain extent without significantly affecting B lymphopoiesis. In contrast, II7 deletion
driven by the Tie2-Cre transgene reduced pro-B and pre-B cell populations, suggesting
that endothelial cell-derived IL-7 is important for B lymphopoiesis [15]. However, the use
of Tie2 as an endothelial-specific promoter in driving gene deletions cannot conclusively
distinguish contributions by different subtypes of endothelial cells. To overcome this,
a recent study differentiated arteriolar endothelial cells from sinusoidal endothelial cells
based on their selective expression of Bmx and Epor, respectively [67]. The same study also
revealed that Cxcl12 and Scf expression was significantly higher in arteriolar endothelial
cells compared to sinusoidal endothelial cells. While arteriolar endothelial cell-derived
SCF was required for HSC maintenance and regeneration, Scf deletion in either endothelial
subtype had no effect on CLP numbers, with impact on more committed B-cell progenitors
not assessed in this study [67]. Intriguingly, another subset of BM arteriolar endothelial
cells that uniquely express von Willebrand factor were recently characterized and found
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to express the highest levels of Scf compared to other endothelial subsets [59]. Whether
this new subset of arteriolar endothelial cells is important in regulating B-cell development
remains to be investigated.

Finally, endothelial cells are known to regulate B lymphopoiesis through the Notch sig-
naling pathway. The Notch signaling pathway is highly conserved and functions to regulate
cell fate during tissue development through interactions between the transmembrane Notch
receptor and Notch ligands Delta and Jagged [68]. In the BM, VE-Cadherin* endothelial
cells express the highest levels of the delta-like Notch ligands DII4 and DII1, in comparison
with COL2.3* osteoblasts and LepR* MSPCs [29]. Deletion of DIl4 in endothelial cells
induced a myeloid bias in HSPCs, reducing CLP numbers and, ultimately, B220* B cells
and CD3* T cells [29]. This provides evidence for a role of endothelial cell-derived D14 in
directing lymphoid differentiation of HSPCs.

Overall, current data suggests that endothelial cells play a vital role in supporting
B lymphopoiesis, either directly through IL-7 secretion or indirectly via the production
of CXCL12/SCF to regulate the earliest hematopoietic progenitors and induce lymphoid
lineage commitment of HSPCs through DII4.

2.2.4. Adipocytes

BM adipocytes differentiate from MSPCs in perivascular BM niches [56] and com-
prise 45% of total BM volume in regions where hematopoiesis and bone remodeling are
active [69]. Research into marrow adipose tissue has advanced significantly in recent
years and this tissue is now considered to be a complex endocrine organ that actively
participates in hematopoiesis instead of simply “filling” the marrow [70]. Interestingly,
contrasting evidence exists for the influence of adipocytes on B lymphopoiesis, which
is likely to result from the vast array of cytokines, termed adipokines, secreted by this
population. Over the years, evidence has pointed to the role of adipocytes as negative
regulators of hematopoiesis, with HSC frequency found to be lower in bones with high
marrow adipose tissue content, such as tail vertebrae in mice [71]. Similarly, mice receiving
a high-fat diet leading to increased marrow adiposity exhibited significantly-reduced B-cell
frequency and II7 expression in the BM [72]. In vitro studies have also highlighted the neg-
ative impact of adipocytes on B lymphopoiesis, with adipocyte-derived factors capable of
blocking B-cell development at the CLP to pre-pro-B transition [73]. In addition, adipocytes
have been found to drive differentiation of myeloid-derived suppressor cells in vitro, with
pro-inflammatory factors secreted from this myeloid population (such as interleukin-1
(IL-1)) capable of suppressing B lymphopoiesis [74,75]. This phenomenon is also thought
to contribute to the reduction of B lymphopoiesis in aging, where a concomitant increase
in BM adipose tissue is observed [75]. Conversely, evidence from other studies suggests
that certain adipokines are beneficial to B lymphopoiesis. In particular, leptin has been
found to support B-cell development [76]. In a study of mice that lack functional leptin,
there was a 50% reduction in the lymphoid compartment of the BM and a block in the
differentiation of pro-B cells into more mature progenitors [77]. In these mice, normal
B-cell development could be partially restored by leptin injections, indicating the essential
role of this adipokine in B lymphopoiesis [77]. Therefore, current literature suggests that
adipocytes have a multifaceted role in B lymphopoiesis. Furthermore, it is plausible to
postulate that surrounding cells in the BMM could play a role in regulating adipokine
secretion by adipocytes, and thus, further research is needed to dissect this possibility.

3. The Bone Marrow Microenvironment in B-Cell Malignancy

B-ALL arises from the uncontrolled, clonal proliferation of a B-cell progenitor pop-
ulation in the BM. Several well-characterized chromosomal alterations, such as KMT2A
gene rearrangements or BCR-ABL1 translocations, are responsible for driving clonal pro-
liferation in leukemia initiating cells [78]. In addition, alterations in the transcriptome of
leukemic cells are often observed in genes encoding transcription factors (e.g., PAX5, IKZF1
(IKAROS), EBF1), surface receptors (e.g., IL7R and FLT3) and signal transduction proteins
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such as the Janus kinase (JAK) family that are known to regulate B lymphopoiesis [79-81].
While these intrinsic genetic aberrations can significantly impact a patient’s prognosis and
treatment outcomes, accumulating evidence also points to the role of extrinsic concomitant
alterations occurring in cellular constituents of the BMM that are capable of driving B
leukemogenesis.

Akin to normal hematopoiesis, BM niches can significantly influence the survival of
leukemic cells [10]. Over the years, the development of genetically-engineered mouse mod-
els has enabled manipulation of cell populations within BM niches, allowing researchers
to understand the role of the BMM in initiating hematological disease. In particular, such
alterations have been found capable of facilitating malignant transformation of hematopoi-
etic progenitors in the BM. Conversely, alterations to normal cells within BM niches can
arise as a consequence of leukemic disease in the BM. These changes are believed to hinder
hematopoiesis while also facilitating leukemia progression and treatment evasion. Thus, it
is believed that cell populations in the BMM likely influence multiple stages of leukemia,
both prior to and during overt disease [10,82,83]. While substantial progress has been made
in understanding the influence of the BMM in myeloid malignancies [84], the BMM of
B-lineage malignancies is less defined.

3.1. The Endosteal Niche in B-ALL

In B-ALL, the BMM is often characterized by extensive remodeling prior to the ini-
tiation of treatment [85,86], which is known to be osteotoxic [87,88]. In a recent study,
both osteoblasts and osteoclasts were found to be significantly reduced in BM trephines of
children with B-ALL at diagnosis [89]. This study indicates that alterations to these bone
cell populations, which are directly driven by the intercellular crosstalk between bone cells
and B-ALL cells, could underlie the observed skeletal abnormalities. As such, leukemia-
induced bone defects are increasingly being recognized, not only for their negative impact
on a patient’s quality of life, but also for their importance in disease progression (Figure 2).
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Figure 2. Alterations induced in the bone marrow microenvironment by B-cell acute lymphoblas-
tic leukemia (B-ALL). B-ALL-associated microenvironment populations support the growth and sur-
vival of B-ALL cells and also provide chemoprotection from current frontline therapies. Pro-angiogenic
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factors include basic fibroblast growth factor, hepatocyte growth factor and tumor necrosis factor-
«(TNF-«). Pro-inflammatory cytokines include TNF-«, interleukin-6, interleukin-8, interleukin-
10, interleukin-12, interferon-y and CC chemokine ligand 2 (CCL2). Trans-endothelial migration
(TEM) promoting factors include cortactin, mDial and vascular endothelial growth factor (VEGF).
Abbreviations: receptor activator of nuclear factor kappa-B ligand (RANKL); C-X-C motif chemokine
ligand 12 (CXCL12); matrix metalloproteinase-9 (MMP-9); osteopontin (OPN); granulocyte colony-
stimulating factor (G-CSF); interleukin-7 (IL-7); bone morphogenic protein (BMP4); very late antigen-
4 (VLA-4); annexin II (ANX2); growth arrest-specific 6 (GAS6); vascular cell adhesion molecule-1
(VCAM-1); mesenchymal stem cell (MSC); mesenchymal stem and progenitor cell (MSPC).

3.1.1. Osteoblasts

While the role of osteoblasts in myeloid malignancies have been extensively char-
acterized, their role in the B-ALL niche has only recently been appreciated [90]. The es-
tablishment of an immunocompetent syngeneic BCR-ABL1" B-ALL mouse model that
replicates bone loss in patients provides a useful tool for comprehensive investigation
of the B-ALL microenvironment [91]. During leukemia development, reduction in the
osteoblastic population and decreased serum levels of osteocalcin were observed [91].
Interestingly, direct impairment of osteogenesis by leukemic cells has been demonstrated
by an in vitro study, which showed that B-ALL could inhibit the osteogenic differentiation
of MSCs [92]. Furthermore, it is also possible that B-ALL could affect the apoptotic and/or
cell cycle pathways of osteoprogenitors and osteoblasts. Thus, these potential mechanisms
of B-ALL-mediated bone loss present a significant area of interest for future exploration
using preclinical mouse models.

Interestingly, alterations to the composition of the endosteal niche may also benefit
leukemic cell survival and progression of disease. For instance, increased dormancy has
been observed in B-ALL cells residing in the endosteal /osteoblastic niche of xenograft
mouse models [93]. This was also confirmed using a microfluidics-based microphysio-
logical culture system which recreated the B-ALL microenvironment in vitro [94]. A key
mechanism facilitating B-ALL-endosteal niche interactions is via secretory factors. Os-
teoblasts are known to secrete osteopontin (OPN), an extracellular matrix (ECM) protein
and endosteal adhesion molecule. OPN can bind to B-ALL cells through interaction with
very late antigen-4 (VLA-4), resulting in their binding and anchoring to the endosteal
niche [93]. This process leads to further upregulation of B-ALL and osteoblast-derived
OPN, thus reinforcing endosteal adhesion and promoting leukemic cell dormancy [93].
The same study also showed that an OPN neutralizing antibody could block B-ALL-
osteoblast interactions, resulting in an increase in proliferating blasts and rapid disease
onset in vivo [93]. These results support the notion that the endosteal niche plays a role in
modulating leukemogenesis, likely via hindering the proliferation and spread of B-ALL
cells through induction of dormancy.

In B-ALL, incomplete clearance of dormant leukemic cells by chemotherapy often
leads to the persistence of minimal residual disease (MRD), which can subsequently lead
to chemoresistance and relapse. Accumulating evidence points to the role of the endosteal
niche in supporting B-ALL chemoresistance. Recent in vitro modeling showed that B-ALL
cells localized near osteoblasts of the endosteal niche were more resistant to the cytotox-
icities of prednisone, vincristine and nilotinib [94]. A key mechanism of leukemic cell
resistance is through cell-cell adhesion contact between osteoblasts and B-ALL cells. For in-
stance, osteoblasts express annexin II (ANX2), which forms a heterotetramer complex with
pl1, a surface protein that is highly upregulated in B-ALL cells of patients with relapsed
disease [95]. Disruption of the ANX2/p11 complex with inhibitors in vitro abrogated
osteoblast-mediated adhesion, thus sensitizing B-ALL to chemotherapy [95]. Interestingly,
a subtype-specific mechanism of osteoblast-mediated chemoresistance via the growth
arrest-specific 6 (GAS6)/Mer interaction has also been delineated in B-ALL expressing
the E2A-PBX1 translocation. GAS6 is an osteoblast-secreted ligand for receptor tyrosine
kinase Mer, which is highly expressed in E2A-PBX1* B-ALL cells [96]. Coculture of os-
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teoblasts with a E2A-PBX1* B-ALL cell line induced upregulation of GAS6 secretion by
osteoblasts. The addition of GAS6 to cell culture media induced B-ALL cell chemotaxis via
GAS6/Mer binding, which resulted in B-ALL quiescence and expression of anti-apoptotic
factors, leading to chemoresistance [96]. Furthermore, another study has characterized a
subpopulation of B-ALL cells that can migrate under the adherent osteoblastic cell layer and
exhibit a dormant, chemotherapy-resistant phenotype [97]. This dormancy was found to be
induced by downregulation of miR-221 and miR-222 in B-ALL cells, resulting in increased
translation of their target gene p27, a cyclin dependent kinase inhibitor that blocks cell cycle
progression at the GO/G1 transition [98]. Furthermore, the same group implicated the role
of BCL-6, a cytokine signaling regulator, in B-ALL cell-osteoblast interactions. They noted
a decrease in BCL-6 abundance in B-ALL cells co-cultured with osteoblasts, which conse-
quently reduced B-ALL cell proliferation [99]. Forced expression of BCL-6 in B-ALL cells
sensitized leukemic cells to chemotherapy, suggesting that disrupting B-ALL-osteoblast
interaction by targeting BCL-6 could represent a viable treatment strategy [99].

3.1.2. Osteoclasts

In an immunocompetent syngeneic mouse model of BCR-ABL1* B-ALL, increased
osteoclast activity was observed in the BM, coupled with increased bone resorption and
progressive bone loss over disease development [91]. Notably, RANKL in B-ALL cells
was 50-100-fold higher compared to non-malignant B cells and was shown to induce
differentiation of osteoclasts in vitro. This indicates that the RANKL signaling pathway
is a key mechanism through which B-ALL cells promote osteoclast activity and bone
resorption in vivo. This finding was also confirmed by others, who showed that RANKL
was detected in samples from patients with primary B-ALL and played a critical role
in RANKL-dependent bone destruction in patient-derived xenograft (PDX) models of
B-ALL [100]. Pharmacological inhibition of osteoclastic bone resorption with zoledronic
acid [91], a bisphosphonate used for the treatment of osteoporosis, or with recombinant
osteoprotegerin-Fc [100], an antagonist of RANKL, successfully prevented B-ALL-mediated
bone loss in mouse models of B-ALL. Taken together, these results indicate that osteoclasts
and the RANK-RANKL signaling axis are novel, promising targets for the treatment of
B-ALL.

3.1.3. Endosteal Transition Zone Vessels

Leukemic cells are known to evade therapy by seeking “refuge” in the protective BM
perivascular niche, where the vasculature often plays a role in facilitating crosstalk with
leukemic cells. The recent discovery of transition zone/type H vessels that are located close
to the endosteal surface and surrounded by osteoprogenitors have shed new light on the
composition of this BM region [101]. Further research to elucidate the particular role that
transition zone vessels and type H endothelial cells may play in the B-ALL endosteal niche
is warranted. The role of endothelial cells in the modulation of B-ALL is discussed further
below.

