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Simple Summary: B-cell acute lymphoblastic leukemia (B-ALL) is the most common pediatric cancer.
Even though the cure rate actually exceeds 85%, the prognosis of relapsed/refractory patients is
dismal. Recent literature data indicate that the bone marrow (BM) microenvironment could play a
crucial role in the onset, maintenance and progression of the disease. In particular, mesenchymal
stromal cells (MSCs), which are key components of the BM niche, actively crosstalk with leukemic
cells providing crucial signals for their survival and resistance to therapy. We hereby review the main
mechanisms exploited by MSCs to nurture and protect B-ALL cells that could become appealing
targets for innovative microenvironment remodeling therapies to be coupled with classical leukemia-
directed strategies.

Abstract: Mesenchymal stromal cells (MSCs) are structural components of the bone marrow (BM)
niche, where they functionally interact with hematopoietic stem cells and more differentiated progen-
itors, contributing to hematopoiesis regulation. A growing body of evidence is nowadays pointing to
a further crucial contribution of MSCs to malignant hematopoiesis. In the context of B-cell acute lym-
phoblastic leukemia (B-ALL), MSCs can play a pivotal role in the definition of a leukemia-supportive
microenvironment, impacting on disease pathogenesis at different steps including onset, maintenance
and progression. B-ALL cells hijack the BM microenvironment, including MSCs residing in the BM
niche, which in turn shelter leukemic cells and protect them from chemotherapeutic agents through
different mechanisms. Evidence is now arising that altered MSCs can become precious allies to
leukemic cells by providing nutrients, cytokines, pro-survivals signals and exchanging organelles,
as hereafter reviewed. The study of the mechanisms exploited by MSCs to nurture and protect
B-ALL blasts can be instrumental in finding new druggable candidates to target the leukemic BM
microenvironment. Some of these microenvironment-targeting strategies are already in preclinical or
clinical experimentation, and if coupled with leukemia-directed therapies, could represent a valuable
option to improve the prognosis of relapsed/refractory patients, whose management represents an
unmet medical need.

Keywords: B-cell acute lymphoblastic leukemia (B-ALL); mesenchymal stromal cells (MSCs); bone

marrow (BM) niche; microenvironment targeting

1. Introduction
1.1. Mesenchymal Stromal Cells (MSCs) as Key Regulators of the Healthy Hematopoietic Bone
Marrow Niche

The bone marrow (BM) niche is a complex and highly specialized microenvironment
consisting of different cell types, extracellular components, such as the extracellular matrix
(ECM), chemical and physical factors. The BM microenvironment is not a unique niche,
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but a collection of several districts: to date, an endosteal and a perivascular niche have
been described, where hematopoietic stem cell (HSC) functions are finely tuned due to
the interaction with several cell subsets [1,2]. The BM hosts several subpopulations of
hematopoietic and non-hematopoietic origin, including vascular cells, endothelial cells,
megakaryocytes, macrophages and MSCs. All these cell subsets cooperate through the
secretion of soluble signals, including cytokines, hormones, growth factors and through the
expression of receptors and adhesion molecules to the regulation of hematopoiesis [3,4].

1.1.1. MSCs: Main Characteristics

MSCs are versatile stem cell population due to their capacity to differentiate into bone
(osteoblasts), fat cells (adipocytes) and cartilage (chondrocytes), with a key role in HSC
maintenance and hematopoiesis regulation, BM niche composition and bone growth [5].
MSCs are characterized by the ability to grow in vitro as adherent cells, characterized by a
fibroblast-like morphology. Phenotypically they are characterized by the high expression of
CD73, CD90 and CD105 surface antigens, and by the absence of CD45, CD34, CD14, CD11b,
CD79a, CD19 and human leukocyte antigens class II (HLA II) on their membrane [6].
Different studies have shown that MSCs have strong immunoregulatory properties both
in vitro and in vivo [7,8]. MSCs are able to modulate innate and adaptive immune cells
such as T-, B-, and NK-cells, monocytes and dendritic cells, in response to surrounding pro-
or anti-inflammatory stimuli, thus shaping the BM immune infiltrate.

Importantly, MSCs and their progeny (osteoblasts/osteocytes, chondrocytes and
adipocytes) are structural components of both endosteal and perivascular niches. Within
these compartments, they functionally interact with HSCs and more differentiated hematopoi-
etic progenitor cells, regulating their fate in terms of quiescence and activation of cell fate
determination, proliferation, self-renewal and differentiation [9-11].

1.1.2. Role of MSCs in the Endosteal and Perivascular BM Niches

As mentioned above, MSCs-derived osteoblasts dynamically balance bone formation
within the endosteal niche [12]. They regulate HSC proliferation and erythroid differ-
entiation by osteopontin (OPN) and erythropoietin (EPO) production, thus deserving
the title of key regulators of HSC maintenance in this compartment [13,14]. In addition,
osteoblasts produce different cytokines and growth factors that regulate HSC homing,
quiescence and mobilization, such as CXC-chemokine ligand 12 (CXCL12) [15], granulocyte
colony-stimulating factor (G-CSF) [16], stem-cell factor (SCF) [17], annexin 2 [18] (ANXA2),
angiopoietin 1 (ANGI1) [19] and thrombopoietin (TPO) [20]. Besides osteoblasts, their differ-
entiated form, osteocytes, embedded in the bone matrix and extending long projections to
connect with surrounding cells, further contribute to control HSCs through the secretion of
G-CSF [21]. The vascular niche, instead, is considered a highly vascularized and prolifera-
tive district where leukocytes can traffic in and out of the BM. It is believed that an exchange
between the endosteal and the vascular niches is continuous and that the HSC pool is
in the balance between trafficking, proliferation and quiescence [22]. Around arterioles
and sinusoids, CXCL12-abundant reticular (CAR) perivascular stromal cells along with
endothelial cells, which are part of the vessel structure, are the main sources of CXCL12
and further contribute to HSC fate determination and mobilization [23]. A recent study
by Baccin and colleagues, by means of combined single-cell and spatial transcriptomics,
has provided new insight into CAR cell subset classification [3]. Indeed, they have iden-
tified two new CAR subsets characterized by a different niche localization: Osteo-CARs
and Adipo-CARs. Osteo-CARs express high osterix (Sp7) and low Leptin receptor (Lepr)
levels and preferentially localize to arteriolar or non-vascular niches. Adipo-CARs, instead,
are characterized by high levels of Lepr and localize around sinusoids, which span the
entire BM, including the sub-endosteal niches. Overall, these cell subsets contribute to the
secretion of several cytokines and chemokines, including CXCL12 [3].
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1.1.3. Role of Adipocytes in the Healthy Hematopoietic BM Niche

Even if an “adipocytic” niche has never been so-far described, BM adipocytes (BMA)
play a crucial role within the BM microenvironment. They are a heterogeneous cell sub-
set with distinct metabolism, lipid composition, secretory properties and also functional
responses, depending on the location within the BM. Among all their pleiotropic roles,
the most important function is storage and release of lipids depending on the energetic
status. When energy intake is greater than expenses, adipocytes store fatty acids (FA) as
triglycerides under the control of insulin. In a state where energy is required, catabolic
hormones such as glucocorticoids, adrenaline and glucagon spur hydrolysis of triglycerides
into FA and glycerol [24]. BMA also contributes to hematopoiesis by positively regulating
HSC regeneration under stress conditions. After radiotherapy or chemotherapy, when
physiological HSC nests are temporarily destroyed, MSCs rapidly initiate adipogenic dif-
ferentiation and newly generated adipocytes create a temporary HSC niche to maintain the
body’s basic hematopoietic function and promote HSC regeneration by secreting SCF [25].