3.2. The Central Niche in B-ALL

It is well established that cells constituting the central BM not only create an essential
niche for normal B lymphopoiesis, but are also important for the growth, survival and
chemoprotection of malignant B cells. Evidence regarding the importance of MSPCs in
supporting the progression of B-cell malignancies has come from studies showing that
MSCs [102] and BM stromal cells [103] are capable of preventing apoptosis and improving
the long-term proliferation of primary B-ALL cells in culture. Indeed, the survival ability of
patient-derived primary B-ALL cells on BM-derived stromal cells in vitro has been shown
to be a reliable predictor of disease aggressiveness and a patient’s clinical outcome [104].
This indicates that the crosstalk between B-ALL cells and BM stromal cells, such as MSPCs,
is an important factor in disease progression and treatment response. Here, we discuss the
signaling pathways and the soluble factors in the central niche of B-ALL (Figure 2).
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3.2.1. CXCR4/CXCL12 and VLA-4/5-Mediated Mechanisms and Signaling Pathways

The initial homing of B-ALL cells to the central niche is known to be mediated by
interactions between CXC chemokine receptor 4 (CXCR4)-expressing B-ALL cells and
CXCL12-expressing MSPCs, thus implicating the critical role of the CXCR4/CXCL12 path-
way in leukemogenesis. For instance, B-ALL cells are capable of dislodging HSPCs from the
niche and disrupting normal hematopoiesis by mediating downregulation of niche-derived
CXCL12 [94,105,106], while simultaneously increasing granulocyte colony-stimulating fac-
tor expression in MSCs [105,106]. The indispensable role of CXCR4/CXCL12 in B-ALL
development is further evidenced by a study that found that expression of phosphory-
lated CXCR4 in the BM correlated with poorer treatment response and shorter overall
survival in adults with B-ALL [107]. In fact, the CXCR4/CXCL12 axis also promotes the
survival [108], proliferation [109,110] and dissemination of leukemic cells to peripheral sites
around the body [111]. CXCL12 has been found to mediate protection of B-ALL cells from
chemotherapeutic agents, with B-ALL cells upregulating CXCR4 expression in response
to chemotherapy [112]. Thus, the multifaceted role of the CXCR4/CXCL12 axis in B-ALL
renders this pathway an attractive therapeutic target.

Adhesion of B-ALL cells to MSPCs is further reinforced by the upregulation of cell
surface adhesion molecules. For example, a study has observed a reciprocal increase in VLA-
4 on the surface of ALL cells, and vascular cell adhesion molecule-1 (VCAM-1), intercellular
adhesion molecule-1 and VLA-5 on MSCs following coculture, which also coincided with
increasing cell-cell adherence between leukemic cells and MSCs over time [113]. Crucially,
high VLA-4 expression in samples from patients with relapsed B-ALL has been associated
with poor overall and event-free survival, thus making VLA-4 a leading target for novel
leukemia therapy [114]. Indeed, VLA-4-targeted antibodies such as natalizumab have been
shown to significantly impair stromal adhesion in primary B-ALL cells, sensitizing them
to chemotherapy and significantly extending the survival of B-ALL-bearing mice [115].
Similarly, it has been reported that disruption of VLA-5 function in BCR-ABL1" leukemic
cells using anti-VLA-5 inhibitory antibodies could significantly delay B-ALL engraftment
in a xenograft mouse model and act synergistically with imatinib to induce malignant
cell apoptosis in vitro [116]. Despite promising preclinical data, little clinical success has
been gained with VLA-5 targeted therapies thus far. Various VLA-5 blocking antibodies
and small peptides have been developed and tested in multiple cancer subtypes, but have
failed to progress beyond phase 3 clinical trials [117]. However, few studies have tested
the efficacy of VLA-5 as a therapeutic target in hematological malignancies, which may
therefore warrant further investigation.

3.2.2. MSPC-Derived Secretory Factors

Many studies provide compelling evidence that B-ALL cells are able to manufacture
and exploit alternative homing pathways to remain in close proximity to MSPCs. This is
evidenced in a mouse model of BCR-ABL1" B-ALL, where leukemic cells have been shown
to reduce secretion of normal B-cell niche factors (e.g., IL-7 and CXCL12) by mesenchy-
mal progenitors, thus contributing to the disruption of hematopoiesis and the favoring
of leukemogenesis [118]. For example, B-ALL cells can induce MSCs to upregulate Ac-
tivinA, a transforming growth factor- family cytokine and a leukemia-promoting factor
that mediates both spontaneous and CXCL12-directed migration of B-ALL cells, even in
microenvironments with low CXCL12 concentrations [119].

The crosstalk between B-ALL cells and BM stromal cells forms the fundamental provi-
sion of chemoprotection to B-ALL cells. For instance, BM MSCs harvested from patients
with B-ALL have been found to secrete vascular endothelial growth factor (VEGEF), driven
by the overexpression of heme oxygenase-1 [120]. The same study revealed that VEGF
could directly arrest B-ALL cells in the GO/G1 phase of the cell cycle, thus protecting them
from cytotoxic drugs that target proliferating cells. Furthermore, BM MSCs from patients
with B-ALL exhibit elevated levels of bone morphogenic protein 4 (BMP4) [121]. Of note,
this protein has been implicated in the maintenance of acute myeloid leukemia (AML)
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stem cells and chemoresistance [122]. However, it is currently unclear whether BMP4
plays a similar role in supporting B-ALL cell biology, thus requiring further experimental
evaluation. BM stromal cells have also been implicated in mediating ALL cell resistance
to cytarabine in vitro via activation of the canonical Wnt signaling pathway within ALL
cells [123]. The canonical Wnt signaling pathway is mediated by the accumulation of
[3-catenin within the cytoplasm, followed by translocation of this protein into the nucleus,
where it modulates gene transcription. The addition of a 3-catenin inhibitor in combina-
tion with cytarabine significantly impaired MSC-mediated cytarabine resistance in ALL
cells and significantly increased survival in a xenograft ALL mouse model. This study
highlights 3-catenin and the Wnt signaling pathway as potential targets for overcoming
MSC-mediated chemoresistance [123]. Additionally, galectin-3 has been implicated as a
potential chemoprotective factor in B-ALL through its stabilization of (3-catenin and activa-
tion of Wnt signaling in blast cells [124]. In the BM of patients with B-ALL, expression of
galectin-3 was found to be elevated, particularly in relapsed or refractory disease [124]. Fur-
thermore, the induction of galectin-3 upregulation in B-ALL cells in vitro was dependent on
MSCs being present in culture, indicating that this protective mechanism is mediated by the
BMM [124]. Increased expression of galectin-3 by B-ALL cells has been shown to mediate
resistance to both tyrosine kinase inhibitors and vincristine, indicating that therapeutic
targeting of this lectin-mediated intercellular communication, in conjunction with standard
therapy, could potentially confer advantageous treatment outcomes [125].

Insulin-like growth factor binding protein 7 (IGFBP7) has been proposed as a key
mediator of treatment resistance to L-asparaginase. In B-ALL, resistance to L-asparaginase
is known to be mediated by BM MSCs via upregulation of asparaginase synthetase [126].
In the presence of BM stromal cells, B-ALL cells upregulate IGFBP7 to promote the growth
of both B-ALL and stromal cells, as well as to induce the expression of asparaginase
synthetase in stromal cells to mitigate L-asparaginase cytotoxicity [127]. Clinical relevance
of IGFBP7 expression has also been confirmed by its identification as a negative prognostic
indicator associated with poorer leukemia-free survival rates in patients with non-BCR-
ABL1* B-ALL [127].

Taken together, discovery of these chemoprotective mechanisms is imperative for a
better understanding as to why current treatment options do not always lead to an im-
provement in survival outcomes, particularly for certain subtypes of B-ALL. It is plausible
that preventing niche protection of leukemic cells by targeting the secretory pathways of
B-ALL-associated MSCs could provide a novel avenue for therapeutic intervention.

3.2.3. Stromal-Derived Extracellular Matrix Proteins

Numerous studies clearly indicate that the BMM is functionally altered by B-ALL cells
and exhibits abnormal secretion of a myriad of ECM proteins. One such protein is periostin,
which was observed at significantly higher levels in the BM of patients with B-ALL [128].
Periostin was originally identified as an osteoblast-derived adhesion molecule, but is now
known to be secreted by a number of BM cell populations to facilitate ECM organization
in normal BM [129]. However, over the last decade, deregulated expression of periostin
has been recognized as a common feature of many cancers and is believed to contribute
to the tumor supportive niche [129]. Notably, a study has demonstrated that B-ALL cells
were capable of upregulating periostin expression in BM MSCs, which in turn promoted
B-ALL proliferation, adhesion and CC chemokine ligand 2 (CCL2) expression [130]. B-ALL-
derived CCL2 could further reinforce periostin expression in MSCs cells, thus establishing
a self-reinforcing loop [130]. Periostin disruption in BM MSCs could significantly impair
B-ALL development in vivo, demonstrating the potential of periostin as a therapeutic
target [130].

Matrix metalloproteinase-9 (MMP-9), another key ECM protein in the BM, has also
been implicated in B-ALL regulation. BCR-ABL1* B-ALL cells have been reported to
induce MMP-9 upregulation in MSCs, resulting in ECM degradation and dissemination of
leukemic cells [131]. MMP-9 inhibition in combination with chemotherapy was an effective
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strategy to increase survival and reduce MRD in a murine model of B-ALL [131]. Lastly,
B-ALL cells have been reported to induce MSC upregulation of OPN, which facilitated
B-ALL adhesion [94]. Interestingly, the OPN-mediated adhesion mechanism appears to be
B-ALL subtype-specific; while the SUP B-15 B-ALL cell line upregulated OPN following
interaction with MSCs, REH B-ALL cells did not [94]. Of note, SUP and REH B-ALL cell
lines possess different disease-initiating genetic aberrations (expressing BCR-ABL1 and
ETV6-RUNX1, respectively), indicating that genetic features may influence the disease
microenvironment and thus, the efficacy of microenvironment-targeted therapies. Follow
up investigation of OPN in vivo will be worthwhile to elucidate the potential of this protein
as a therapeutic target.

In summary, despite promising preclinical data, there is a lack of clinically-approved,
ECM protein-targeted treatments for B-ALL and cancers in general. However, a number
of clinical trials evaluating the efficacy of various ECM targeted therapies in solid tumors
are currently underway [132]. Future work examining whether any of these targets are
applicable to B-ALL will be worthwhile.

3.2.4. Pro-Inflammatory Cytokines

Another prominent feature of the malignant central niche is its deregulated inflam-
matory state. Clinically, serum and plasma samples from patients with B-ALL exhibit
increased levels of pro-inflammatory cytokines, including tumor necrosis factor-o (TNF-cv),
interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10, interleukin-12, interferon-y (IFN-y)
and CCL2 [133,134]. This was further confirmed at a cellular level, where pro-inflammatory
cytokines were found to be upregulated in both B-ALL cells [135] and B-ALL-associated
MSCs [106,134]. Specifically, pro-inflammatory cytokines elevated in BM MSCs from chil-
dren with B-ALL included IL-1«, IL-6, interleukin-12p70 and TNF-« [106]. Additionally,
coculture of patient derived B-ALL cells and BM MSCs induced IL-8 and CCL2 upregulation
in MSCs [134].These cytokines play an instrumental role in maintaining an inflammatory
microenvironment that favors leukemogenesis and supports B-ALL malignancy in the
central BM niche. For example, a study has demonstrated that CCL2 and IL-8 can increase
B-ALL adhesion to MSCs and improve MSC survival in vitro [134]. In addition, a recent
study has provided evidence of IL-6 as a therapeutic vulnerability for B-ALL character-
ized by the PAX5 mutation [136]. In a native, non-transplant Pax5 mutant mouse model
where B-ALL arises naturally, inhibition of IL-6 with a neutralizing antibody was shown to
significantly reduce disease progression [136]. Pro-inflammatory cytokines such as IFN-y,
TNF, IL-1x and IL-1f are also known to enhance MSC-mediated immunomodulation in
the BMM [137]. In AML, MSCs in the BMM are known to induce immunosuppression by
arresting T cells in G0/G1 phases of the cell cycle, altering T-cell cytokine secretion and
enhancing the immunosuppressive capability of regulatory T cells [138]. However, the role
of inflammatory-mediated T-cell modulation in B-ALL has not been thoroughly elucidated.
A review of the current literature identified a theme of increased regulatory T-cell numbers
in patients with B-ALL that, in some cases, possess enhanced immunosuppressive capabil-
ities [139]. While further research is needed, this may indicate that immunosuppression
in the central niche may be aiding B-ALL cells to evade detection by the body’s immune
system.

3.2.5. Hypoxia and Hypoxia-Related Mechanisms

Hypoxia is a prominent characteristic in some areas of the central BM and is known to
confer a survival advantage to leukemic cells. While the endosteum was once thought to be
the most hypoxic region of the BM, accumulating evidence suggests that in fact, the deep
perisinusoidal vascular regions contain the lowest oxygen concentrations [140]. Intriguingly,
vast expansion of hypoxic BM regions has been observed with B-ALL progression, and
hypoxia-inducible factor 1-« (HIF-1) was upregulated in both B-ALL and stromal cells
extracted from BM biopsies of patients with B-ALL [141]. Interactions between MSCs and
B-ALL were shown to be capable of promoting HIF-1x activation in B-ALL cells [142]. This
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resulted in activation of the AKT/mTOR pathway and a metabolic switch to glycolysis,
conferring chemoprotection to leukemic cells [142]. Thus, inhibition of HIF-1a may present
a viable strategy to perturb disease progression and induce leukemia chemosensitivity.
Alternatively, others have proposed that harnessing the hypoxic quality of the malignant
central niche by using hypoxia-activated cytotoxic drugs may allow more targeted delivery
of therapeutics to leukemic cells [141].

3.2.6. Tunneling Nanotubes and Extracellular Vesicles

Recent advances in leukemia research have discovered new and exciting crosstalk
mechanisms that are utilized by B-ALL cells to alter BM niche cells and establish a disease
permissive microenvironment. Polak et al. were the first to identify the presence of tun-
neling nanotubes, mediating intercellular communication between B-ALL cells and BM
MSCs [143]. This cellular interaction induced MSC secretion of pro-inflammatory cytokines
and imparted chemoprotection to B-ALL cells in the presence of prednisolone [143]. Sub-
sequent studies have further delineated these tunneling nanotubes to be instrumental in
the intercellular transfer of mitochondria, autophagosomes and adhesion molecules, as
well as driving secretion of pro-survival cytokines from MSCs [144]. In addition, primary
B-ALL cells and B-ALL cell lines have been observed to release extracellular vesicles that
are internalized by BM stromal cells [145]. The nature of these extracellular vesicles is
still largely unknown, but they appear to be anucleate and contain intact organelles (e.g.,
mitochondria and lysosomes) and an organized cytoskeleton [145]. Internalization of these
vesicles appears to provoke a glycolytic metabolic shift in stromal cells, resulting in the
induction of extracellular lactate release, which may support leukemic cell survival and
chemoresistance under oxidative or cytotoxic stress [146]. Collectively, these new intercel-
lular communication mechanisms are worthy of investigation for their potential as novel
therapeutic targets in B-ALL.

3.2.7. Endothelial Cells

Angiogenesis has long been known to promote the growth and survival of solid
tumors; however, its significance in the progression of hematological malignancies has
become increasingly appreciated in recent years [147]. The importance of the vascular
endothelium in B-ALL begins at disease engraftment, when B-ALL cells migrate to the
endothelium via E-selectin and CXCL12 interactions [148,149]. Following adhesion of
B-ALL cells to endothelial cells in vitro, endothelial cells were found to upregulate their ex-
pression of VCAM-1 and engage with B-ALL cells through activation of VCAM-1 signaling
pathways [94]. Further in vitro data indicates that these endothelial interactions promote
B-ALL cell survival by stimulating expression of the antiapoptotic factor BCL-2 [150].

Following localization within the perivascular niche, leukemic cells can further re-
model the vasculature into a leukemia-supportive network to promote leukemogenesis in
the BM. In fact, increased microvessel density and complexity has been observed in the
BM of patients with B-ALL compared to healthy controls [151,152]. In corroboration with
these findings, a study has detected an increase in CD31* endothelial cell frequency in
the BM of a mouse model of B-ALL [153]. Notably, pro-angiogenic factors including basic
fibroblast growth factor [150,151,154,155], hepatocyte growth factor and TNF-« [155] are
heightened in urine and plasma samples of patients with ALL. Furthermore, addition of
plasma from patients with ALL to endothelial cells in Matrigel stimulated proliferation,
migration and capillary-like structure formation, thus confirming the functional capability
of proangiogenic factors in the B-ALL BM [150].

A major function of the BM vasculature is trans-endothelial migration (TEM), which
controls the transit of cells (e.g., immature and mature lymphocytes) from the BMM to the
periphery and vice versa through the sinusoids [156]. TEM is also an important mechanism
for dissemination and infiltration of B-ALL cells to peripheral organs in later stages of
disease. Factors essential for TEM include cortactin [157], the formin mDial [158] and
VEGEF [159]. Upregulation of cortactin has been observed in B-ALL cells, with greater



Cancers 2022, 14, 2089

16 of 27

expression correlated with disease infiltration into peripheral organs in PDX models [157].
Additionally, samples from patients with relapsed B-ALL exhibited threefold greater ex-
pression of cortactin than newly diagnosed patients, highlighting the clinical relevance of
this factor [157]. VEGF upregulation was also associated with central nervous system infil-
tration in PDX models of ALL [159]. This has led to the hypothesis that pharmacologically
reducing the levels of these factors may be an effective method to reduce the invasiveness
and spread of B-ALL. Indeed, knock-down of cortactin in B-ALL cells has been shown to
inhibit disease establishment and infiltration of blast cells in peripheral organs in mice [157].
Similarly, knock-down of mDial in B-ALL cells significantly reduced leukemia progression
in vivo and prolonged survival [158]. While these preclinical results appear promising, the
efficacy of pharmacologically manipulating TEM factors is yet to be clinically tested.

3.2.8. Adipocytes

In recent years, the role of adipocytes in the pathogenesis of acute leukemias has been
characterized [160,161]. In particular, adipocytes have been implicated in the regulation
of B-ALL. For example, an in vivo study observed CXCL12-mediated homing of B-ALL
cells to visceral fat from early stages of disease, which was significantly amplified in
obese mice [162]. In line with these findings, it has been reported that extramedullary
BM, derived from CTGF-deficient MSCs that exhibit a differentiation bias towards the
adipogenic lineage, could generate an adipocyte-rich niche that facilitates B-ALL cell
homing and engraftment [163]. This adipocyte-driven leukemic cell homing was also
postulated to be driven by CXCL12 and leptin in the niche environment [163]. Of note,
upregulation of CTGF has actually been observed in the BM and peripheral blood of
patients with B-ALL [164] and CTGEF is highly expressed by B-ALL cells [165]. Thus, while
CTGEF deficiency in MSCs was useful for generating an adipo-lineage bias in this model, a
reduction in CTGF levels does not recapitulate the B-ALL BMM. Nevertheless, these results
signify that an important regulatory communication exists between adipocytes and B-ALL
during leukemogenesis; however, the precise mechanisms have yet to be clearly defined.
Interestingly, one of the purported mechanisms with which adipocytes support B-ALL cells
is through provision of free fatty acid release via lipolysis [166]. However, others have
suggested that human BM adipocytes possess altered lipolytic activity, thus raising the
possibility that in humans, other non-free fatty acid mechanisms between BM adipocytes
and B-ALL may be at play [167].

Another key mechanism by which adipocytes can significantly modulate B-ALL cells
in the BMM is via release of secretory factors. Adipocytes secrete a myriad of adipokines,
such as IL-6, IGF-1, TNF-«, adiponectin, leptin and resistin [168]. Leptin and resistin levels
are elevated in children with B-ALL at diagnosis, while adiponectin levels are found to
be reduced [169]. Leptin is known to promote the growth of myeloid leukemic cells [170],
but its role in B-ALL is less clear. A recent report shed light on the role of leptin and LepR
signaling in adipocyte-B-ALL crosstalk, where adipocyte-rich niches, which are abundant
in leptin, could attenuate the expression of LepR on the surface of B-ALL cells [171]. This
was hypothesized to lead to a reduction in LepR-activated signaling cascades that would
normally drive the terminal differentiation of B-cell progenitors, and instead favor the
maintenance of the malignant blast population. While strong LepR expression on leukemic
cells is a good prognostic indicator in patients with B-ALL, it is important to note that
B-ALL cells generally express LepR at lower levels than normal lymphocytes [171]. Thus
far, the clinical use of LepR or its signaling-related genes as reliable prognostic indicators
remains to be evaluated.

Intermittent fasting, which is a dietary-based treatment approach that has garnered
some preclinical success in the solid tumor field [172], was recently demonstrated to be
a novel treatment method capable of disrupting leptin-mediated support of B-ALL in
mice [171]. Analysis of a fasting regimen, which consisted of alternate feeding and fasting
days in a mouse model of B-ALL, exhibited striking inhibition of leukemia development
and even induced reversal of mid-late-stage disease [171]. While fasting has been reported
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to increase marrow adipose tissue [173], this method also contributes to reduced leptin
levels in the BM [171]. Mechanistically, fasting-induced depletion of leptin is hypothesized
to cause a compensatory increase in B-ALL LepR surface expression and activation of LepR-
signaling pathways, leading to increased terminal differentiation of B-cell progenitors and
subsequently diminishing the malignant blast population [171]. This treatment, termed
‘differentiation therapy’, could potentially be used as a novel treatment approach for B-ALL.

Interestingly, a comprehensive set of functional studies have also highlighted the
powerful chemoprotective role of adipocytes in B-ALL. In children with B-ALL, obesity is
known to be associated with an increased risk of persistent MRD and an inferior event-free
survival [174]. In support of this, obesity in murine models was found to significantly
decrease the efficacy of chemotherapeutic agents, with B-ALL cells observed to take refuge
in adipose tissue both in vitro and in vivo [162,175,176]. Several studies have delineated
the chemoprotective mechanisms conferred by adipocytes on B-ALL cells. For instance,
adipocytes have been shown to prevent chemotherapy-induced apoptosis in B-ALL cells
by upregulating anti-apoptotic factors, BCL-2 and PIM-2 [175]. In addition, accumulating
evidence suggests that B-ALL cells can induce an adipocyte oxidative stress response,
which facilitates the protection of B-ALL cells from daunorubicin-induced cytotoxicity
through secretion of protective factors [177]. Further investigation also uncovered the
capability of adipose tissue to absorb and metabolize daunorubicin, effectively decreasing
cytotoxicity in the leukemia microenvironment [178]. Finally, expansion of the adipocyte
population and upregulation of glutamine synthetase in adipocytes was noted in patients
with high-risk ALL following induction chemotherapy [176]. Increased production of
glutamine synthetase is suspected to reduce the efficacy of L-asparaginase, which is a
chemotherapeutic agent that depletes glutamine and asparaginase, amino acids that are
essential for leukemic cell survival, from the leukemia niche. In vitro investigation found
that dexamethasone, a glucocorticoid given during induction chemotherapy, was able to
induce glutamine synthetase upregulation in adipocytes, which may explain findings in
humans [176]. The higher frequency of adipose tissue resulting from obesity may therefore
magnify this chemoprotective effect. In support of this theory, obese mice responded worse
to treatment with L-asparaginase following implantation with B-ALL cells, compared to
lean mice [176].

Collectively, these studies suggest that B-ALL cell migration to adipocyte-rich niches
imparts chemoprotection and therefore may contribute to MRD and relapse. Mitigating
these disease supportive mechanisms and the expansion of the BM adipocyte population
following current treatment regimens may improve outcomes for patients with this disease.

4. Emerging Techniques and Technologies

While the field of BMM research has made substantial progress in recent decades,
developing novel and innovative experimental techniques capable of capturing the tremen-
dous complexity in this biological system is critical to our understanding of leukemia
progression. For instance, previously developed 2D and 3D in vitro models have failed to
comprehensively recapitulate the vast complexity of interactions occurring in BM niches.
However, the recent development of a microfluidic system termed “leukemia-on-a-chip”
has been described as a “game changer” solution to this problem. The sequential loading
of BM cells into different compartments in this system recapitulates the spatial relationship
between cells in the BMM. Furthermore, this model is capable of mimicking normal and
leukemic BMMs by creating a dynamic environment that contains concentration gradients,
fluid sheer stress and mechanical stress [94]. This biomimetic system has many advantages
and could provide a high-throughput platform for the investigation of BM and leukemic
cell interactions and niche-targeted therapies prior to testing in vivo. As highlighted by the
authors, this has the potential to reduce inter-sample variability in biological parameters
that cannot be controlled when using animal models, and allow easy, real-time visualization
of spatiotemporal relationships between BMM components via microscopy. Additionally,
this methodology could potentially be used for the application of personalized medicine,
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allowing optimization of selective niche-targeted therapies using cells derived from pa-
tients.

Over the years, emerging imaging [179] and sequencing technologies [180] have shown
immense promise in being able to capture processes occurring in the B-ALL BMM at a finer
spatial and temporal resolution, allowing substantial improvement in our understanding
of B-ALL niche biology. For example, intravital microscopy allows real-time analysis of the
BMM with the ability to capture cellular processes such as cellular engraftment, adhesion,
migration and apoptosis in vivo. Additionally, more recently developed techniques such
as imaging mass cytometry will further increase the detail that can be resolved, with vast
panels of markers capable of being detected in a single tissue section [181]. The increasing
availability and feasibility of single cell RNA sequencing [182] and spatial transcriptomics
will also enable a better understanding of changes occurring at the molecular level of
individual BM niche populations at multiple stages of disease.

It is also important to acknowledge that precise elucidation of B-cell niche populations
has been hampered by the lack of specificity in promoters used to drive recombination in
transgenic mouse models, where current reporter and conditional knockout strains target a
heterogeneous population of BM niche cells. For example, the Ocn-Cre, Dmp1-Cre [183] and
Osx-Cre [22] models target CAR cells in addition to targeting osteolineage cells. In fact, 70%
of CAR cells and arteriolar pericytes are targeted by Ocn-Cre transgenes [183]. Current mod-
els targeting osteolineage populations also fail to recapitulate their complexity. For example,
single cell RNA sequencing has identified that the COL2.3" osteoblast population actually
consists of three transcriptionally distinct populations [29]. Therefore, the development of
models with enhanced genetic manipulation capability that can specifically target more
homogenous niche populations is necessary. In the central niche, many common MSPC
markers are also detected in differentiated stromal populations. For example, the Prx1-Cre
transgene has also been found to target osteolineage cells including osteocytes and mature
osteoblasts [22]. Similarly, the Tie2-Cre model, while used to target endothelial cell pop-
ulations, has been observed to also target hematopoietic populations [184]. Thus, these
findings caution against the classification of results obtained using these models as strictly
confined to a single endosteal or central niche cell population. Ultimately, enhancing the
specificity of current gene manipulation in mouse models will be important for future
research. For instance, use of the relatively new CRISPR/Cas9 system to engineer new
transgenic mouse models may provide one solution to this problem, as it allows precise
targeted modifications to the genome, thus improving the efficiency and simplicity with
which transgenic models can be engineered [185].

5. Conclusions

Recent decades have seen a vast expansion in our understanding of the role that BM
niche cells play in hematopoiesis and hematological malignancies. At the expense of B
lymphopoiesis, B-ALL cells exploit niche-supportive signaling and remodel the normal
B-cell niche to create a microenvironment that is supportive of leukemic cell expansion,
while also providing chemoprotective niches that foster MRD and subsequently disease
relapse. Advances in standard therapies used to treat B-ALL have seen five-year survival
rates improve to over 90%. However, patients with high-risk genetic subtypes, such as
the BCR-ABLI1 translocation and KMT2A-rearrangements, and relapsed B-ALL have a
significantly inferior response to standard treatments [186,187]. In addition, increasing the
dose intensity of chemotherapy regimens does not necessarily impart a survival benefit to
these patients due to toxicity-associated deaths [188]. Previously, many leukemia therapies
were developed based on targeting leukemic cell-intrinsic attributes at the molecular level,
such as cell cycle regulatory proteins, constitutively activated tyrosine kinase or cytokine
receptor signaling, as well as genetic alterations that drive cell malignancy. In recent years,
accumulating evidence increasingly supports the concept of therapeutically targeting the
cell-extrinsic interactions between leukemic cells and BM niche cells within the BMM to
enhance conventional chemotherapy [189]. Agents which target leukemic cell engraftment
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and chemoresistance such as CXCR4/CXCL12 inhibitors, Wnt signaling inhibitors, Notch
inhibitors, as well as VLA-4 and E-selectin antagonists, have shown promising therapeutic
efficacy either in preclinical studies and/or clinical trials [189]. Despite this, there is
a lack of new, BMM-targeted therapeutic agents either being approved by the FDA or
currently undergoing clinical trials for the treatment of B-ALL. Therefore, devising and
testing therapeutics that target the BMM of B-ALL will be imperative for improving clinical
outcome for patients, particularly in those with poor prognoses.

Author Contributions: A.M.H. and V.K. wrote the manuscript. R.S.K. and L.C.C. were responsible
for conception, supervision and revision of the manuscript. All authors approved the final manuscript
for submission. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Children’s Leukaemia and Cancer Research Foundation
(CLCREF) Perth, Western Australia, and by grant 1184963 awarded through the 2019 Priority-driven
Collaborative Cancer Research Scheme, and co-funded by Cancer Australia, Cure Cancer, and the
Leukaemia Foundation of Australia. RS Kotecha is supported by a Fellowship from the National
Health and Medical Research Council of Australia (NHMRC APP1142627). AM Hughes is supported
by a PhD Support Scholarship from the Tour de Cure (RSP-312-19/20).