The well-established role of MSCs and their progeny in regulating hematopoiesis
and HSC maintenance has been recently extended to pathological contexts of altered
hematopoiesis. A growing body of evidence suggests that the BM microenvironment,
and MSCs in particular, can be as already mentioned key modulators of leukemic cell
survival, maintenance and progression also in the case of leukemias, including B-cell acute
lymphoblastic leukemia (B-ALL).

1.2. Acute Lymphoblastic Leukemia (ALL): A Genetic Disease with a Crucial BM Niche Contribution

Acute lymphoblastic leukemia (ALL) is the most common pediatric hematological
disorder arising from either B-cell (B-ALL) or T-cell (T-ALL) progenitors. B-ALL is the most
frequent type of childhood ALL with an annual incidence of 3—4 cases per 100,000 and
peak incidence in children aged 2 to 5 years [26]. While 80% of ALL occurs in children, it
represents a devastating disease when it occurs in adults [27]. The disease is characterized
by an uncontrolled proliferation of lymphoid progenitors in the BM, disrupting normal
hematopoietic functions and generating a large number of immature lymphocytes. The
pathogenesis stands on solid genetic bases: in the last years, genomic studies proved a close
interplay between inherited and somatic genetic alterations in the biology of the disease.
Indeed, the combination of genetic susceptibility factors and exposure to environmental
onco-promoters contribute to the manifestation of the disease [28]. Many genetic alterations
have important implications for diagnosis and risk-stratification of ALL and for the use
and development of novel and targeted approaches.

Indeed, the presence of chromosomal alterations can be linked to a favorable or
unfavorable prognosis. One of the most common abnormalities is the t(12;21) chromosomal
translocation, that occurs in 25% of pediatric B-ALL patients, and leads to the formation of
the chimeric fusion gene ETV6-RUNX1 and has been associated with a favorable disease
outcome [29,30]. Among the genetic alterations associated with an adverse prognosis, BCR-
ABL1 (Philadelphia chromosome-positive, Ph+ ALL), KMT2A rearrangements, TCF/HLF,
IKZF1 plus are the most frequent [31,32]. More recently, a new subtype of B-ALL patients
has been identified, namely Philadelphia chromosome-like (Ph-like) or BCR-ABL1-like
patients, characterized by a gene expression signature similar to that of Ph+ ALL patients,
but lacking the BCR-ABL1 oncoprotein [33]. In the adult B-ALL population, it has been
shown that a prevalence of £(9;22) can range from 15-50%, increasing with age [34]. Ph-
positivity has been historically linked to a very poor prognosis, with a 5-years survival
inferior to 20% [35].

Risk-adapted multi-agent treatment strategies, also including drugs targeting some
fusion gene products (e.g., Tyrosine Kinase Inhibitors, TKIs), allowed the overall survival
in childhood B-ALL to increase from under 10% in the 1960s to about 83-93% in adoles-
cents and in young children, respectively, as published in 2019 [28,36,37]. The advent
of TKIs also marked a turning point also in the treatment of adult Ph + ALL patients,
dramatically increasing the overall survival (OS) [38,39]. Despite this strong progress in
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disease treatment, the prognosis for refractory and relapsed (r/r) ALL patients remains
poor [40]. Even if B-ALL is considered a genetic disease, nowadays, a growing body of
evidence suggests that the BM microenvironment can provide an essential contribution to
the maintenance, the response to treatment, the progression and possibly the development
of the disease, independently from the presence of specific genetic lesions in hematopoietic
cells. Recent literature consistently reinforces the idea that B-ALL cells can modify the BM
microenvironment, creating a malignant niche able, in turn, to support their survival to
chemotherapy, thus possibly giving rise to disease relapse. Leukemic cells crucially interact
with several components of the BM microenvironment, including MSCs, which are key
constituents of the BM hematopoietic niche [41]. The interaction between leukemic cells
and MSCs is a true bidirectional crosstalk, which takes advantage of signals coming from
the interaction of adhesion molecules, secretion of cytokines and chemokines, exchange
of metabolites and subcellular components, such as mitochondria as discussed in detail
along this review. It is well recognized that MSCs contribute to modulate the proliferation,
survival, chemoresistance and invasive properties of leukemic cells. However, whether
MSCs could promote the onset of B-ALL is still an open field of research. Concerning this
point, some reports suggest that MSCs could also play a role in the pathogenesis of hemato-
logical malignancies. In this context, results coming from myelodysplastic syndrome (MDS)
indicate that patient-derived MSCs, characterized by a disturbed differentiation program
and a deregulated secretome, are essentials for the propagation of MDS-initiating stem cells
in orthotopic xenograft models. This suggests a permissive role of MSCs in the malignant
evolution of MDS [42]. Moreover, some reports indicate that specific MSC alterations can
influence the development of myeloid neoplasms in mice [43,44]. In 2007, Walkley and
colleagues demonstrated that the transplantation of a BM microenvironment deficient for
retinoic acid receptor v (RARy) was sufficient to initiate myeloproliferative syndromes in
wild type mice. This reveals the capability of the microenvironment to be the sole cause of
these hematopoietic disorders [45]. Alongside, Kode et al. proved, for the first time, that a
single genetic defect, namely a 3-catenin activating mutation in osteoblasts, is sufficient
to promote the onset of acute myeloid leukemia in mice [46]. A causative function played
by MSCs in the pathogenesis of B-ALL still needs to be proven. However, it is clear that
these cells are essential contributors in the definition not only of the healthy hematopoietic
BM niche, but also of a malignant niche, creating a “fertile” environment for the survival,
expansion and promotion of leukemic cells, as hereafter reviewed.

2. MSCs as Key Modulators of Leukemia Onset, Maintenance, Progression and Drug
Resistance within the B-ALL BM Niche

Literature data indicate that leukemic cells are able to hijack the normal BM microen-
vironment to create malignant niches, where they acquire a selective advantage over their
normal counterpart and are protected from treatment. Recent studies have revealed the
importance of MSCs in mediating these phenomena. Indeed, altered MSCs can exploit
different mechanisms to shelter leukemic cells and protect them from chemotherapeutic
agents. Evidence is now arising that MSCs can provide nutrients, cytokines, pro-survival
signals and exchange organelles to sustain and promote leukemia progression. The pro-
leukemic role of MSCs can also be achieved indirectly by shaping the BM niche immune
infiltrate. Moreover, MSC can take an active part in the process of leukemogenesis: in case
of some genetic lesions, such as the t(12;21), increasing evidence points to a contribution
of MSC to the creation of a BM microenvironment that can favor the transition from a
pre-leukemic state to overt disease manifestation. Hereafter, we depict the main mecha-
nisms used by MSCs to support pre-leukemic clones and nurture and protect B-ALL cells
(Figure 1).



Cancers 2022, 14, 3303

50f23

Inflammaroty cytokines

@
el OSTN-
TNTs mitochondrial L
-]

MMP9 ECM CXCR1
*mdegradation CCR4
’{ e A

v Y \
| \HE y SXeu
VCAM-1 v, 'y

a7 CCLzz ¥v
CXCL12 tmmm
L ab Integrin

VLA-4 .
°

- » ] po . A

- . " .- Clivin A
oy . - .

o . . . .

transfer e CCL2

Osteocyte Chondrocyte Adipocyte

Figure 1. Role of mesenchymal stromal cells (MSCs) within the leukemic bone marrow (BM) niche.
MSCs and their progeny including osteocyte/osteoblasts, adipocyte and chondrocyte (bottom) are
key elements of B-cell acute lymphoblastic leukemia (B-ALL) BM niche. They interact through
different mechanisms with leukemic cells protecting them from chemotherapy and providing signals
that promote their survival and proliferation. Within the leukemic niche, MSCs secrete high levels of
Activin A potentially promoting the migration of B-ALL cells to extramedullary sites (right, light
blue dots). In turn, the high levels of Activin A downmodulate the production of CXCL12, possibly
causing the displacement of healthy hematopoiesis in favor of leukemic cells. Other chemokine
axes important for leukemia progression are represented by CXCR1/CXCL1 (blue triangles) and
CCR4/CCL22 axis (yellow squares), which contribute to the recruitment of B-ALL cells into the BM
niche. MSCs also contribute to the definition of the inflammatory environment, found in the leukemic
BM niche, by secreting pro-inflammatory cytokines (left, green dots) including interleukin (IL)13,
tumor necrosis factor (TNF)o and IL6. The inflammatory environment increases the production of
matrix metalloproteinases, such as MMP9 (violet dots), which may promote extracellular matrix
(ECM) degradation and leukemia dissemination. MSCs also play a key role in protecting leukemic
cells from drug-induced amino acid shortage and oxidative stress by providing nutrients such as
asparagine (blue dots) and by transferring mitochondria and organelles via tunneling nanotubes
(TNTs, left side). MSCs can also promote chemoresistance through cell-cell contact through very
late antigen-4 (VLA-4), integrin «6 and Galectin (Gal)3-dependent pathways. The leukemic BM is
characterized by high levels of MSCs-derived periostin (POSTN, right, red dots), which increase the
expression of CCL2 (right, yellow dots) by leukemic cells and promote leukemia proliferation and
adhesion to MSCs. Consequently, B-ALL-derived CCL2 induces the expression of POSTN, creating a
self-reinforcing loop. Created with BioRender.com (accessed on 13 May 2022).
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2.1. MSCs Contribute to B-ALL Pathogenesis and Progression by Creating a Leukemia-Supportive
BM Microenvironment Rich of Transforming Growth Factor B (TGF B) Family Molecules and
Inflammatory Mediators

MSC:s are very plastic cells able to adapt their secretome based on external stimuli.
Recent literature suggests that under inflammatory conditions (e.g., during infections),
MSCs can contribute to the formation of a leukemia permissive microenvironment by the
release of altered levels of transforming growth factor 3 (TGF ) family members. In detail,
deregulation of these soluble factors can promote the transition from a pre-leukemic to a
leukemic state and the progression of the disease itself as described below. Moreover, MSCs,
in concert with other immune cells, participate to the formation of a BM microenvironment
rich in pro-inflammatory factors, which is a typical feature of the B-ALL BM niche.

2.1.1. MSCs Contribute to the Alteration of TGFf Family Members, Implicated in B-ALL
Onset and Progression

The transforming growth factor 3 (TGFf) is an important regulator of hematopoiesis
and plays a fundamental role in regulating the balance between proliferation and dif-
ferentiation in hematopoietic cells. Alterations in the TGFf3 pathway are often found in
leukemia, though disruption of TGFf is not sufficient to initiate malignant transformation.
However, the loss of TGFf signaling either via mutational inactivation of components of
the signaling pathway, or by downmodulation of their expression may be a critical second
hit that contributes to disease manifestation [47].

In the case of t(12;21), the chromosome translocation generates a preleukemic clone,
which is insufficient to give rise to full blown leukemia. Indeed, additional genetic alter-
ations are necessary for the transition of silent pre-leukemic cells to overt leukemia. In
detail, the expression of the fusion gene TEL-AMLI in the pro-B cell line BaF3 causes a
slowing of cell growth compared to control and confers resistance to the growth-inhibitory
effect of TGF(3 by blockade of SMAD signaling. By this mechanism, TEL-AMLI1-positive
BaF3 cells may acquire a selective advantage over their normal counterparts in conditions
of immune or inflammatory response where TGF[} is engaged to dampen the B and T cell
expansion [48].

Recently, our group has demonstrated a similar role for another member of the TGFf3
family, that is Activin A. Indeed, we have demonstrated that Activin A, whose production
by MSCs is induced under inflammatory conditions, is able to inhibit the proliferation of
normal progenitor B cells, but not that of preleukemic TEL-AMLI —positive clones, thereby
providing them with a selective advantage [49].

In addition, we have found Activin A to be strongly overexpressed in the BM plasma
of pediatric B-ALL patients at diagnosis compared to healthy donors (HD), and that
ALL-MSCs produce higher levels of Activin A, compared to HD-MSCs. Importantly, the
expression of this molecule by MSCs is strongly increased upon co-culture with primary
B-ALL cells, indicating that its secretion is specifically driven by leukemia. Another
noteworthy aspect is that MSCs-secreted Activin A confers a migratory advantage to
B-ALL, both in vitro and in a xenograft mouse model. These data are in line with the
well-recognized role of this molecule in invasiveness and metastasis in the context of
several solid tumors [50-52]. In detail, Activin A is able to enhance the migration of
primary leukemic cells in response to low levels of the chemoattractant CXCL12, while
inhibiting the migration of healthy CD34+ cells [53]. In this way, in the BM of B-ALL
patients, the low levels of CXCL12 could favor the expansion and retention of leukemic
cells to the detriment of their healthy counterparts. Thus, the high levels of Activin A found
in the BM of B-ALL patients may on one side promote the dissemination of leukemic cells
to extramedullary sites, and on the other side, promote the displacement of HSCs from
protective BM niches [53].

Another TGF( family member deregulated within the B-ALL BM niche is the bone
morphogenic protein 4 (BMP4). In this case, ALL-MSCs also secrete higher quantities of
BMP4, compared to their healthy counterpart and compared to MSCs isolated from out
of therapy patients. Moreover, BMP4 production is further induced upon co-culture with
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the leukemic cell line REH [54]. These findings make TGFf family members interesting
subjects of study to increase the current knowledge on leukemia pathogenesis and identify
new therapeutic targets. Indeed, neutralizing antibodies to TGF(, inhibitors to TGFf3
Receptor I (TPARI), antisense nucleotides and ligand traps (for TGFf and other family
members) are currently in clinical trial for the treatment of human cancers making them
easily transferable to the context of B-ALL. For example, TBRI inhibitor Vactosertib is
currently in clinical trials (NCT05400122, Table 1) for the treatment of colorectal cancer
patients and patients with r/r hematologic malignancies.

Table 1. Possible therapeutic approaches for targeting the B-cell acute lymphoblastic leukemia

(B-ALL) bone marrow microenvironment.

Target Compound Mechanism of Phase of Study/ Clinical Trial
Action Disease Approval Number !