Acknowledgments: Figures were created with BioRender.com.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Pinho, S.; Frenette, P.S. Haematopoietic stem cell activity and interactions with the niche. Nat. Rev. Mol. Cell Biol. 2019, 20,
303-320. [CrossRef] [PubMed]

2. Adolfsson, J.; Mansson, R.; Buza-Vidas, N.; Hultquist, A.; Liuba, K.; Jensen, C.T.; Bryder, D.; Yang, L.; Borge, O.-].; Thoren, L.A;
et al. Identification of Flt3+ Lympho-Myeloid Stem Cells Lacking Erythro-Megakaryocytic Potential: A Revised Road Map for
Adult Blood Lineage Commitment. Cell 2005, 121, 295-306. [CrossRef] [PubMed]

3. Kondo, M.; Weissman, I.L.; Akashi, K. Identification of Clonogenic Common Lymphoid Progenitors in Mouse Bone Marrow. Cell
1997, 91, 661-672. [CrossRef]

4. Mansson, R.; Zandi, S.; Anderson, K.; Martensson, I.-L.; Jacobsen, S.E.W.; Bryder, D.; Sigvardsson, M. B-lineage commitment prior
to surface expression of B220 and CD19 on hematopoietic progenitor cells. Blood 2008, 112, 1048-1055. [CrossRef] [PubMed]

5. Inlay, M.A; Bhattacharya, D.; Sahoo, D.; Serwold, T.; Seita, J.; Karsunky, H.; Plevritis, S.K.; Dill, D.L.; Weissman, I.L. Ly6d marks
the earliest stage of B-cell specification and identifies the branchpoint between B-cell and T-cell development. Genes Dev. 2009, 23,
2376-2381. [CrossRef] [PubMed]

6. Hardy, RR,; Carmack, C.E.; Shinton, S.A.; Kemp, ].D.; Hayakawa, K. Resolution and characterization of pro-B and pre-pro-B cell
stages in normal mouse bone marrow. J. Exp. Med. 1991, 173, 1213-1225. [CrossRef]

7. McLean, K.C.; Mandal, M. It Takes Three Receptors to Raise a B Cell. Trends Immunol. 2020, 41, 629-642. [CrossRef]

8. Green, A.C.; Rudolph-Stringer, V.; Chantry, A.D.; Wu, ].Y.; Purton, L.E. Mesenchymal lineage cells and their importance in B
lymphocyte niches. Bone 2019, 119, 42-56. [CrossRef]

9. Duarte, D.; Hawkins, E.D.; Lo Celso, C. The interplay of leukemia cells and the bone marrow microenvironment. Blood 2018, 131,
1507-1511. [CrossRef]

10. Méndez-Ferrer, S.; Bonnet, D.; Steensma, D.P,; Hasserjian, R.P.; Ghobrial, LM.; Gribben, J.G.; Andreeff, M.; Krause, D.S. Bone
marrow niches in haematological malignancies. Nat. Rev. Cancer 2020, 20, 285-298. [CrossRef]

11. Ding, L.; Morrison, S.J. Haematopoietic stem cells and early lymphoid progenitors occupy distinct bone marrow niches. Nature
2013, 495, 231-235. [CrossRef] [PubMed]

12.  Shen, B.; Tasdogan, A.; Ubellacker, ] M.; Zhang, J.; Nosyreva, E.D.; Du, L.; Murphy, M.M.; Hu, S.; Yi, Y.; Kara, N.; et al.
A mechanosensitive peri-arteriolar niche for osteogenesis and lymphopoiesis. Nature 2021, 591, 438-444. [CrossRef] [PubMed]

13.  Jacobsen, K.; Osmond, D.G. Microenvironmental organization and stromal cell associations of B lymphocyte precursor cells in
mouse bone marrow. Eur. J. Immunol. 1990, 20, 2395-2404. [CrossRef] [PubMed]

14. Hermans, M.H.; Hartsuiker, H.; Opstelten, D. An in situ study of B-lymphocytopoiesis in rat bone marrow. Topographical
arrangement of terminal deoxynucleotidyl transferase-positive cells and pre-B cells. |. Immunol. 1989, 142, 67-73. [PubMed]

15. Cordeiro Gomes, A.; Hara, T.; Lim, V.Y.; Herndler-Brandstetter, D.; Nevius, E.; Sugiyama, T.; Tani-Ichi, S.; Schlenner, S.; Richie, E.;
Rodewald, H.-R.; et al. Hematopoietic Stem Cell Niches Produce Lineage-Instructive Signals to Control Multipotent Progenitor
Differentiation. Immunity 2016, 45, 1219-1231. [CrossRef] [PubMed]

16. Zhu, J; Garrett, R,; Jung, Y.; Zhang, Y.; Kim, N.; Wang, ].; Joe, G.].; Hexner, E.; Choi, Y.; Taichman, R.S.; et al. Osteoblasts support
B-lymphocyte commitment and differentiation from hematopoietic stem cells. Blood 2007, 109, 3706-3712. [CrossRef] [PubMed]

17.  Visnjic, D.; Kalajzic, Z.; Rowe, D.W.; Katavic, V.; Lorenzo, ]J.; Aguila, H.L. Hematopoiesis is severely altered in mice with an

induced osteoblast deficiency. Blood 2004, 103, 3258-3264. [CrossRef]


http://doi.org/10.1038/s41580-019-0103-9
http://www.ncbi.nlm.nih.gov/pubmed/30745579
http://doi.org/10.1016/j.cell.2005.02.013
http://www.ncbi.nlm.nih.gov/pubmed/15851035
http://doi.org/10.1016/S0092-8674(00)80453-5
http://doi.org/10.1182/blood-2007-11-125385
http://www.ncbi.nlm.nih.gov/pubmed/18495958
http://doi.org/10.1101/gad.1836009
http://www.ncbi.nlm.nih.gov/pubmed/19833765
http://doi.org/10.1084/jem.173.5.1213
http://doi.org/10.1016/j.it.2020.05.003
http://doi.org/10.1016/j.bone.2017.11.018
http://doi.org/10.1182/blood-2017-12-784132
http://doi.org/10.1038/s41568-020-0245-2
http://doi.org/10.1038/nature11885
http://www.ncbi.nlm.nih.gov/pubmed/23434755
http://doi.org/10.1038/s41586-021-03298-5
http://www.ncbi.nlm.nih.gov/pubmed/33627868
http://doi.org/10.1002/eji.1830201106
http://www.ncbi.nlm.nih.gov/pubmed/2253679
http://www.ncbi.nlm.nih.gov/pubmed/2491874
http://doi.org/10.1016/j.immuni.2016.11.004
http://www.ncbi.nlm.nih.gov/pubmed/27913094
http://doi.org/10.1182/blood-2006-08-041384
http://www.ncbi.nlm.nih.gov/pubmed/17227831
http://doi.org/10.1182/blood-2003-11-4011

Cancers 2022, 14, 2089 20 of 27

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Terashima, A.; Okamoto, K.; Nakashima, T.; Akira, S.; Ikuta, K.; Takayanagi, H. Sepsis-Induced Osteoblast Ablation Causes
Immunodeficiency. Immunity 2016, 44, 1434-1443. [CrossRef]

Yu, VW.; Lymperi, S.; Oki, T,; Jones, A.; Swiatek, P; Vasic, R.; Ferraro, F.; Scadden, D.T. Distinctive Mesenchymal-Parenchymal
Cell Pairings Govern B Cell Differentiation in the Bone Marrow. Stem Cell Rep. 2016, 7, 220-235. [CrossRef]

Ponomaryov, T.; Peled, A.; Petit, I; Taichman, R.S.; Habler, L.; Sandbank, J.; Arenzana-Seisdedos, F; Magerus, A.; Caruz, A.; Fuji,
N.; et al. Induction of the chemokine stromal-derived factor-1 following DNA damage improves human stem cell function. J. Clin.
Investig. 2000, 106, 1331-1339. [CrossRef]

Sugiyama, T.; Kohara, H.; Noda, M.; Nagasawa, T. Maintenance of the Hematopoietic Stem Cell Pool by CXCL12-CXCR4
Chemokine Signaling in Bone Marrow Stromal Cell Niches. Immunity 2006, 25, 977-988. [CrossRef] [PubMed]

Greenbaum, A.; Hsu, Y.-M.S.; Day, R.B.; Schuettpelz, L.G.; Christopher, M.].; Borgerding, ].N.; Nagasawa, T.; Link, D.C. CXCL12
in early mesenchymal progenitors is required for haematopoietic stem-cell maintenance. Nature 2013, 495, 227-230. [CrossRef]
[PubMed]

Clark, M.R.; Mandal, M.; Ochiai, K.; Singh, H. Orchestrating B cell lymphopoiesis through interplay of IL-7 receptor and pre-B
cell receptor signalling. Nat. Rev. Immunol. 2014, 14, 69-80. [CrossRef] [PubMed]

Martin, S.K.; Fitter, S.; El Khawanky, N.; Grose, R.H.; Walkley, C.R.; Purton, L.E.; Ruegg, M.A.; Hall, M.N.; Gronthos, S.;
Zannettino, A.C.W. mTORCI plays an important role in osteoblastic regulation of B-lymphopoiesis. Sci. Rep. 2018, 8, 14501.
[CrossRef]

Wang, Y.; Xiao, M.; Tao, C.; Chen, J.; Wang, Z.; Yang, J.; Chen, Z.; Zou, Z.; Liu, A; Cai, D.; et al. Inactivation of mTORC1 Signaling
in Osterix-Expressing Cells Impairs B-cell Differentiation. J. Bone Miner. Res. 2018, 33, 732-742. [CrossRef]

Wu, J.Y,; Purton, L.E.; Rodda, S.J.; Chen, M.; Weinstein, L.S.; McMahon, A.P.; Scadden, D.T.; Kronenberg, H.M. Osteoblastic
regulation of B lymphopoiesis is mediated by Gsx-dependent signaling pathways. Proc. Natl. Acad. Sci. USA 2008, 105,
16976-16981. [CrossRef]

Panaroni, C.; Fulzele, K.; Saini, V.; Chubb, R.; Pajevic, PD.; Wu, J.Y. PTH Signaling in Osteoprogenitors Is Essential for B-
Lymphocyte Differentiation and Mobilization. J. Bone Miner. Res. 2015, 30, 2273-2286. [CrossRef]

Taguchi, T.; Takenouchi, H.; Matsui, J.; Tang, W.-R,; Itagaki, M.; Shiozawa, Y.; Suzuki, K.; Sakaguchi, S.; Ktagiri, Y.U.; Takahashi,
T.; et al. Involvement of insulin-like growth factor-I and insulin-like growth factor binding proteins in pro-B-cell development.
Exp. Hematol. 2006, 34, 508-518. [CrossRef]

Tikhonova, A.N.; Dolgalev, I.; Hu, H.; Sivaraj, K.K.; Hoxha, E.; Cuesta-Dominguez, A.; Pinho, S.; Akhmetzyanova, I.; Gao, J.;
Witkowski, M.; et al. The bone marrow microenvironment at single-cell resolution. Nature 2019, 569, 222-228. [CrossRef]
Nemeth, M.].; Topol, L.; Anderson, S.M.; Yang, Y.; Bodine, D.M. Wnt5a inhibits canonical Wnt signaling in hematopoietic stem
cells and enhances repopulation. Proc. Natl. Acad. Sci. USA 2007, 104, 15436-15441. [CrossRef]

Cao, J.; Zhang, L.; Wan, Y.; Li, H.; Zhou, R.; Ding, H.; Liu, Y.; Yao, Z.; Guo, X. Ablation of Wntless in endosteal niches impairs
lymphopoiesis rather than HSCs maintenance. Eur. J. Immunol. 2015, 45, 2650-2660. [CrossRef] [PubMed]

Wan, Y.; Lu, C,; Cao, J.; Zhou, R;; Yao, Y.; Yu, J.; Zhang, L.; Zhao, H.; Li, H.; Zhao, J.; et al. Osteoblastic Wnts differentially regulate
bone remodeling and the maintenance of bone marrow mesenchymal stem cells. Bone 2013, 55, 258-267. [CrossRef] [PubMed]
Tatsumi, S.; Ishii, K.; Amizuka, N.; Li, M.; Kobayashi, T.; Kohno, K.; Ito, M.; Takeshita, S.; Ikeda, K. Targeted Ablation of Osteocytes
Induces Osteoporosis with Defective Mechanotransduction. Cell Metab. 2007, 5, 464—475. [CrossRef] [PubMed]

Holdsworth, G.; Roberts, S.J.; Ke, H.Z. Novel actions of sclerostin on bone. J. Mol. Endocrinol. 2019, 62, R167-R185. [CrossRef]
Li, X.; Ominsky, M.S.; Niu, Q.-T.; Sun, N.; Daugherty, B.; D’Agostin, D.; Kurahara, C.; Gao, Y.; Cao, J.; Gong, J.; et al. Targeted
Deletion of the Sclerostin Gene in Mice Results in Increased Bone Formation and Bone Strength. J. Bone Miner. Res. 2008, 23,
860-869. [CrossRef]

Cain, C.J.; Rueda, R.; McLelland, B.; Collette, N.M.; Loots, G.G.; Manilay, ].O. Absence of sclerostin adversely affects B-cell
survival. J. Bone Miner. Res. 2012, 27, 1451-1461. [CrossRef]

Sato, M.; Asada, N.; Kawano, Y.; Wakahashi, K.; Minagawa, K.; Kawano, H.; Sada, A.; Ikeda, K.; Matsui, T.; Katayama, Y.
Osteocytes Regulate Primary Lymphoid Organs and Fat Metabolism. Cell Metab. 2013, 18, 749-758. [CrossRef]

Park, J.H.; Lee, N.K,; Lee, S.Y. Current Understanding of RANK Signaling in Osteoclast Differentiation and Maturation. Mol. Cells
2017, 40, 706-713. [CrossRef]

Kong, Y.-Y.; Yoshida, H.; Sarosi, I.; Tan, H.-L.; Timmes, E.; Capparelli, C.; Morony, S.; Oliveira-dos-Santos, A.].; Van, G.; Itie, A,;
et al. OPGL is a key regulator of osteoclastogenesis, lymphocyte development and lymph-node organogenesis. Nature 1999, 397,
315-323. [CrossRef]

Dougall, W.C.; Glaccum, M.; Charrier, K.; Rohrbach, K.; Brasel, K.; De Smedt, T.; Daro, E.; Smith, J.; Tometsko, M.E.; Maliszewski,
C.R;; et al. RANK is essential for osteoclast and lymph node development. Genes Dev. 1999, 13, 2412-2424. [CrossRef]
Blin-Wakkach, C.; Wakkach, A.; Sexton, P.M.; Rochet, N.; Carle, G.F. Hematological defects in the oc/oc mouse, a model of
infantile malignant osteopetrosis. Leukemia 2004, 18, 1505-1511. [CrossRef] [PubMed]

Mansour, A.; Anginot, A.; Mancini, S.J.C.; Schiff, C.; Carle, G.F.; Wakkach, A.; Blin-Wakkach, C. Osteoclast activity modulates
B-cell development in the bone marrow. Cell Res. 2011, 21, 1102-1115. [CrossRef] [PubMed]

Xian, L.; Wu, X; Pang, L.; Lou, M.; Rosen, C.J.; Qiu, T.; Crane, J.; Frassica, F.; Zhang, L.; Rodriguez, J.P; et al. Matrix IGF-1
maintains bone mass by activation of mTOR in mesenchymal stem cells. Nat. Med. 2012, 18, 1095-1101. [CrossRef] [PubMed]


http://doi.org/10.1016/j.immuni.2016.05.012
http://doi.org/10.1016/j.stemcr.2016.06.009
http://doi.org/10.1172/JCI10329
http://doi.org/10.1016/j.immuni.2006.10.016
http://www.ncbi.nlm.nih.gov/pubmed/17174120
http://doi.org/10.1038/nature11926
http://www.ncbi.nlm.nih.gov/pubmed/23434756
http://doi.org/10.1038/nri3570
http://www.ncbi.nlm.nih.gov/pubmed/24378843
http://doi.org/10.1038/s41598-018-32858-5
http://doi.org/10.1002/jbmr.3352
http://doi.org/10.1073/pnas.0802898105
http://doi.org/10.1002/jbmr.2581
http://doi.org/10.1016/j.exphem.2006.01.009
http://doi.org/10.1038/s41586-019-1104-8
http://doi.org/10.1073/pnas.0704747104
http://doi.org/10.1002/eji.201445405
http://www.ncbi.nlm.nih.gov/pubmed/26173091
http://doi.org/10.1016/j.bone.2012.12.052
http://www.ncbi.nlm.nih.gov/pubmed/23334081
http://doi.org/10.1016/j.cmet.2007.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17550781
http://doi.org/10.1530/JME-18-0176
http://doi.org/10.1359/jbmr.080216
http://doi.org/10.1002/jbmr.1608
http://doi.org/10.1016/j.cmet.2013.09.014
http://doi.org/10.14348/molcells.2017.0225
http://doi.org/10.1038/16852
http://doi.org/10.1101/gad.13.18.2412
http://doi.org/10.1038/sj.leu.2403449
http://www.ncbi.nlm.nih.gov/pubmed/15284856
http://doi.org/10.1038/cr.2011.21
http://www.ncbi.nlm.nih.gov/pubmed/21321604
http://doi.org/10.1038/nm.2793
http://www.ncbi.nlm.nih.gov/pubmed/22729283

Cancers 2022, 14, 2089 21 of 27

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ding, L.; Saunders, T.L.; Enikolopov, G.; Morrison, S.J. Endothelial and perivascular cells maintain haematopoietic stem cells.
Nature 2012, 481, 457-462. [CrossRef] [PubMed]

Méndez-Ferrer, S.; Michurina, T.V.; Ferraro, F; Mazloom, A.R.; Macarthur, B.D.; Lira, S.A.; Scadden, D.T.; Ma’ayan, A.; Enikolopov,
G.N,; Frenette, P.S. Mesenchymal and haematopoietic stem cells form a unique bone marrow niche. Nature 2010, 466, 829-834.
[CrossRef]

Kunisaki, Y.; Bruns, I; Scheiermann, C.; Ahmed, J.; Pinho, S.; Zhang, D.; Mizoguchi, T.; Wei, Q.; Lucas, D.; Ito, K; et al. Arteriolar
niches maintain haematopoietic stem cell quiescence. Nature 2013, 502, 637-643. [CrossRef]

Morikawa, S.; Mabuchi, Y.; Kubota, Y.; Nagai, Y.; Niibe, K.; Hiratsu, E.; Suzuki, S.; Miyauchi-Hara, C.; Nagoshi, N.; Sunabori, T.;
et al. Prospective identification, isolation, and systemic transplantation of multipotent mesenchymal stem cells in murine bone
marrow. J. Exp. Med. 2009, 206, 2483-2496. [CrossRef]

Mourcin, E; Breton, C.; Tellier, J.; Narang, P.; Chasson, L.; Jorquera, A.; Coles, M.; Schiff, C.; Mancini, S.].C. Galectin-1-expressing
stromal cells constitute a specific niche for pre-BII cell development in mouse bone marrow. Blood 2011, 117, 6552-6561. [CrossRef]
Cuminetti, V.; Arranz, L. Bone Marrow Adipocytes: The Enigmatic Components of the Hematopoietic Stem Cell Niche. J. Clin.
Med. 2019, 8, 707. [CrossRef]

Sacchetti, B.; Funari, A.; Michienzi, S.; Di Cesare, S.; Piersanti, S.; Saggio, I.; Tagliafico, E.; Ferrari, S.; Robey, P.G.; Riminucci, M.;
et al. Self-Renewing Osteoprogenitors in Bone Marrow Sinusoids Can Organize a Hematopoietic Microenvironment. Cell 2007,
131, 324-336. [CrossRef]

Chan, CK.E; Chen, C.-C.; Luppen, C.A.; Kim, ].-B.; DeBoer, A.T.; Wei, K.; Helms, J.A.; Kuo, C.J.; Kraft, D.L.; Weissman, L.L.
Endochondral ossification is required for haematopoietic stem-cell niche formation. Nature 2009, 457, 490-494. [CrossRef]
[PubMed]

Tokoyoda, K.; Egawa, T.; Sugiyama, T.; Choi, B.-I.; Nagasawa, T. Cellular Niches Controlling B Lymphocyte Behavior within Bone
Marrow during Development. Immunity 2004, 20, 707-718. [CrossRef] [PubMed]

Balzano, M.; De Grandis, M.; Vu Manh, T.-P,; Chasson, L.; Bardin, F.; Farina, A.; Sergé, A.; Bidaut, G.; Charbord, P.; Hérault, L.;
et al. Nidogen-1 Contributes to the Interaction Network Involved in Pro-B Cell Retention in the Peri-sinusoidal Hematopoietic
Stem Cell Niche. Cell Rep. 2019, 26, 3257-3271.€8. [CrossRef] [PubMed]

Mandal, M.; Okoreeh, M.K.; Kennedy, D.E.; Maienschein-Cline, M.; Ai, J.; McLean, K.C.; Kaverina, N.; Veselits, M.; Aifantis,
I; Gounari, F; et al. CXCR4 signaling directs Igk recombination and the molecular mechanisms of late B lymphopoiesis.
Nat. Immunol. 2019, 20, 1393-1403. [CrossRef] [PubMed]

Omatsu, Y.; Sugiyama, T.; Kohara, H.; Kondoh, G.; Fujii, N.; Kohno, K.; Nagasawa, T. The Essential Functions of Adipo-osteogenic
Progenitors as the Hematopoietic Stem and Progenitor Cell Niche. Immunity 2010, 33, 387-399. [CrossRef] [PubMed]

Zhou, B.O.; Yue, R.; Murphy, M.M,; Peyer, ].G.; Morrison, S.]. Leptin-Receptor-Expressing Mesenchymal Stromal Cells Represent
the Main Source of Bone Formed by Adult Bone Marrow. Cell Stem Cell 2014, 15, 154-168. [CrossRef]

Cheung, L.C,; Strickland, D.H.; Howlett, M.; Ford, J.; Charles, A.K.; Lyons, K.M.; Brigstock, D.R.; Goldschmeding, R.; Cole, C.H.;
Alexander, W.S.; et al. Connective tissue growth factor is expressed in bone marrow stromal cells and promotes interleukin-7-
dependent B lymphopoiesis. Haematologica 2014, 99, 1149-1156. [CrossRef]

Comazzetto, S.; Murphy, M.M.; Berto, S.; Jeffery, E.; Zhao, Z.; Morrison, S.J. Restricted Hematopoietic Progenitors and Erythro-
poiesis Require SCF from Leptin Receptor+ Niche Cells in the Bone Marrow. Cell Stem Cell 2019, 24, 477-486.e6. [CrossRef]
Baryawno, N.; Przybylski, D.; Kowalczyk, M.S.; Kfoury, Y.; Severe, N.; Gustafsson, K.; Kokkaliaris, K.D.; Mercier, F.; Tabaka, M.;
Hofree, M.; et al. A Cellular Taxonomy of the Bone Marrow Stroma in Homeostasis and Leukemia. Cell 2019, 177, 1915-1932.e16.
[CrossRef]

Baccin, C.; Al-Sabah, J.; Velten, L.; Helbling, PM.; Griinschlédger, F.; Hernandez-Malmierca, P.; Nombela-Arrieta, C.; Steinmetz,
L.M.; Trumpp, A.; Haas, S. Combined single-cell and spatial transcriptomics reveal the molecular, cellular and spatial bone
marrow niche organization. Nat. Cell Biol. 2020, 22, 38-48. [CrossRef]

Kusumbe, A.P.; Ramasamy, S.K.; Itkin, T.; Mde, M.A.; Langen, U.H.; Betsholtz, C.; Lapidot, T.; Adams, R.H. Age-dependent
modulation of vascular niches for haematopoietic stem cells. Nature 2016, 532, 380-384. [CrossRef] [PubMed]

Pinho, S.; Marchand, T.; Yang, E.; Wei, Q.; Nerlov, C.; Frenette, P.S. Lineage-Biased Hematopoietic Stem Cells Are Regulated by
Distinct Niches. Dev. Cell 2018, 44, 634-641.e4. [CrossRef] [PubMed]

Espeli, M.; Mancini, S.J.C.; Breton, C.; Poirier, E,; Schiff, C. Impaired B-cell development at the pre-BII-cell stage in galectin-1-
deficient mice due to inefficient pre-BII/stromal cell interactions. Blood 2009, 113, 5878-5886. [CrossRef] [PubMed]

Chen, J.; Hendriks, M.; Chatzis, A.; Ramasamy, S.K.; Kusumbe, A.P. Bone Vasculature and Bone Marrow Vascular Niches in
Health and Disease. ]. Bone Miner. Res. 2020, 35, 2103-2120. [CrossRef]

Ramasamy, S.K. Structure and Functions of Blood Vessels and Vascular Niches in Bone. Stem Cells Int. 2017, 2017, 5046953.
[CrossRef]

Dar, A.; Goichberg, P; Shinder, V.; Kalinkovich, A.; Kollet, O.; Netzer, N.; Margalit, R.; Zsak, M.; Nagler, A.; Hardan, I;
et al. Chemokine receptor CXCR4-dependent internalization and resecretion of functional chemokine SDF-1 by bone marrow
endothelial and stromal cells. Nat. Immunol. 2005, 6, 1038-1046. [CrossRef]

Xu, C.; Gao, X.; Wei, Q.; Nakahara, F.; Zimmerman, S.E.; Mar, J.; Frenette, P.S. Stem cell factor is selectively secreted by arterial
endothelial cells in bone marrow. Nat. Commun. 2018, 9, 2449. [CrossRef]


http://doi.org/10.1038/nature10783
http://www.ncbi.nlm.nih.gov/pubmed/22281595
http://doi.org/10.1038/nature09262
http://doi.org/10.1038/nature12612
http://doi.org/10.1084/jem.20091046
http://doi.org/10.1182/blood-2010-12-323113
http://doi.org/10.3390/jcm8050707
http://doi.org/10.1016/j.cell.2007.08.025
http://doi.org/10.1038/nature07547
http://www.ncbi.nlm.nih.gov/pubmed/19078959
http://doi.org/10.1016/j.immuni.2004.05.001
http://www.ncbi.nlm.nih.gov/pubmed/15189736
http://doi.org/10.1016/j.celrep.2019.02.065
http://www.ncbi.nlm.nih.gov/pubmed/30893599
http://doi.org/10.1038/s41590-019-0468-0
http://www.ncbi.nlm.nih.gov/pubmed/31477919
http://doi.org/10.1016/j.immuni.2010.08.017
http://www.ncbi.nlm.nih.gov/pubmed/20850355
http://doi.org/10.1016/j.stem.2014.06.008
http://doi.org/10.3324/haematol.2013.102327
http://doi.org/10.1016/j.stem.2018.11.022
http://doi.org/10.1016/j.cell.2019.04.040
http://doi.org/10.1038/s41556-019-0439-6
http://doi.org/10.1038/nature17638
http://www.ncbi.nlm.nih.gov/pubmed/27074508
http://doi.org/10.1016/j.devcel.2018.01.016
http://www.ncbi.nlm.nih.gov/pubmed/29456137
http://doi.org/10.1182/blood-2009-01-198465
http://www.ncbi.nlm.nih.gov/pubmed/19329777
http://doi.org/10.1002/jbmr.4171
http://doi.org/10.1155/2017/5046953
http://doi.org/10.1038/ni1251
http://doi.org/10.1038/s41467-018-04726-3

Cancers 2022, 14, 2089 22 of 27

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Fiuza, U.-M.; Arias, A.M. Cell and molecular biology of Notch. J. Endocrinol. 2007, 194, 459-474. [CrossRef]

Lecka-Czernik, B.; Baroi, S.; Stechschulte, L.A.; Chougule, A.S. Marrow Fat—A New Target to Treat Bone Diseases? Curr.
Osteoporos. Rep. 2018, 16, 123-129. [CrossRef]

Zelechowska, P; Brzeziniska-Blaszczyk, E.; Kusowska, A.; Koztowska, E. The role of adipokines in the modulation of lymphoid
lineage cell development and activity: An overview. Obes. Rev. 2020, 21, e13055. [CrossRef]

Naveiras, O.; Nardi, V.; Wenzel, P.L.; Hauschka, P.V.; Fahey, F; Daley, G.Q. Bone-marrow adipocytes as negative regulators of the
haematopoietic microenvironment. Nature 2009, 460, 259-263. [CrossRef] [PubMed]

Adler, B.J.; Green, D.E.; Pagnotti, G.M.; Chan, M.E.; Rubin, C.T. High Fat Diet Rapidly Suppresses B Lymphopoiesis by Disrupting
the Supportive Capacity of the Bone Marrow Niche. PLoS ONE 2014, 9, €90639. [CrossRef]

Bilwani, FA.; Knight, K.L. Adipocyte-Derived Soluble Factor(s) Inhibits Early Stages of B Lymphopoiesis. J. Immunol. 2012, 189,
4379-4386. [CrossRef] [PubMed]

Kennedy, D.E.; Knight, K.L. Inflammatory Changes in Bone Marrow Microenvironment Associated with Declining B Lym-
phopoiesis. J. Immunol. 2017, 198, 3471-3479. [CrossRef] [PubMed]

Kennedy, D.E.; Knight, K.L. Inhibition of B Lymphopoiesis by Adipocytes and IL-1-Producing Myeloid-Derived Suppressor Cells.
J. Immunol. 2015, 195, 2666-2674. [CrossRef]

Bennett, B.D.; Solar, G.P; Yuan, ].Q.; Mathias, J.; Thomas, G.R.; Matthews, W. A role for leptin and its cognate receptor in
hematopoiesis. Curr. Biol. 1996, 6, 1170-1180. [CrossRef]

Claycombe, K.; King, L.E.; Fraker, P]. A role for leptin in sustaining lymphopoiesis and myelopoiesis. Proc. Natl. Acad. Sci. USA
2008, 105, 2017-2021. [CrossRef]

Malouf, C.; Ottersbach, K. Molecular processes involved in B cell acute lymphoblastic leukaemia. Cell. Mol. Life Sci. 2018, 75,
417-446. [CrossRef]

Mullighan, C.G.; Goorha, S.; Radtke, I.; Miller, C.B.; Coustan-Smith, E.; Dalton, ].D.; Girtman, K.; Mathew, S.; Ma, J.; Pounds, S.B,;
et al. Genome-wide analysis of genetic alterations in acute lymphoblastic leukaemia. Nature 2007, 446, 758-764. [CrossRef]
Roberts, K.G.; Morin, R.D.; Zhang, J.; Hirst, M.; Zhao, Y.; Su, X.; Chen, S.-C.; Payne-Turner, D.; Churchman, M.L.; Harvey, R.C,;
et al. Genetic Alterations Activating Kinase and Cytokine Receptor Signaling in High-Risk Acute Lymphoblastic Leukemia.
Cancer Cell 2012, 22, 153-166. [CrossRef]

Okuyama, K; Strid, T.; Kuruvilla, J.; Somasundaram, R.; Cristobal, S.; Smith, E.; Prasad, M.; Fioretos, T.; Lilljebjorn, H.; Soneji, S.;
et al. PAX5 is part of a functional transcription factor network targeted in lymphoid leukemia. PLoS Genet. 2019, 15, €1008280.
[CrossRef] [PubMed]

Dander, E.; Palmi, C.; D’amico, G.; Cazzaniga, G. The Bone Marrow Niche in B-Cell Acute Lymphoblastic Leukemia: The Role of
Microenvironment from Pre-Leukemia to Overt Leukemia. Int. |. Mol. Sci. 2021, 22, 4426. [CrossRef] [PubMed]

Raaijmakers, M.H.G.P. Niche contributions to oncogenesis: Emerging concepts and implications for the hematopoietic system.
Haematologica. 2011, 96, 1041-1048. [CrossRef] [PubMed]

Kokkaliaris, K.D.; Scadden, D.T. Cell interactions in the bone marrow microenvironment affecting myeloid malignancies. Blood
Adv. 2020, 4, 3795-3803. [CrossRef]

Halton, ].M.; Atkinson, S.A.; Fraher, L.; Webber, C.; Gill, G.].; Dawson, S.; Barr, R.D. Altered mineral metabolism and bone mass
in children during treatment for acute lymphoblastic leukemia. J. Bone Miner. Res. 1996, 11, 1774-1783. [CrossRef]

Leeuw, J.A.; Koudstaal, J.; Wiersema-Buist, J.; Kamps, W.A.; Timens, W. Bone Histomorphometry in Children with Newly
Diagnosed Acute Lymphoblastic Leukemia. Pediatr. Res. 2003, 54, 814-818. [CrossRef]