N . Asparagine Approved by regulatory f'ig,encies for ALL NCT00501826,
sparagine ASNase depletion treatment and non-Hodgkin’s lymphoma. In NCT00369317

clinical trials for T-ALL, AML, MDS, etc.
Clinical Trial for r/r ALL, r/r AML, NCT03455140,
Arginine BCT-100 Arginase depletion hepatocellular carcinoma, melanoma and NCT02089763,
prostate adenocarcinoma NCT02285101
Disrupton ofacin. o0 el t for advaneed  NCTO3S1765%,
TNTs Vincristine cytoskeleton (TNTs follicular 1 h Hodekin’ NCT00911183,
disassembly) otictrar fymproma, Rof-Hodgiin S NCT05051891

lymphoma, Mantle Cell Lymphoma etc.
NCT01319864,
CXCRYEXCLI2 Plerixafor CXCR4 inhibitor ~ Clinical Trial for r/r B-ALL, AMLand MM.  NCT02605460,
NCT00903968
CXCR4/CXCL12 S Clinical trial for T-ALL/lymphoma and r/r NCT02763384,
axis BTK140 CXCR4 inhibitor AML. NCT01838395

Approved by regulatory agencies for r/r
mycosis fungoides and Sézary syndrome. NCT04745234,
CCR4/CCL22 Mogamulizumab CCL22/CCR4 Clinical trials for peripheral and cutaneous NCT00888927,
axis [55] inhibitor T-cell lymphoma and adult T-cell NCT04848064,
leukemia/lymphoma and NCT01929486

advanced/metastatic solid tumors.
PKC isoforms HKPS Chimeric peptide Pre-clinical research. N.A
Approved by regulatory agencies for multiple
ITGA4 Natalizumab Monoclonal sclerosis and Crohn’s disease. Clinical trial for NCT03811886,
antibody osteosarcoma and multiple myeloma, and NCT00675428
pre-clinical evaluation for B-ALL.
Interference with Approved by regulatory agencies for
Plirote.as.ome Bortezomib B-ALL/MSCs MI\I;II:reatmenil an% in Cli}r]ﬁc%l Trials for NCTO03811886,
inhibitor . . . . NCT00675428
interaction leukemias and diffuse large B cell lymphoma.
.TG.FBRl Vactosertib illi]tl'rl;l;:lslé?aer Clinical trial for colorectal cancer and blood NCT05400122
inhibitor . . cancers.
signaling of TGFf3

1 Where more than one clinical trial is registered for the same agent, one of the most recent is reported for each
cited pathology in the Table 1. Abbreviations: asparaginase (ASNase); T-cell acute lymphoblastic leukemia
(T-ALL); acute myeloid leukemia (AML); myelodisplastic syndrome (MDS); relapsed /refractory (r/r); tunneling
nanotubes (TNTs); multiple myeloma (MM); protein kinase C (PKC); x4 integrin (ITGA4); mesenchymal stromal
cells (MSCs); tranforming growth factor receptor 1 (TGFBR1); transforming growth factor 3 (TGEFp).

2.1.2. MSCs Contribute to the Creation of a Highly Pro-Inflammatory and Pro-Leukemic
Cytokine Milieu within the B-ALL BM Niche

The contribution of inflammation to cancer development has been extensively ad-
dressed in the literature. Chronic, persistent and unresolved inflammation has been as-
sociated with an increased risk of malignancies in several types of solid cancers [56]. In
the context of B-ALL, how the inflammatory environment contributes to the transition
of pre-leukemic clones to overt leukemia in presence of the TEL-AMLI rearrangement
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has been described. Indeed, mice bearing the t(12;21) developed B-ALL when exposed to
common pathogens [57]. On the same line, TEL-AML1 cells repeatedly stimulated with
lipopolysaccharide (LPS), gave rise to full blown leukemia when transplanted in mice [58].
Besides leukemogenesis, an inflammatory environment is believed to also contribute to
disease maintenance and progression. Indeed, the BM of ALL patients is particularly rich in
pro-inflammatory cytokines at diagnosis as demonstrated by the high levels of Interleukin
(IL)6, IL1B and Tumor Necrosis Factor (TNF«x) that have been detected in the BM of B-ALL
patients at diagnosis [53]. Importantly, MSCs contribute to the definition and maintenance
of this inflammatory state by increasing the secretion of several cytokines such as IL1«, IL6,
IL12p70 and TNF«, as well as interferon type I and type II [59]. Furthermore, it has been
demonstrated that stimulation of MSCs and endothelial cells with a cocktail of IL6, IL1/3
and TNF« is able to induce the production and secretion of CCL2 and CX3CL1 [60], which
could contribute to the recruitment of monocytes in the BM and to the M2-like polariza-
tion of macrophages as observed in patients’ biopsies [60]. Recently, our group has also
demonstrated for the first time an increase in the complement fraction C5a, a macrophage
chemoattractant and M2-polarizing factor, in the BM plasma of B-ALL patients. This in-
crease is accompanied by a reduced expression of the long pentraxin 3 (PTX3), which is a
well-known regulator of inflammatory response. PTX3 is implicated in the regulation and
activation of the complement cascade and its deficiency has been associated with increased
cancer-related inflammation in several solid tumors [61]. Interestingly, in B-ALL patients,
we have observed an inverse correlation between PTX3 levels and leukemic infiltrate in the
BM, which may lead to complement activation with subsequent release of C5a. Moreover,
even if a direct link between the pro-inflammatory cytokine milieu characteristic of B-ALL
and cellular senescence has never been proven, it is well known that senescent cells release
pro-inflammatory cytokines, chemokines and proteases, generally known as Senescence-
Associated Secretory Phenotype (SASP). Moreover, SASP contributes to tumor progression
by creating an immunosuppressive environment [62]. In this regard, a few reports suggest
the activation of a senescence program in healthy MSC co-cultured with B-ALL cell lines,
characterized by morphology alterations, increased senescence-associated-galactosidase
(SA-GAL) activity, upregulation of p53 and p21, cell-cycle arrest and reduced clonogenic-
ity [63,64]. This process is thought to be strictly dependent on MSC stimulation by leukemic
cells and reversible. Interestingly, MSC isolated from the BM of B-ALL patients revealed
the above-mentioned senescence-related features [63].

Overall, these findings suggest that the contribution of inflammation to the develop-
ment of cancer is not restricted only to solid tumors, but it may also play a pivotal role in
the context of hematological malignancies. Indeed, the stromal compartment may have a
central role in the regulation of the inflammatory mediators.