Davies, ].H.; Evans, B.A.J.; Jenney, M.E.M.; Gregory, ].W. Effects of Chemotherapeutic Agents on the Function of Primary Human
Osteoblast-Like Cells Derived from Children. J. Clin. Endocrinol. Metab. 2003, 88, 6088-6097. [CrossRef]

Kroschwald, L.M.; Tauer, J.T.; Kroschwald, S.I; Suttorp, M.; Wiedenfeld, A.; Beissert, S.; Bauer, A.; Rauner, M. Imatinib mesylate
and nilotinib decrease synthesis of bone matrix in vitro. Oncol. Lett. 2019, 18, 2102-2108. [CrossRef]

Nguyen, T.-V.; Melville, A; Nath, S.; Story, C.; Howell, S.; Sutton, R.; Zannettino, A.; Revesz, T. Bone Marrow Recovery by
Morphometry during Induction Chemotherapy for Acute Lymphoblastic Leukemia in Children. PLoS ONE 2015, 10, e0126233.
[CrossRef]

Le, PM.; Andreeff, M.; Battula, V.L. Osteogenic niche in the regulation of normal hematopoiesis and leukemogenesis. Haematologica
2018, 103, 1945-1955. [CrossRef]

Cheung, L.C,; Tickner, J.; Hughes, A.M.; Skut, P.; Howlett, M.; Foley, B.; Oommen, J.; Wells, ].E.; He, B.; Singh, S.; et al. New
therapeutic opportunities from dissecting the pre-B leukemia bone marrow microenvironment. Leukemia 2018, 32, 2326-2338.
[CrossRef] [PubMed]

Yang, G.-C.; Xu, Y.-H.; Chen, H.-X.; Wang, X.-]. Acute Lymphoblastic Leukemia Cells Inhibit the Differentiation of Bone
Mesenchymal Stem Cells into Osteoblasts In Vitro by Activating Notch Signaling. Stem Cells Int. 2015, 2015, 162410. [CrossRef]
[PubMed]

Boyerinas, B.; Zafrir, M.; Yesilkanal, A.E.; Price, T.T.; Hyjek, E.M.; Sipkins, D.A. Adhesion to osteopontin in the bone marrow
niche regulates lymphoblastic leukemia cell dormancy. Blood 2013, 121, 4821-4831. [CrossRef] [PubMed]

Ma, C.; Witkowski, M.T.; Harris, J.; Dolgalev, I.; Sreeram, S.; Qian, W.; Tong, J.; Chen, X.; Aifantis, I.; Chen, W. Leukemia-on-a-chip:
Dissecting the chemoresistance mechanisms in B cell acute lymphoblastic leukemia bone marrow niche. Sci. Adv. 2020, 6,
eabab5536. [CrossRef]


http://doi.org/10.1677/JOE-07-0242
http://doi.org/10.1007/s11914-018-0426-z
http://doi.org/10.1111/obr.13055
http://doi.org/10.1038/nature08099
http://www.ncbi.nlm.nih.gov/pubmed/19516257
http://doi.org/10.1371/journal.pone.0090639
http://doi.org/10.4049/jimmunol.1201176
http://www.ncbi.nlm.nih.gov/pubmed/23002443
http://doi.org/10.4049/jimmunol.1601643
http://www.ncbi.nlm.nih.gov/pubmed/28320833
http://doi.org/10.4049/jimmunol.1500957
http://doi.org/10.1016/S0960-9822(02)70684-2
http://doi.org/10.1073/pnas.0712053105
http://doi.org/10.1007/s00018-017-2620-z
http://doi.org/10.1038/nature05690
http://doi.org/10.1016/j.ccr.2012.06.005
http://doi.org/10.1371/journal.pgen.1008280
http://www.ncbi.nlm.nih.gov/pubmed/31381561
http://doi.org/10.3390/ijms22094426
http://www.ncbi.nlm.nih.gov/pubmed/33922612
http://doi.org/10.3324/haematol.2010.028035
http://www.ncbi.nlm.nih.gov/pubmed/21459792
http://doi.org/10.1182/bloodadvances.2020002127
http://doi.org/10.1002/jbmr.5650111122
http://doi.org/10.1203/01.PDR.0000090929.16450.DE
http://doi.org/10.1210/jc.2003-030712
http://doi.org/10.3892/ol.2019.10518
http://doi.org/10.1371/journal.pone.0126233
http://doi.org/10.3324/haematol.2018.197004
http://doi.org/10.1038/s41375-018-0144-7
http://www.ncbi.nlm.nih.gov/pubmed/29740160
http://doi.org/10.1155/2015/162410
http://www.ncbi.nlm.nih.gov/pubmed/26339248
http://doi.org/10.1182/blood-2012-12-475483
http://www.ncbi.nlm.nih.gov/pubmed/23589674
http://doi.org/10.1126/sciadv.aba5536

Cancers 2022, 14, 2089 23 of 27

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Gopalakrishnapillai, A.; Kolb, E.A.; Dhanan, P.; Mason, R.W.; Napper, A.; Barwe, S.P. Disruption of Annexin II /p11 Interaction
Suppresses Leukemia Cell Binding, Homing and Engraftment, and Sensitizes the Leukemia Cells to Chemotherapy. PLoS ONE
2015, 10, e0140564. [CrossRef]

Shiozawa, Y.; Pedersen, E.A ; Taichman, R.S. GAS6/Mer axis regulates the homing and survival of the E2A /PBX1-positive B-cell
precursor acute lymphoblastic leukemia in the bone marrow niche. Exp. Hematol. 2010, 38, 132-140. [CrossRef]

Moses, B.S.; Slone, W.L.; Thomas, P; Evans, R.; Piktel, D.; Angel, PM.; Walsh, C.M.; Cantrell, P.S.; Rellick, S.L.; Martin, K.H.;
et al. Bone marrow microenvironment modulation of acute lymphoblastic leukemia phenotype. Exp. Hematol. 2016, 44, 50-59.e2.
[CrossRef]

Moses, B.S.; Evans, R.; Slone, W.L.; Piktel, D.; Martinez, I.; Craig, M.D.; Gibson, L.F. Bone Marrow Microenvironment Niche
Regulates miR-221/222 in Acute Lymphoblastic Leukemia. Mol. Cancer Res. 2016, 14, 909-919. [CrossRef]

Slone, W.L.; Moses, B.S.; Hare, I; Evans, R.; Piktel, D.; Gibson, L.F. BCL6 modulation of acute lymphoblastic leukemia response to
chemotherapy. Oncotarget 2016, 7, 23439-23453. [CrossRef]

Rajakumar, S.A.; Papp, E.; Lee, KK; Grandal, I.; Merico, D.; Liu, C.C.; Allo, B.; Zhang, L.; Grynpas, M.D.; Minden, M.D.; et al. B
cell acute lymphoblastic leukemia cells mediate RANK-RANKL-dependent bone destruction. Sci. Transl. Med. 2020, 12, eaba5942.
[CrossRef]

Kusumbe, A.P.; Ramasamy, S.K.; Adams, R.H. Coupling of angiogenesis and osteogenesis by a specific vessel subtype in bone.
Nature 2014, 507, 323-328. [CrossRef] [PubMed]

Pal, D.; Blair, H.J.; Elder, A.; Dormon, K.; Rennie, K.J.; Coleman, D.J.L.; Weiland, ]J.; Rankin, K.S.; Filby, A.; Heidenreich, O.;
et al. Long-term in vitro maintenance of clonal abundance and leukaemia-initiating potential in acute lymphoblastic leukaemia.
Leukemia 2016, 30, 1691-1700. [CrossRef] [PubMed]

Manabe, A.; Coustan-Smith, E.; Behm, F.G.; Raimondi, S.C.; Campana, D. Bone marrow-derived stromal cells prevent apoptotic
cell death in B-lineage acute lymphoblastic leukemia. Blood 1992, 79, 2370-2377. [CrossRef] [PubMed]

Kumagai, M.; Manabe, A.; Pui, C.H.; Behm, F.G.; Raimondi, S.C.; Hancock, M.L.; Mahmoud, H.; Crist, W.M.; Campana, D.
Stroma-supported culture in childhood B-lineage acute lymphoblastic leukemia cells predicts treatment outcome. J. Clin. Investig.
1996, 97, 755-760. [CrossRef] [PubMed]

van den Berk, L.C.J.; van der Veer, A.; Willemse, M.E.; Theeuwes, M.].G. A ; Luijendijk, M.W.; Tong, W.H.; van der Sluis, LM,;
Pieters, R.; den Boer, M.L. Disturbed CXCR4/CXCL12 axis in paediatric precursor B-cell acute lymphoblastic leukaemia. Br. J.
Haematol. 2014, 166, 240-249. [CrossRef] [PubMed]

Balandrén, J.C.; Purizaca, J.; Enciso, J.; Dozal, D.; Sandoval, A.; Jiménez-Hernandez, E.; Aleman-Lazarini, L.; Perez-Koldenkova,
V.; Quintela-Nunez Del Prado, H.; Rios de Los Rios, J.; et al. Pro-inflammatory-Related Loss of CXCL12 Niche Promotes Acute
Lymphoblastic Leukemic Progression at the Expense of Normal Lymphopoiesis. Front. Immunol. 2017, 7, 666. [CrossRef]
[PubMed]

Konopleyv, S.; Jorgensen, ].L.; Thomas, D.A ; Lin, E.; Burger, J.; Kantarjian, H.M.; Andreeff, M.; Medeiros, L.J.; Konopleva, M.
Phosphorylated CXCR4 is associated with poor survival in adults with B-acute lymphoblastic leukemia. Cancer 2011, 117,
4689-4695. [CrossRef]

Nishii, K.; Katayama, N.; Miwa, H.; Shikami, M.; Masuya, M.; Shiku, H.; Kita, K. Survival of human leukaemic B-cell precursors
is supported by stromal cells and cytokines: Association with the expression of bcl-2 protein. Br. |. Haematol. 1999, 105, 701-710.
[CrossRef]

Juarez, J.; Bradstock, K.E; Gottlieb, D.J.; Bendall, L.J. Effects of inhibitors of the chemokine receptor CXCR4 on acute lymphoblastic
leukemia cells in vitro. Leukemia 2003, 17, 1294-1300. [CrossRef]

Juarez, J.; Baraz, R.; Gaundar, S.; Bradstock, K.; Bendall, L. Interaction of interleukin-7 and interleukin-3 with the CXCL12-induced
proliferation of B-cell progenitor acute lymphoblastic leukemia. Haematologica 2007, 92, 450-459. [CrossRef]

Juarez, J.; Dela Pena, A.; Baraz, R.; Hewson, J.; Khoo, M.; Cisterne, A.; Fricker, S.; Fujii, N.; Bradstock, K.E; Bendall, L.J. CXCR4
antagonists mobilize childhood acute lymphoblastic leukemia cells into the peripheral blood and inhibit engraftment. Leukemia
2007, 21, 1249-1257. [CrossRef] [PubMed]

Sison, E.A.R.; Magoon, D.; Li, L.; Annesley, C.E.; Rau, R.E.; Small, D.; Brown, P. Plerixafor as a chemosensitizing agent in
pediatric acute lymphoblastic leukemia: Efficacy and potential mechanisms of resistance to CXCR4 inhibition. Oncotarget 2014, 5,
8947-8958. [CrossRef] [PubMed]

Bonilla, X.; Vanegas, N.-D.P,; Vernot, ].P. Acute Leukemia Induces Senescence and Impaired Osteogenic Differentiation in
Mesenchymal Stem Cells Endowing Leukemic Cells with Functional Advantages. Stem Cells Int. 2019, 2019, 3864948. [CrossRef]
Shalapour, S.; Hof, ].; Kirschner-Schwabe, R.; Bastian, L.; Eckert, C.; Prada, J.; Henze, G.; von Stackelberg, A.; Seeger, K. High
VLA-4 expression is associated with adverse outcome and distinct gene expression changes in childhood B-cell precursor acute
lymphoblastic leukemia at first relapse. Haematologica 2011, 96, 1627-1635. [CrossRef]

Hsieh, Y.-T.; Gang, E.J.; Geng, H.; Park, E.; Huantes, S.; Chudziak, D.; Dauber, K.; Schaefer, P.; Scharman, C.; Shimada, H.;
et al. Integrin alpha4 blockade sensitizes drug resistant pre-B acute lymphoblastic leukemia to chemotherapy. Blood 2013, 121,
1814-1818. [CrossRef]


http://doi.org/10.1371/journal.pone.0140564
http://doi.org/10.1016/j.exphem.2009.11.002
http://doi.org/10.1016/j.exphem.2015.09.003
http://doi.org/10.1158/1541-7786.MCR-15-0474
http://doi.org/10.18632/oncotarget.8273
http://doi.org/10.1126/scitranslmed.aba5942
http://doi.org/10.1038/nature13145
http://www.ncbi.nlm.nih.gov/pubmed/24646994
http://doi.org/10.1038/leu.2016.79
http://www.ncbi.nlm.nih.gov/pubmed/27109511
http://doi.org/10.1182/blood.V79.9.2370.2370
http://www.ncbi.nlm.nih.gov/pubmed/1373973
http://doi.org/10.1172/JCI118474
http://www.ncbi.nlm.nih.gov/pubmed/8609232
http://doi.org/10.1111/bjh.12883
http://www.ncbi.nlm.nih.gov/pubmed/24697337
http://doi.org/10.3389/fimmu.2016.00666
http://www.ncbi.nlm.nih.gov/pubmed/28111575
http://doi.org/10.1002/cncr.26113
http://doi.org/10.1046/j.1365-2141.1999.01380.x
http://doi.org/10.1038/sj.leu.2402998
http://doi.org/10.3324/haematol.10621
http://doi.org/10.1038/sj.leu.2404684
http://www.ncbi.nlm.nih.gov/pubmed/17410186
http://doi.org/10.18632/oncotarget.2407
http://www.ncbi.nlm.nih.gov/pubmed/25333254
http://doi.org/10.1155/2019/3864948
http://doi.org/10.3324/haematol.2011.047993
http://doi.org/10.1182/blood-2012-01-406272

Cancers 2022, 14, 2089 24 of 27

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Hu, Z; Slayton, W.B. Integrin VLA-5 and FAK are Good Targets to Improve Treatment Response in the Philadelphia Chromosome
Positive Acute Lymphoblastic Leukemia. Front. Oncol. 2014, 4, 112. [CrossRef]

Hou, J; Yan, D.; Liu, Y.; Huang, P.; Cui, H. The Roles of Integrin 531 in Human Cancer. Onco. Targets Ther. 2020, 13, 13329-13344.
[CrossRef]

Fistonich, C.; Zehentmeier, S.; Bednarski, J.J.; Miao, R.; Schjerven, H.; Sleckman, B.P.; Pereira, J.P. Cell circuits between B cell
progenitors and IL-7* mesenchymal progenitor cells control B cell development. J. Exp. Med. 2018, 215, 2586-2599. [CrossRef]
[PubMed]

Portale, E.; Cricri, G.; Bresolin, S.; Lupi, M.; Gaspari, S.; Silvestri, D.; Russo, B.; Marino, N.; Ubezio, P.; Pagni, F.; et al. ActivinA:
A new leukemia-promoting factor conferring migratory advantage to B-cell precursor-acute lymphoblastic leukemic cells.
Huaematologica 2019, 104, 533-545. [CrossRef] [PubMed]

Yu, K,; Wang, J.; Lu, T; Ma, D.; Wei, D.; Guo, Y.; Cheng, B.; Wang, W.; Fang, Q. Overexpression of heme oxygenase-1 in
microenvironment mediates vincristine resistance of B-cell acute lymphoblastic leukemia by promoting vascular endothelial
growth factor secretion. J. Cell. Biochem. 2019, 120, 17791-17810. [CrossRef]