2.2. MSCs/Leukemia Crosstalk Is Essential for the Creation of Altered Pro-Leukemic Chemokine
Axes within the B-ALL BM Niche

Cytokines and chemokines secreted from different components of the BM play an
essential role in regulating the homeostasis of the hematopoietic microenvironment and
the fate of HSCs by providing the stimulus for proliferation, survival, self-renewal, dif-
ferentiation and functional activation [65]. Leukemic cells are able to hijack the BM mi-
croenvironment and alter these chemokine axes to create a malignant niche, which better
support neoplastic cell survival and proliferation at the detriment of healthy HSCs [66].
Indeed, several immune and non-immune cell subsets, such as macrophages, dendritic
cells and vascular cells orchestrate the levels of BM chemokines. Focusing on the stromal
contribution, it has been demonstrated that MSCs-derived chemokines are able to influence
the migration of leukemic cells, enhance their metastatic potential, or recruit immune cells
to create a leukemia-promoting microenvironment. Chemokine pattern alterations are
characteristic of all forms of leukemia, including B-ALL and their study may be instrumen-
tal in identifying novel prognostic markers and druggable targets to improve leukemic
cell killing.
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2.2.1. CXCL12/CXCR4 Axis

Among the different chemokine axes regulating the BM niche, the CXCL12/CXCR4
axis has been demonstrated to play a relevant role in the development and progression
of B-ALL [67]. As previously mentioned, the CXCL12 chemokine, produced by MSCs,
has a key role in the homing and maintenance of the HSC pool in the BM niche [23] and
in promoting their survival and self-renewal [68]. Indeed, it has been demonstrated that
disturbance of the CXCR4/CXCL12 axis by treatment with CXCR4 antagonists promotes
the mobilization of HSCs to the periphery [69] and prevents their engraftment in the BM of
NOD/SCID mice [70]. In the same way, leukemic cells share this mechanism for homing to
CXCL12-secreting niches within the BM. Interestingly, in B-ALL, CXCL12 levels in the BM
of patients at diagnosis are significantly lower compared to healthy controls or patients
in the remission phase [53,67]. Moreover, leukemic cells have an increased expression of
CXCR4-receptor, and its levels are correlated with an unfavorable clinical outcome and
increased risk of relapse. An elegant study of Colmone and colleagues has demonstrated
that leukemic proliferation occurs preferentially within CD34+ cell homing niches and
alters the stromal microenvironment creating a malignant niche of heavy tumor growth
characterized by particularly low levels of CXCL12, that cause the displacement of normal
HSCs [71]. Accordingly, the high levels of Activin A found in the BM of leukemia patients
are able to enhance the migration of B-ALL cells toward low doses of CXCL12, while
hindering the migration of healthy CD34+ cells [53].

Interestingly, the CXCL12/CXCR4 axis also drives the colonization of extramedullary
tissues where leukemic cells find sanctuary sites that protect them from therapy. Indeed,
Crazzolara and colleagues reported a correlation between high CXCR4 expression on
leukemic cells and extramedullary organ infiltration [72], whilst Kato and colleagues, using
a xenograft mouse model, have demonstrated that liver dissemination of leukemia is driven
by the CXCL12/CXCR4 axis [73].

Therefore, the CXCL12/CXCR4 axis contributes on one side to the retention of ma-
lignant cells in the BM, on the other it favors their dissemination to distant organs, where
they find sanctuary sites such as testis and central nervous system, (CNS) where they are
protected from systemic therapy and may give rise to relapses.

Given the importance of CXCL12/CXCR4 signaling in B-ALL progression, the phar-
macological inhibition of this signaling has been proposed to disrupt the cross talk between
B-ALL cells and the protective stroma. Plerixafor (AMD3100) and BKT (Table 1) are small
molecule drugs acting as CXCR4 antagonists that were shown to be able to overcome
the stroma mediated protection from chemotherapy. Indeed, addition of Plerixafor or
BKT140 to NALM6-BM-MSC co-culture sensitized NALMBS6 cells to either Vincristine or
Dexamethasone [74]. Moreover, prolonged administration of AMD3100 to NOD/SCID
mice engrafted with B-ALL cells significantly reduced the number of leukemic cells in
peripheral blood (PB), spleen, liver and kidney, demonstrating that disruption of CXCL12
signaling inhibits the in vivo growth and dissemination of leukemic cells [75]. In line with
these results, CXCR4 genetic deletion in NALMBS cells reduced the leukemic infiltration in
BM and the numbers of circulating leukemic cells, besides prolonging the survival of the
mice [74]. Despite the promising pre-clinical results obtained using CXCR4 antagonists,
the application of these drugs in clinic did not bring the expected results. Indeed, the phase
I/1I clinical trial (NCT01319864) with CXCR4 antagonist as a chemosensitizing agent in
patients with r/r Acute Myeloid Leukemia or r/rALL did not produce obvious benefit over
chemotherapy alone [76,77]. This suggests that the CXCR4/CXCL12 axis is not the only
one exploited by leukemic cells to hijack BM marrow niches.

2.2.2. Other Chemokine Axes Involved in B-ALL Pathogenesis

Indeed, De Rooji and colleagues, have demonstrated that B-ALL cells are able to create
a self-reinforcing malignant niche independently from CXCL12. They observed that CXCR4
inhibition by AMD3100 did not affect the migration of B-ALL cells toward ALL-MSC co-
culture, suggesting that B-ALL cells create a leukemic niche that attract leukemic cells in
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a CXCR4/CXCL12 independent manner. Accordingly, they identified other chemokine
axes which could contribute to the recruitment of B-ALL cells and inhibition of CD34+ cells
migration in BM-niche, such as CCR4 and CXCR1/2 axes. Indeed, they demonstrated that
co-culture of MSCs with B-ALL cells upregulates the expression of CCR4 and CXCR1/2
ligands, namely CCL22 and CXCL1 by MSCs. Accordingly, high levels of CXCL1 were
found in the BM of B-ALL patients at diagnosis [78].

The deregulation of several MSCs-derived cytokines upon leukemia engraftment has
also been underlined by De Vasconcellos and colleagues, who observed that primary ALL
cells are able to alter the secretome of BM-MSCs increasing the release of a wide array of
cytokines, including CXCL10, CXCL8, CCL2, CXCL11, CCL7 and CXCL2. In line with these
results, they found significantly higher levels of CXCL8 and CCL2 in the BM of B-ALL
patients at diagnosis compared to normal BM samples [79]. Concerning the possible impact
on disease, they observed that CCL2 and CXCLS8 were able to increase the adhesion of ALL
cells to BM stromal cells and promote survival and proliferation of the latter, suggesting
that the leukemic cells modulate the function of tumor-supportive BM-MSCs. Importantly,
a study by Kerr and colleagues correlating BM chemokines levels with disease outcome
identified CCL2 as a late biomarker of poor prognosis [80].

All these results suggest that the protective microenvironment found in the BM niche
may be the result of the alteration of multiple signaling pathways and interfering with
these axes might be an alternative or additional way to disrupt the B-ALL niche.

2.3. MSCs Exchange Amino Acids, Metabolites and Mitochondria with B-ALL Cells to Promote
Chemoresistance and Provide an Antioxidant Defense

In B-ALL, leukemic cells proliferate in an uncontrolled manner and accumulate in the
BM and, through the peripheral circulation, into extramedullary target organs such the
spleen, the liver, the lymph nodes and the CNS. In general, rapidly dividing cells have
an increased demand in nutrients for the synthesis of proteins, nucleic acids, and lipids
to sustain their growth and proliferation. In some cases, upon metabolic reprogramming,
cancer cells become dependent on extracellular nutrients to survive [81]. In the context
of hematologic malignancies, B-ALL cells develop dependency on specific amino acids
for their survival, such as asparagine and arginine, therefore interfering with amino acid
availability can be detrimental for tumor cells. In the last few years, it has been shown
that MSCs can support leukemia cell growth and mediate chemoprotection by providing
amino acids, metabolites and even entire organelles to B-ALL cells. This is based upon a
bi-directional exchange of soluble factors, extracellular vesicles (EVs) and nanotube-based
connections.