Vincente Lopez, A Vazquez Garcia, M.N.; Melen, G.J.; Entrena Martinez, A.; Cubillo Moreno, I.; Garcia-Castro, J.; Orellana, M.R ;
Gonzélez, A.G.Z. Mesenchymal Stromal Cells Derived from the Bone Marrow of Acute Lymphoblastic Leukemia Patients Show
Altered BMP4 Production: Correlations with the Course of Disease. PLoS ONE 2014, 9, e84496. [CrossRef] [PubMed]

Voeltzel, T.; Flores-Violante, M.; Zylbersztejn, F; Lefort, S.; Billandon, M.; Jeanpierre, S.; Joly, S.; Fossard, G.; Milenkov, M.;
Mazurier, E; et al. A new signaling cascade linking BMP4, BMPR1A, ANp73 and NANOG impacts on stem-like human cell
properties and patient outcome. Cell Death Dis. 2018, 9, 1011. [CrossRef] [PubMed]

Yang, Y.; Mallampati, S.; Sun, B.; Zhang, J.; Kim, S.-B.; Lee, ]J.-S.; Gong, Y.; Cai, Z.; Sun, X. Wnt pathway contributes to the
protection by bone marrow stromal cells of acute lymphoblastic leukemia cells and is a potential therapeutic target. Cancer Lett.
2013, 333, 9-17. [CrossRef] [PubMed]

Hu, K; Gu, Y;; Lou, L.; Liu, L.; Hu, Y,; Wang, B.; Luo, Y.; Shi, J.; Yu, X.; Huang, H. Galectin-3 mediates bone marrow
microenvironment-induced drug resistance in acute leukemia cells via Wnt/ 3-catenin signaling pathway. J. Hematol. Oncol. 2015,
8, 1. [CrossRef]

Fei, F; Abdel-Azim, H.; Lim, M.; Arutyunyan, A.; von Itzstein, M.; Groffen, J.; Heisterkamp, N. Galectin-3 in pre-B acute
lymphoblastic leukemia. Leukemia 2013, 27, 2385-2388. [CrossRef]

Iwamoto, S.; Mihara, K.; Downing, ].R.; Pui, C.-H.; Campana, D. Mesenchymal cells regulate the response of acute lymphoblastic
leukemia cells to asparaginase. J. Clin. Investig. 2007, 117, 1049-1057. [CrossRef]

Laranjeira, A.B.A.; de Vasconcellos, ].F.; Sodek, L.; Spago, M.C.; Fornazim, M.C.; Tone, L.G.; Brandalise, S.R.; Nowill, A.E.; Yunes,
J.A. IGFBP7 participates in the reciprocal interaction between acute lymphoblastic leukemia and BM stromal cells and in leukemia
resistance to asparaginase. Leukemia 2012, 26, 1001-1011. [CrossRef]

Ma, Z.; Zhao, X.; Huang, J.; Jia, X.; Deng, M.; Cui, D.; Du, Z; Fu, G.; Ouyang, G.; Xiao, C. A critical role of periostin in B-cell acute
lymphoblastic leukemia. Leukemia 2017, 31, 1835-1837. [CrossRef]

Gonzalez-Gonzadlez, L.; Alonso, J. Periostin: A Matricellular Protein with Multiple Functions in Cancer Development and
Progression. Front. Oncol. 2018, 8, 225. [CrossRef]

Ma, Z.; Zhao, X.; Deng, M.; Huang, Z.; Wang, J.; Wu, Y.; Cui, D.; Liu, Y,; Liu, R.; Ouyang, G. Bone Marrow Mesenchymal Stromal
Cell-Derived Periostin Promotes B-ALL Progression by Modulating CCL2 in Leukemia Cells. Cell Rep. 2019, 26, 1533-1543.e4.
[CrossRef]

Verma, D.; Zanetti, C.; Godavarthy, P.S.; Kumar, R.; Minciacchi, V.R.; Pfeiffer, J.; Metzler, M.; Lefort, S.; Maguer-Satta, V,;
Nicolini, F.E.; et al. Bone marrow niche-derived extracellular matrix-degrading enzymes influence the progression of B-cell acute
lymphoblastic leukemia. Leukemia 2020, 34, 1540-1552. [CrossRef] [PubMed]

Henke, E.; Nandigama, R.; Ergiin, S. Extracellular Matrix in the Tumor Microenvironment and Its Impact on Cancer Therapy.
Front. Mol. Biosci. 2019, 6, 160. [CrossRef] [PubMed]

Pérez-Figueroa, E.; Sanchez-Cuaxospa, M.; Martinez-Soto, K.A.; Sanchez-Zauco, N.; Medina-Sanson, A.; Jiménez-Hernandez, E.;
Torres-Nava, J.R.; Félix-Castro, ].M.; Gémez, A.; Ortega, E.; et al. Strong inflammatory response and Thl-polarization profile in
children with acute lymphoblastic leukemia without apparent infection. Oncol. Rep. 2016, 35, 2699-2706. [CrossRef] [PubMed]
de Vasconcellos, J.F; Laranjeira, A.B.A.; Zanchin, N.I.T,; Otubo, R.; Vaz, T.H.; Cardoso, A.A.; Brandalise, S.R.; Yunes, J.A. Increased
CCL2 and IL-8 in the bone marrow microenvironment in acute lymphoblastic leukemia. Pediatr. Blood Cancer 2010, 56, 568-577.
[CrossRef]

Vilchis-Ordofiez, A.; Contreras-Quiroz, A.; Vadillo, E.; Dorantes-Acosta, E.; Reyes-Lépez, A.; Quintela-Nunez del Prado, H-M,;
Venegas-Vazquez, J.; Mayani, H.; Ortiz-Navarrete, V.; Lopez-Martinez, B.; et al. Bone Marrow Cells in Acute Lymphoblastic
Leukemia Create a Proinflammatory Microenvironment Influencing Normal Hematopoietic Differentiation Fates. BioMed Res. Int.
2015, 2015, 386165. [CrossRef]

Isidro-Herndndez, M.; Mayado, A.; Casado-Garcia, A.; Martinez-Cano, J.; Palmi, C.; Fazio, G.; Orfao, A.; Ribera, ].; Ribera, ].M.;
Zamora, L.; et al. Inhibition of inflammatory signaling in Pax5 mutant cells mitigates B-cell leukemogenesis. Sci. Rep. 2020, 10,
19189. [CrossRef]

Wang, Y.; Chen, X.; Cao, W.; Shi, Y. Plasticity of mesenchymal stem cells in immunomodulation: Pathological and therapeutic
implications. Nat. Immunol. 2014, 15, 1009-1016. [CrossRef]


http://doi.org/10.3389/fonc.2014.00112
http://doi.org/10.2147/OTT.S273803
http://doi.org/10.1084/jem.20180778
http://www.ncbi.nlm.nih.gov/pubmed/30158115
http://doi.org/10.3324/haematol.2018.188664
http://www.ncbi.nlm.nih.gov/pubmed/30262563
http://doi.org/10.1002/jcb.29046
http://doi.org/10.1371/journal.pone.0084496
http://www.ncbi.nlm.nih.gov/pubmed/24400095
http://doi.org/10.1038/s41419-018-1042-7
http://www.ncbi.nlm.nih.gov/pubmed/30262802
http://doi.org/10.1016/j.canlet.2012.11.056
http://www.ncbi.nlm.nih.gov/pubmed/23333798
http://doi.org/10.1186/s13045-014-0099-8
http://doi.org/10.1038/leu.2013.175
http://doi.org/10.1172/JCI30235
http://doi.org/10.1038/leu.2011.289
http://doi.org/10.1038/leu.2017.149
http://doi.org/10.3389/fonc.2018.00225
http://doi.org/10.1016/j.celrep.2019.01.034
http://doi.org/10.1038/s41375-019-0674-7
http://www.ncbi.nlm.nih.gov/pubmed/31919471
http://doi.org/10.3389/fmolb.2019.00160
http://www.ncbi.nlm.nih.gov/pubmed/32118030
http://doi.org/10.3892/or.2016.4657
http://www.ncbi.nlm.nih.gov/pubmed/26985678
http://doi.org/10.1002/pbc.22941
http://doi.org/10.1155/2015/386165
http://doi.org/10.1038/s41598-020-76206-y
http://doi.org/10.1038/ni.3002

Cancers 2022, 14, 2089 25 of 27

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Ciciarello, M.; Corradi, G.; Loscocco, F,; Visani, G.; Monaco, E; Cavo, M.; Curti, A.; Isidori, A. The Yin and Yang of the Bone
Marrow Microenvironment: Pros and Cons of Mesenchymal Stromal Cells in Acute Myeloid Leukemia. Front. Oncol. 2019, 9,
1135. [CrossRef]

Niedzwiecki, M.; Budzilo, O.; Adamkiewicz-Drozyfiska, E.; Pawlik-Gwozdecka, D.; Zielifiski, M.; Maciejka-Kembtowska, L.;
Szczepanski, T.; Trzonkowski, P. CD4*CD25M8hCD1271°W/-FoxP5* Regulatory T-Cell Population in Acute Leukemias: A Review
of the Literature. J. Immunol. Res. 2019, 2019, 2816498. [CrossRef]

Spencer, J.A.; Ferraro, F; Roussakis, E.; Klein, A.; Wu, J.; Runnels, ] M.; Zaher, W.; Mortensen, L.J.; Alt, C.; Turcotte, R.; et al. Direct
measurement of local oxygen concentration in the bone marrow of live animals. Nature 2014, 508, 269-273. [CrossRef]

Benito, J.; Shi, Y.; Szymanska, B.; Carol, H.; Boehm, I.; Lu, H.; Konoplev, S.; Fang, W.; Zweidler-McKay, P.A.; Campana, D.; et al.
Pronounced Hypoxia in Models of Murine and Human Leukemia: High Efficacy of Hypoxia-Activated Prodrug PR-104. PLoS
ONE 2011, 6, €23108. [CrossRef] [PubMed]

Frolova, O.; Samudio, I.; Benito, ].M.; Jacamo, R.; Kornblau, S.M.; Markovic, A.; Schober, W.; Lu, H.; Qiu, Y.H.; Buglio, D.;
et al. Regulation of HIF-1« signaling and chemoresistance in acute lymphocytic leukemia under hypoxic conditions of the bone
marrow microenvironment. Cancer Biol. Ther. 2012, 13, 858-870. [CrossRef] [PubMed]

Polak, R.; de Rooij, B.; Pieters, R.; den Boer, M.L. B-cell precursor acute lymphoblastic leukemia cells use tunneling nanotubes to
orchestrate their microenvironment. Blood 2015, 126, 2404-2414. [CrossRef] [PubMed]

de Rooij, B.; Polak, R.; Stalpers, F.; Pieters, R.; den Boer, M.L. Tunneling nanotubes facilitate autophagosome transfer in the
leukemic niche. Leukemia 2017, 31, 1651-1654. [CrossRef]

Johnson, S.M.; Dempsey, C.; Parker, C.; Mironov, A.; Bradley, H.; Saha, V. Acute lymphoblastic leukaemia cells produce large
extracellular vesicles containing organelles and an active cytoskeleton. J. Extracell. Vesicles 2017, 6, 1294339. [CrossRef] [PubMed]
Johnson, S.M.; Dempsey, C.; Chadwick, A.; Harrison, S.; Liu, J.; Di, Y.; McGinn, O.].; Fiorillo, M.; Sotgia, E.; Lisanti, M.P.; et al.
Metabolic reprogramming of bone marrow stromal cells by leukemic extracellular vesicles in acute lymphoblastic leukemia. Blood
2016, 128, 453-456. [CrossRef]

Schneider, P; Dubus, I.; Gouel, F; Legrand, E.; Vannier, ].P.; Vasse, M. What Role for Angiogenesis in Childhood Acute
Lymphoblastic Leukaemia? Adv. Hematol. 2011, 2011, 27462. [CrossRef]

Sipkins, D.A.; Wei, X.; Wu, J.W.; Runnels, ] M.; Coté, D.; Means, T.K,; Luster, A.D.; Scadden, D.T.; Lin, C.P. In vivo imaging of
specialized bone marrow endothelial microdomains for tumour engraftment. Nature 2005, 435, 969-973. [CrossRef]

Spertini, C.; Baisse, B.; Bellone, M.; Gikic, M.; Smirnova, T.; Spertini, O. Acute Myeloid and Lymphoblastic Leukemia Cell
Interactions with Endothelial Selectins: Critical Role of PSGL-1, CD44 and CD43. Cancers 2019, 11, 1253. [CrossRef]

Veiga, ].P,; Costa, L.F,; Sallan, S.E.; Nadler, L.M.; Cardoso, A.A. Leukemia-stimulated bone marrow endothelium promotes
leukemia cell survival. Exp. Hematol. 2006, 34, 610-621. [CrossRef]

Perez-Atayde, A.R,; Sallan, S.E.; Tedrow, U.; Connors, S.; Allred, E.; Folkman, J. Spectrum of tumor angiogenesis in the bone
marrow of children with acute lymphoblastic leukemia. Am. . Pathol. 1997, 150, 815-821. [PubMed]

Pule, M.A.; Gullmann, C.; Dennis, D.; McMahon, C.; Jeffers, M.; Smith, O.P. Increased angiogenesis in bone marrow of children
with acute lymphoblastic leukaemia has no prognostic significance. Br. . Haematol. 2002, 118, 991-998. [CrossRef] [PubMed]
Ahsberg, J.; Xiao, P.; Okuyama, K.; Somasundaram, R.; Strid, T.; Qian, H.; Sigvardsson, M. Progression of progenitor B-cell
leukemia is associated with alterations of the bone marrow micro-environment. Haematologica 2020, 105, €102-e106. [CrossRef]
[PubMed]

Schneider, P; Vasse, M.; Sbaa-Ketata, E.; Lenormand, B.; Hong, L.; Soria, C.; Vannier, ].P. The growth of highly proliferative acute
lymphoblastic leukemia may be independent of stroma and/or angiogenesis. Leukemia 2001, 15, 1143-1145. [CrossRef]
Aguayo, A.; Kantarjian, H.; Manshouri, T.; Gidel, C.; Estey, E.; Thomas, D.; Koller, C.; Estrov, Z.; O’Brien, S.; Keating, M.; et al.
Angiogenesis in acute and chronic leukemias and myelodysplastic syndromes. Blood 2000, 96, 2240-2245. [CrossRef]

Itkin, T.; Gur-Cohen, S.; Spencer, J.A.; Schajnovitz, A.; Ramasamy, S.K.; Kusumbe, A.P; Ledergor, G.; Jung, Y.; Milo, L; Poulos,
M.G,; et al. Distinct bone marrow blood vessels differentially regulate haematopoiesis. Nature 2016, 532, 323-328. [CrossRef]
Velazquez-Avila, M.; Balandran, J.C.; Ramirez-Ramirez, D.; Velazquez-Avila, M.; Sandoval, A.; Felipe-L6pez, A.; Nava, P;
Alvarado-Moreno, J.A.; Dozal, D.; Prieto-Chavez, ].L.; et al. High cortactin expression in B-cell acute lymphoblastic leukemia is
associated with increased transendothelial migration and bone marrow relapse. Leukemia 2019, 33, 1337-1348. [CrossRef]
Thompson, S.B.; Wigton, E.J.; Krovi, S.H.; Chung, ].W.; Long, R.A_; Jacobelli, J. The Formin mDial Regulates Acute Lymphoblastic
Leukemia Engraftment, Migration, and Progression in vivo. Front. Oncol. 2018, 8, 389. [CrossRef]