2.3.1. MSCs Protect B-ALL Cells from Chemotherapy-Based Amino Acid Depletion by
Providing Ready-to-Use Amino Acids

Resistance of leukemia cells to chemotherapy is a major clinical challenge in the
treatment of B-ALL. Recent findings indicate that MSCs metabolic plasticity plays a pivotal
role in drug resistance, by regulating cancer cell metabolism and the metabolic environment.
In this context, asparaginase (ASNase) is part of polychemotherapy regimens used for
B-ALL treatment [82,83] and in advanced phase clinical trials for other hematological
malignancies, such as actute myeloid leukemia (AML) and T-ALL (Table 1). Indeed,
leukemic cells are auxotrophic for asparagine, which means that they strictly depend upon
extracellular asparagine to survive, due to the low expression of asparagine synthetase
(ASNS) [84]. Therefore, the anti-leukemic effect of ASNase depends on its ability to rapidly
exhaust the pool of circulating asparagine, leading to a subsequent depletion of intracellular
Asn in leukemic cells, thus producing nutritional stress, proliferative arrest and, eventually,
death of leukemic cells [85]. Of note, expression levels of ASNS in leukemic cells are
not correlated with a clinically poor response to the drug [86], and the molecular basis
of asparaginase resistance remains poorly understood. A growing body of evidence is
now emerging about the protective role of MSCs against ASNase cytotoxicity. Indeed,
when co-cultured with MSCs, ALL blasts are effectively protected from ASNase-induced
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cytotoxicity. This effect can be achieved through different mechanisms. Iwamoto and
colleagues demonstrated that ASNS silencing in MSCs, by RNA interference, severely
hindered their capability to protect ALL cells from ASNase toxicity, suggesting that the
protection could be mediated by asparagine biosynthesis and its secretion in the BM
microenvironment [87]. Interestingly, as recently demonstrated by Chiu and colleagues,
patient-derived MSCs (ALL-MSCs) are more efficient in protecting leukemic cells from
ASNase treatment compared to healthy donor-derived MSCs [88]. This increased ability
has been ascribed to a significant overexpression of the transporter SNATS5 in ALL-MSCs,
which, by mediating Asn and GIn transport, could contribute to maintain Asn availability
in the BM microenvironment, despite ASNase treatment. Notably, B-ALL blasts play
an active role in this amino acid trade-off. Indeed, upon Asn shortage, leukemic cells
upregulate glutamine synthetase increasing the production of Gln, which is then secreted
in the extracellular space and uptaken by MSCs to synthetize Asn. This metabolic crosstalk
between leukemic cells and BM-MSC could represent a key mechanism within the leukemic
BM niche, exploited by leukemic blasts to resist ASNase-dependent chemotherapy [88].

Recent findings suggest that leukemic cells may be dependent also on extracellular
arginine for survival. Pre-clinical studies have demonstrated that solid tumors (melanoma,
hepatocellular carcinoma and prostate adenocarcinoma) are vulnerable to therapeutic
arginine depletion. Indeed, in phase I/1I clinical trials, administration of PEGylated
(PEG) recombinant human arginase (BCT-100, Table 1) has shown efficacy in patients
with advanced hepatocellular carcinoma [89]. Recent in vitro and in vivo studies have
highlighted the importance of arginine depletion also in the context of B-ALL. BCT-100-
based arginine depletion reduced disease burden and prolonged survival in ALL murine
xenografts [90] and is currently under clinical trial for r/r ALL (NCT03455140). Although in
B-ALL there are no studies concerning MSCs-mediated protection from arginine depletion,
in T-ALL it has been demonstrated that the efficacy of BCT-100 is significantly reduced in
presence of MSCs, which provide to leukemic cells soluble factors involved in L-arginine
metabolism [90]. These findings could open the way to new studies on the role of MSCs in
protecting B-ALL from arginine depletion.

2.3.2. MSCs Protect B-ALL Cells from Chemotherapy by Means of a Tunneling
Nanotubes-Based Transfer of Mitochondria and Other Cellular Components

Besides providing amino acids, MSCs can protect B-ALL cells from chemotherapeutic
agents also by exchanging various types of cargos along tunneling nanotubes (TNTs). TNTs
are membrane protrusions with a skeleton of F-actin, that connect several neighboring
cells at once [91]. They represent a novel kind of cell-to-cell communication used by
different types of cells to exchange cytoplasmic molecules such as inositol trisphosphate [92],
proteins or miRNA [93], but also organelles [94], pathogens [95] and cell-surface molecules.
Communication through TNTs has also been described in hematological malignancies
between leukemic cells and MSCs in the context of AML [96,97] and T-ALL [98]. Recently,
TNTs have been recognized as a highly effective communication mechanism also in B-
ALL, where they are able to mediate a bidirectional transfer of organelles and membrane
components between MSCs and B-ALL cells [99]. Interestingly, disruption of TNTs by
shaking or transwell inserts heavily impacts the survival of primary B-ALL blasts in
presence of prednisolone [99], demonstrating the importance of TNTs in sustaining and
protecting leukemic cells from chemotherapy. Recent findings have also demonstrated
a transfer of endosome, mitochondria and autophagosome from B-ALL cells and MSCs
through TNTs [100]. Most interestingly, the transfer of mitochondria along TNTs is able to
protect leukemic cells from ROS-inducing agents. Indeed, depletion of mitochondria from
MSCs severely impaired the rescue of SEM cell line from the chemotherapeutic agent, AraC.
The importance of TNTs in mediating drug resistance has been demonstrated also in vivo
in a xenograft mouse model of leukemia. Indeed, upon treatment with AraC, leukemic cells
show an increase in mitochondrial mass which is partially prevented by administration
of Vincristine, a microtubule inhibitor [101]. Vincristine is part of polychemotherapy
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regimens for the treatment of several pathologies including, among the others, acute
leukemia, malignant lymphoma and non-Hodgkin’s lymphoma. In the case of B-ALL, its
anti-leukemia action may be ascribed both to a mitotic arrest of proliferating leukemic cells
and also to the disruption of the interaction with the supporting microenvironment.

2.3.3. B-ALL Cells Secrete Large Amounts of EVs to Reprogram MSCs and Modify the
Behavior of Surrounding Cells

Recent evidence demonstrates that B-ALL cells release a variety of EVs, different
in terms of size and cargo, within the BM microenvironment that are internalized by
stromal cells, both in vitro and in vivo. Literature data indicate that ALL-derived EVs
induce a metabolic switch from oxidative phosphorylation to aerobic glycolysis in recipient
stromal cells. These reprogrammed cells secrete lactate in the extracellular space, which
is used by tumor cells as a source of energy, thus potentially facilitating leukemic cell
survival [102,103]. The mechanisms underlying this metabolic reprogramming are still
obscure. However, what is clear is that B-ALL EVs can contain a cargo that is rich in
mRNA, miRNA, proteins and even cellular organelles such as mitochondria, lysosomes
and Golgi [102]. However, MSCs are not the only target of B-ALL-derived EVs. In this
regard, Georgievski and colleagues demonstrated that ALL-derived EVs target endogenous
murine Hematopoietic Stem and Progenitor Cells (HSPCs) within BM, disturbing their
quiescence and maintenance. In detail, metabolomics studies revealed that ALL EVs
were particularly rich in cholesterol, which accelerated the mitochondrial activation and
promoted the loss of quiescence in targeted HSPC. This resulted in the exhaustion of
quiescent healthy HSPC, confirmed by a reduced ex vivo ability of forming colonies [104].