Miinch, V,; Trentin, L.; Herzig, J.; Demir, S.; Seyfried, F,; Kraus, ].M.; Kestler, H.A.; Kohler, R.; Barth, T.EE.; Te Kronnie, G.; et al.
Central nervous system involvement in acute lymphoblastic leukemia is mediated by vascular endothelial growth factor. Blood
2017, 130, 643-654. [CrossRef]

Samimi, A.; Ghanavat, M.; Shahrabi, S.; Azizidoost, S.; Saki, N. Role of bone marrow adipocytes in leukemia and chemotherapy
challenges. Cell. Mol. Life Sci. 2019, 76, 2489-2497. [CrossRef]

Zinngrebe, J.; Debatin, K.-M.; Fischer-Posovszky, P. Adipocytes in hematopoiesis and acute leukemia: Friends, enemies, or
innocent bystanders? Leukemia 2020, 34, 2305-2316. [CrossRef] [PubMed]


http://doi.org/10.3389/fonc.2019.01135
http://doi.org/10.1155/2019/2816498
http://doi.org/10.1038/nature13034
http://doi.org/10.1371/journal.pone.0023108
http://www.ncbi.nlm.nih.gov/pubmed/21853076
http://doi.org/10.4161/cbt.20838
http://www.ncbi.nlm.nih.gov/pubmed/22785211
http://doi.org/10.1182/blood-2015-03-634238
http://www.ncbi.nlm.nih.gov/pubmed/26297738
http://doi.org/10.1038/leu.2017.117
http://doi.org/10.1080/20013078.2017.1294339
http://www.ncbi.nlm.nih.gov/pubmed/28386390
http://doi.org/10.1182/blood-2015-12-688051
http://doi.org/10.1155/2011/274628
http://doi.org/10.1038/nature03703
http://doi.org/10.3390/cancers11091253
http://doi.org/10.1016/j.exphem.2006.01.013
http://www.ncbi.nlm.nih.gov/pubmed/9060819
http://doi.org/10.1046/j.1365-2141.2002.03761.x
http://www.ncbi.nlm.nih.gov/pubmed/12199777
http://doi.org/10.3324/haematol.2018.214031
http://www.ncbi.nlm.nih.gov/pubmed/31296580
http://doi.org/10.1038/sj.leu.2402141
http://doi.org/10.1182/blood.V96.6.2240
http://doi.org/10.1038/nature17624
http://doi.org/10.1038/s41375-018-0333-4
http://doi.org/10.3389/fonc.2018.00389
http://doi.org/10.1182/blood-2017-03-769315
http://doi.org/10.1007/s00018-019-03031-6
http://doi.org/10.1038/s41375-020-0886-x
http://www.ncbi.nlm.nih.gov/pubmed/32474572

Cancers 2022, 14, 2089 26 of 27

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Pramanik, R.; Sheng, X.; Ichihara, B.; Heisterkamp, N.; Mittelman, S.D. Adipose tissue attracts and protects acute lymphoblastic
leukemia cells from chemotherapy. Leuk. Res. 2013, 37, 503-509. [CrossRef] [PubMed]

Battula, V.L.; Chen, Y.; Cabreira Mda, G.; Ruvolo, V.; Wang, Z.; Ma, W.; Konoplev, S.; Shpall, E.; Lyons, K.; Strunk, D.; et al.
Connective tissue growth factor regulates adipocyte differentiation of mesenchymal stromal cells and facilitates leukemia bone
marrow engraftment. Blood 2013, 122, 357-366. [CrossRef] [PubMed]

Sala-Torra, O.; Gundacker, H.M.; Stirewalt, D.L.; Ladne, P.A.; Pogosova-Agadjanyan, E.L.; Slovak, M.L.; Willman, C.L.; Heimfeld,
S.; Boldt, D.H.; Radich, J.P. Connective tissue growth factor (CTGF) expression and outcome in adult patients with acute
lymphoblastic leukemia. Blood 2007, 109, 3080-3083. [CrossRef]

Boag, ].M.; Beesley, A.H.; Firth, M.].; Freitas, ].R.; Ford, J.; Brigstock, D.R.; de Klerk, N.H.; Kees, U.R. High expression of connective
tissue growth factor in pre-B acute lymphoblastic leukaemia. Br. . Haematol. 2007, 138, 740-748. [CrossRef]

Tucci, J.; Chen, T.; Margulis, K.; Orgel, E.; Paszkiewicz, R.L.; Cohen, M.D.; Oberley, M.].; Wahhab, R.; Jones, A.E.; Divakaruni, A.S.;
et al. Adipocytes Provide Fatty Acids to Acute Lymphoblastic Leukemia Cells. Front. Oncol. 2021, 11, 665763. [CrossRef]
Attané, C.; Esteve, D.; Chaoui, K.; Iacovoni, ].S.; Corre, J.; Moutahir, M.; Valet, P.; Schiltz, O.; Reina, N.; Muller, C. Human Bone
Marrow Is Comprised of Adipocytes with Specific Lipid Metabolism. Cell Rep. 2020, 30, 949-958.e6. [CrossRef]

Shin, E.; Koo, ].S. The Role of Adipokines and Bone Marrow Adipocytes in Breast Cancer Bone Metastasis. Int. . Mol. Sci. 2020,
21,4967. [CrossRef]

Moschovi, M.; Trimis, G.; Vounatsou, M.; Katsibardi, K.; Margeli, A.; Damianos, A.; Chrousos, G.; Papassotiriou, I. Serial Plasma
Concentrations of Adiponectin, Leptin, and Resistin during Therapy in Children with Acute Lymphoblastic Leukemia. J. Pediatr.
Hematol. Oncol. 2010, 32, e8—e13. [CrossRef]

Konopleva, M.; Mikhail, A.; Estrov, Z.; Zhao, S.; Harris, D.; Sanchez-Williams, G.; Kornblau, S.M.; Dong, J.; Kliche, K.O,; Jiang, S.;
et al. Expression and function of leptin receptor isoforms in myeloid leukemia and myelodysplastic syndromes: Proliferative and
anti-apoptotic activities. Blood 1999, 93, 1668-1676. [CrossRef]

Lu, Z.; Xie, J.; Wu, G.; Shen, J.; Collins, R.; Chen, W.; Kang, X.; Luo, M.; Zou, Y.; Huang, L.].-S,; et al. Fasting selectively blocks
development of acute lymphoblastic leukemia via leptin-receptor upregulation. Nat. Med. 2017, 23, 79-90. [CrossRef] [PubMed]
Clifton, K.K.; Ma, C.X,; Fontana, L.; Peterson, L.L. Intermittent fasting in the prevention and treatment of cancer. CA Cancer J. Clin.
2021, 71, 527-546. [CrossRef] [PubMed]

Cawthorn, W.P; Scheller, E.L.; Parlee, S.D.; Pham, H.A.; Learman, B.S.; Redshaw, C.M.H.; Sulston, R.J.; Burr, A.A.; Das, A.K,;
Simon, B.R.; et al. Expansion of Bone Marrow Adipose Tissue During Caloric Restriction Is Associated with Increased Circulating
Glucocorticoids and Not With Hypoleptinemia. Endocrinology 2016, 157, 508-521. [CrossRef]

Orgel, E.; Tucdi, J.; Alhushki, W.; Malvar, J.; Sposto, R.; Fu, C.H.; Freyer, D.R.; Abdel-Azim, H.; Mittelman, S.D. Obesity is
associated with residual leukemia following induction therapy for childhood B-precursor acute lymphoblastic leukemia. Blood
2014, 124, 3932-3938. [CrossRef] [PubMed]

Behan, ].W.; Yun, ].P.; Proektor, M.P,; Ehsanipour, E.A.; Arutyunyan, A.; Moses, A.S.; Avramis, V.I.; Louie, S.G.; Butturini, A.;
Heisterkamp, N.; et al. Adipocytes Impair Leukemia Treatment in Mice. Cancer Res. 2009, 69, 7867-7874. [CrossRef] [PubMed]
Ehsanipour, E.A.; Sheng, X.; Behan, ].W.; Wang, X.; Butturini, A.; Avramis, V.I.; Mittelman, S.D. Adipocytes Cause Leukemia Cell
Resistance to L-Asparaginase via Release of Glutamine. Cancer Res. 2013, 73, 2998-3006. [CrossRef]

Sheng, X.; Tucci, J.; Parmentier, J.-H.; Ji, L.; Behan, ].W.; Heisterkamp, N.; Mittelman, S.D. Adipocytes cause leukemia cell
resistance to daunorubicin via oxidative stress response. Oncotarget 2016, 7, 73147-73159. [CrossRef]

Sheng, X.; Parmentier, J.-H.; Tucci, J.; Pei, H.; Cortez-Toledo, O.; Dieli-Conwright, C.M.; Oberley, M.].; Neely, M.; Orgel, E.; Louie,
S.G.; et al. Adipocytes Sequester and Metabolize the Chemotherapeutic Daunorubicin. Mol. Cancer Res. 2017, 15, 1704-1713.
[CrossRef]

Tjin, G.; Flores-Figueroa, E.; Duarte, D.; Straszkowski, L.; Scott, M.; Khorshed, R.A.; Purton, L.E.; Lo Celso, C. Imaging methods
used to study mouse and human HSC niches: Current and emerging technologies. Bone 2019, 119, 19-35. [CrossRef]

Al-Sabah, ]J.; Baccin, C.; Haas, S. Single-cell and spatial transcriptomics approaches of the bone marrow microenvironment.
Curr. Opin. Oncol. 2020, 32, 146-153. [CrossRef]

Baharlou, H.; Canete, N.P.; Cunningham, A.L.; Harman, A.N.; Patrick, E. Mass Cytometry Imaging for the Study of Human
Diseases—Applications and Data Analysis Strategies. Front. Immunol. 2019, 10, 2657. [CrossRef] [PubMed]

Anderson, D.; Skut, P; Hughes, AM.; Ferrari, E.; Tickner, J.; Xu, J.; Mullin, B.H.; Tang, D.; Malinge, S.; Kees, U.R.; et al. The bone
marrow microenvironment of pre-B acute lymphoblastic leukemia at single-cell resolution. Sci. Rep. 2020, 10, 19173. [CrossRef]
[PubMed]

Zhang, J.; Link, D.C. Targeting of Mesenchymal Stromal Cells by Cre-Recombinase Transgenes Commonly Used to Target
Osteoblast Lineage Cells. J. Bone Miner. Res. 2016, 31, 2001-2007. [CrossRef]

Joseph, C.; Quach, ].M.; Walkley, C.R.; Lane, S.W.; Lo Celso, C.; Purton, L.E. Deciphering Hematopoietic Stem Cells in Their
Niches: A Critical Appraisal of Genetic Models, Lineage Tracing, and Imaging Strategies. Cell Stem Cell 2013, 13, 520-533.
[CrossRef] [PubMed]

Lampreht Tratar, U.; Horvat, S.; Cemazar, M. Transgenic Mouse Models in Cancer Research. Front. Oncol. 2018, 8, 268. [CrossRef]
[PubMed]

Inaba, H.; Mullighan, C.G. Pediatric acute lymphoblastic leukemia. Haematologica 2020, 105, 2524-2539. [CrossRef]


http://doi.org/10.1016/j.leukres.2012.12.013
http://www.ncbi.nlm.nih.gov/pubmed/23332453
http://doi.org/10.1182/blood-2012-06-437988
http://www.ncbi.nlm.nih.gov/pubmed/23741006
http://doi.org/10.1182/blood-2006-06-031096
http://doi.org/10.1111/j.1365-2141.2007.06739.x
http://doi.org/10.3389/fonc.2021.665763
http://doi.org/10.1016/j.celrep.2019.12.089
http://doi.org/10.3390/ijms21144967
http://doi.org/10.1097/MPH.0b013e3181b8a50c
http://doi.org/10.1182/blood.V93.5.1668.405a15_1668_1676
http://doi.org/10.1038/nm.4252
http://www.ncbi.nlm.nih.gov/pubmed/27941793
http://doi.org/10.3322/caac.21694
http://www.ncbi.nlm.nih.gov/pubmed/34383300
http://doi.org/10.1210/en.2015-1477
http://doi.org/10.1182/blood-2014-08-595389
http://www.ncbi.nlm.nih.gov/pubmed/25349177
http://doi.org/10.1158/0008-5472.CAN-09-0800
http://www.ncbi.nlm.nih.gov/pubmed/19773440
http://doi.org/10.1158/0008-5472.CAN-12-4402
http://doi.org/10.18632/oncotarget.12246
http://doi.org/10.1158/1541-7786.MCR-17-0338
http://doi.org/10.1016/j.bone.2018.04.022
http://doi.org/10.1097/CCO.0000000000000602
http://doi.org/10.3389/fimmu.2019.02657
http://www.ncbi.nlm.nih.gov/pubmed/31798587
http://doi.org/10.1038/s41598-020-76157-4
http://www.ncbi.nlm.nih.gov/pubmed/33154494
http://doi.org/10.1002/jbmr.2877
http://doi.org/10.1016/j.stem.2013.10.010
http://www.ncbi.nlm.nih.gov/pubmed/24209759
http://doi.org/10.3389/fonc.2018.00268
http://www.ncbi.nlm.nih.gov/pubmed/30079312
http://doi.org/10.3324/haematol.2020.247031

Cancers 2022, 14, 2089 27 of 27

187. Breese, E.H.; Kotecha, R.S.; Guest, E.M. Acute Lymphoblastic Leukemia in Infants: A Distinctive, High-Risk Subtype of Childhood
Acute Lymphoblastic Leukemia. In Clinical Management of Acute Lymphoblastic Leukemia; Litzow, M.R., Raetz, E.A., Eds.; Springer
Nature: Cham, Switzerland, 2022; pp. 135-148.

188. Kotecha, R.S.; Gottardo, N.G.; Kees, U.R.; Cole, C.H. The evolution of clinical trials for infant acute lymphoblastic leukemia. Blood
Cancer J. 2014, 4, €200. [CrossRef]

189. Kuek, V.; Hughes, A.M.; Kotecha, R.S.; Cheung, L.C. Therapeutic Targeting of the Leukaemia Microenvironment. Int. |. Mol. Sci.
2021, 22, 6888. [CrossRef]


http://doi.org/10.1038/bcj.2014.17
http://doi.org/10.3390/ijms22136888

	Introduction 
	The Bone Marrow Microenvironment in B-Cell Development 
	The Endosteal B-Cell Niche 
	Osteoblasts 
	Osteocytes 
	Osteoclasts 

	The Central B-Cell Niche 
	Perivascular MSPCs 
	Galectin-1+ Stromal Cells 
	Endothelial Cells 
	Adipocytes 


	The Bone Marrow Microenvironment in B-Cell Malignancy 
	The Endosteal Niche in B-ALL 
	Osteoblasts 
	Osteoclasts 
	Endosteal Transition Zone Vessels 

	The Central Niche in B-ALL 
	CXCR4/CXCL12 and VLA-4/5-Mediated Mechanisms and Signaling Pathways 
	MSPC-Derived Secretory Factors 
	Stromal-Derived Extracellular Matrix Proteins 
	Pro-Inflammatory Cytokines 
	Hypoxia and Hypoxia-Related Mechanisms 
	Tunneling Nanotubes and Extracellular Vesicles 
	Endothelial Cells 
	Adipocytes 


	Emerging Techniques and Technologies 
	Conclusions 
	References