Importantly, leukemic cells themselves are a direct target of ALL-derived EVs. In-
deed, it has been recently demonstrated that exosomes secreted by proliferating pre-B ALL
cells can directly stimulate the growth of slow-growing clones [105]. In this regard, MSC-
derived exosomes have been demonstrated to exert a pro-tumoral action in the context of
several hematological malignancies, including multiple myeloma (MM), chronic lympho-
cytic leukemia and acute myeloid leukemia. In these pathologies, exosome protein and
miRNA cargo proved to enhance proliferation, migration and drug-resistance of leukemic
cells [106-110]. In the context of B-ALL, scientific evidence is still lacking; hopefully future
studies will fill this gap.

2.4. MSC/Leukemic Cell Adhesion Activates Molecular Pathways Promoting B-ALL Maintenance,
Chemoprotection and Progression

Leukemic cells, by responding to chemotactic stimuli within the BM niche, are able
to gain contact with MSCs. Cell-to-cell contact between BM-MSCs and ALL cells de-
pends on different types of adhesion molecules (e.g., CD44,intercellular adhesion molecule
(ICAM), vascular cell adhesion molecule (VCAM), lymphocyte function-associated antigen
1 (LFA-1), selectins, galectins and other integrins) and leads to the subsequent activation
of downstream signaling, such as nuclear factor kB (NF-«B), focal adhesion kinase (FAK),
mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K/Akt). Ex-
perimental evidence has demonstrated that some adhesion pathways profoundly impact
on leukemic cell protection from spontaneous and chemotherapy-induced apoptosis and
disease progression [41,111-113]. Moreover, the interaction of leukemic cells with MSCs by
means of adhesion molecules is able to trigger the activation of pro-survival and prolifera-
tive pathways not only in leukemic cells, but also in stromal cells, thus indicating a true
bidirectional crosstalk with molecular consequences on both cell types [112]. Interestingly,
the pharmacological inhibition of these adhesion molecules and their downstream signaling
pathways, such as extracellular signal-regulated kinase (Erk, p38), PI3K/Akt in stromal
cells proved to be sufficient in many cases to overcome drug resistance in leukemic cells, as
discussed below [112-115].
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2.4.1. MSCs Chemoprotect Adherent B-ALL Blasts through Integrin-Mediated Mechanisms

One well described leukemia/MSC adhesive interaction, impacting on leukemic cell
resistance to chemotherapy, is based upon the binding of the «4p1 integrin very late
antigen-4 (VLA-4) to (VCAM-1). Jacamo R. and colleagues demonstrated that VCAM-
1/VLA4-mediated contact between leukemic cells and MSCs is able to promote the ac-
tivation of NF-kB signaling in BM-MSCs, and the upregulation of NF-kB target genes,
including cytokines and chemokines such as CXCLS8, IL6 and CCL2 and membrane VLA-4
and VCAM-1 themselves [112]. Interestingly, NF-kB blockade by means of chemical agents
or overexpression of a super repressor form of IkBx (IkBx-SR), was able to revert, in vitro,
the stroma-mediated resistance of leukemic cells to chemotherapeutic agents [112]. Fur-
thermore, in an ectopic model of humanized BM niche generated in immunodeficient mice,
leukemic cells engrafted within the ectopic niche were more sensitive to chemotherapy treat-
ment if NF-kB signaling was blocked by overexpression of IkBa-SR in niche-composing
MSCs [112]. Accordingly, inhibition of PKC-f isoforms, which are key components of
the NF-kB pathway activated by VCAM-1/VLA-4 interaction in BM-MSCs, resulted in
a detachment of almost 50% of co-cultured B-ALL cells and a reduction of leukemic cell
survival [113]. Furthermore, treatment of MSC co-cultured B-ALL cells by means of a
chimeric peptide (HKPS) (Table 1) directed against classical protein kinase (PK)C isoforms,
namely HKPS, was able to increase leukemic cell chemosensitivity to dexamethasone,
methotrexate and vincristine [113]. Interestingly, one possible mechanism is the inhibitory
effect of HKPS on VLA-5 and ICAM-1 expression, usually upregulated in MSCs by B-ALL
co-culture [113]. In line with these data, alpha4 integrin (ITGA4) mRNA, which encodes
for one of the VLA-4 chains, when overexpressed in B-ALL patients with minimal residual
disease (MRD) has been associated with a poor prognosis [114]. Moreover, Hsieh and
colleagues demonstrated that alpha4 integrin conditional deletion or blockade, using the
monoclonal antibody, Natalizumab (Table 1), was sufficient to sensitize primary B-ALL cells
to chemotherapy in vitro and in vivo [114]. Because of its clinical usage for the treatment of
osteosarcoma, multiple myeloma, multiple sclerosis and Crohn’s disease (Table 1), this drug
could be easily translated also to the B-ALL setting. Besides VLA-4, other integrins have
been implicated in B-ALL adhesion to MSCs and chemoresistance. One of them, the alpha6
integrin, already known for its ability to guide blast migration to the CNS and implicated
in the persistence of MRD, was recently associated with B-ALL drug resistance [115]. Its
blocking by means of an alpha6-targeting antibody (P5G10, Table 1) was able to induce
apoptosis in primary B-ALL cells in vitro and to sensitize them to tyrosine kinase inhibition.
A recent paper from Kihira and colleagues [41] shows that leukemia cells, expressing high
levels of proteins in the cadherins and integrins pathways, upon adhesion to MSC acquire
chemoresistance to commonly used anti-leukemic agents and undergo immunophenotype
changes typical of cancer stem-like cells.

2.4.2. MSCs Chemoprotect B-ALL Blasts through the Exosomal Release of the Adhesion
Protein Galectin-3

Another adhesive protein regulating leukemic cell chemosensitivity that deserves
a special mention is Galectin-3 (Gal-3), a 3-galactoside-binding protein endowed with
pleiotropic biological functions including cell-cell and cell-matrix adhesion [116-118]. In
tumoral contexts, Gal-3 can exert a pro-tumoral role by impacting on tumor angiogenesis,
cancer-matrix interaction, malignant cell metastasis, and drug resistance [119-121]. In the
context of ALL, Gal-3 was found significantly increased, at the protein level, in the BM
plasma of ALL patients compared to HDs [122] and, at the mRNA level, in BM mononuclear
cells isolated from r/r ALL patients compared to patients responding to therapy [122].
Interestingly, Gal-3 is significantly upregulated in B-ALL cells upon contact with stromal
cells, which can release it into exosomes [123]. Once internalized by ALL cells, Gal-3
can stimulate the transcription of endogenous LGALS3 (Gal-3) mRNA in a sort of auto-
activation transcription process. Interestingly, Hu and colleagues demonstrated that high
expression of Gal-3 in B-ALL cells is associated with resistance to cytotoxic drugs, possibly
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by activating the Wnt/3-catenin pathway, and the transcription of oncogenes such as
CyclinD-1, Survivin and c-Myc [124].

Overall, these findings suggest that targeting B-ALL/MSC adhesive pathways and
the molecular signaling cascade activated downstream could be a valuable option to be
coupled with conventional chemotherapy to potentiate its effect and to achieve a durable
disease remission.

2.5. MSC/Leukemic Cell Crosstalk Instructs MSCs to Secrete Altered Matricellular Proteins to
Create a Leukemia-Favoring ECM

Aberrant expression of ECM proteins by MSCs results in an alteration of adhesive
properties of B-ALL cells, leading to leukemia progression and chemotherapy escape. In the
last years, ECM has attracted ever growing attention since alteration of its composition and
structure have been described in the context of several solid cancers. Indeed, tumor ECM
is more abundant, denser and stiffer, and strongly differs from the ECM of surrounding
normal tissue also in terms of composition and post-translational modification. So far,
as it concerns B-ALL, even if an in-depth analysis of the ECM composition has not been
completed, some ECM components have been shown to be deregulated, as a result of the
leukemia/MSCs crosstalk.

In this regard, it has been recently demonstrated that within the B-ALL niche, MSCs
produce increased levels of the matricellular protein, periostin (POSTN), impacting on
leukemia progression. Interestingly, Ma and colleagues demonstrated that B-ALL cells are
responsible for stimulating BM-MSCs to produce POSTN, which was found to be abundant
in the BM plasma of B-ALL patients at diagnosis [125]. POSTN, in turn, increases the ex-
pression of CCL2 by leukemic cells and promotes leukemia cell proliferation and adhesion
to BM-MSCs through the integrin-ILK-NF-«B signaling pathway. Consequently, B-ALL-
derived CCL2 induces the expression of POSTN creating a self-reinforcing loop [126]. It is
worth noting that POSTN knockout in a leukemia xenograft mouse model severely impaired
leukemia cell proliferation and dissemination, suggesting that the analysis of leukemic ECM
and its alterations could reveal new clinically relevant pharmacological targets.

Another matrix glycoprotein deregulated within the leukemic BM niche is OPN. This
glycoprotein, endowed with pro-tumoral functions, as demonstrated in the contest of
several solid and hematological cancers [127-131], can act both as a soluble cytokine or
chemokine and as an adhesion molecule within the BM ECM. In the case of B-ALL, Ma
and colleagues [132] demonstrated, by means of a 3D organotypic device, recapitulating
the complexity and heterogeneity of the BM niche, that leukemic cells can upregulate,
upon coculture, OPN expression in MSCs and that OPN can, in turn, crucially mediate
leukemic cell adhesion to MSCs. Based on the physiological ability of OPN to promote
HSC dormancy within the endosteal niche [13,133,134], it has been hypothesized that OPN
may play a similar role also in the context of B-ALL. Indeed, it has been demonstrated
that even though OPN is not able to directly induce dormancy of leukemic cells, and it
recruits and anchors B-ALL cells within prodormancy niches, where other factors can
promote cell cycle arrest, protecting them from cytotoxic drugs that act on actively cycling
cells [135]. Accordingly, pharmacological blockade of OPN proved to be an effective
strategy to enhance the sensitivity of leukemic cells to Ara-C-based chemotherapy, as
demonstrated in a B-ALL mouse model [135], suggesting a possible translation of this
result to a clinical contest.

The importance of leukemia—stroma crosstalk in ECM remodeling and leukemia
progression has been underlined also by Verma and colleagues [136] who explored the
role of matrix metalloproteinase (MMP) in the leukemic BM and its contribution to disease
progression. In the context of solid tumors, MMPs-mediated ECM degradation favors
cancer cell migration into the ECM, thereby causing local invasion and metastasis [137,138].
Recently, Verma and colleagues have described a similar role for MMP9 also in B-ALL.
Indeed, B-ALL cells are able to instruct the BM microenvironment to degrade ECM thus
favoring leukemia progression [136]. In particular, they demonstrated that leukemic cells,
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through the secretion of TNF, are able to induce the release of MMP9 by MSCs, thus
promoting matrix degradation and favoring leukemia dissemination [136]. These data,
also supported by several reports about the key role of MMPs in the progression of solid
and hematological cancers [139-141], suggest that MMP9 could be targeted in combination
with existing therapies to improve B-ALL management.

Recent findings have drawn the attention on the secreted protein acidic and rich
in cysteine (SPARC), a matricellular protein endowed with anti-adhesive properties, as
another crucial matrix component able to impact on the adhesion of leukemic blasts to
MSCs and consequently on their chemoprotection. In this regard, it has been demonstrated
that SPARC inhibition by means of small interfering RNA is able to promote the adhesion
of NALMBS6 cells to BM-MSCs [142]. Moreover, BM-MSCs isolated from B-ALL patients
showed lower SPARC expression than their healthy counterparts, suggesting that B-ALL
cells could reduce SPARC expression in BM-MSCs to promote their survival through
adhesion. Accordingly, Iwasa and colleagues demonstrated that the proteasome inhibitor
Bortezomib (Bor) (Table 1) reduces the adhesion of B-ALL cells to MSCs by upregulating the
expression of SPARC in BM-MSCs. Interestingly, administration of Bor is highly effective in
diminishing leukemic cell proliferation and restoring their chemosensitivity in vivo [142].
Bor could be an interesting candidate as adjuvant therapy in B-ALL, since it is already
amply used in the clinical setting (e.g., Phase III for myeloma patients [143]). Its main
mechanism of action is thought to be the reversible inhibition of the 26S proteasome, leading
to cell cycle arrest and apoptosis of cancer cells. However, multiple mechanisms, including
the one mentioned above, may be involved in the anticancer activity of Bor.

These preliminary reports indicate the importance of investigating the contribution of
B-ALL MSCs in the creation of a leukemia permissive ECM.

2.6. MSCs Shape the Immune Microenvironment of the B-ALL BM Niche

MSCs can affect the BM immune cell infiltrate by interacting with myeloid and lym-
phoid cell subsets, through direct cell-to-cell contact, secretion of soluble factors, EVs, etc. It
has been shown that MSC action can be either immunostimulatory or immunosuppressive,
depending on the context. In the case of B-ALL, the majority of reports suggest a general
immunosuppressive effect of MSC that could promote leukemia immunoescape. However,
whether MSCs, under specific conditions, could act as a promoter of an anti-leukemia
action is still under debate.

In this regard, Entrena and colleagues [144] observed that MSCs isolated from B-ALL
patients stratified as low- and moderate-risk, based on ongoing clinical protocols, were
able to promote an anti-tumor NK cell response, including cytotoxicity. On the contrary,
MSCs isolated from high-risk B-ALL patients, that are indeed characterized by a poor
prognosis, suppressed the anti-tumor function of NK cells, suggesting a context-dependent
action [144]. Alongside, it has been recently published that high-risk B-ALL patients
show a reduced frequency of NK cells [145]. These NK cells, compared with their normal
counterparts, exhibit an activated signature that is characterized by high CD56, but are less
cytotoxic, and they positively correlate with poor clinical prognosis [144,145]. Concerning T
cells, a recent paper from Zanetti and colleagues suggests that ALL-MSCs are able in vitro
and in vivo, in a mouse model of severe colitis, to suppress T cell-mediated response
similarly to HD-MSCs [146]. Interestingly, this immunosuppressive action is not exerted on
CD19-CAR T cells [146].

Growing evidence highlights the presence within the B-ALL BM niche of many other
immune effectors that are altered in terms of number and/or function. Indeed, independent
studies reported the remodeling of the myeloid compartment in the PB and BM of B-ALL
patients [60,147]. In this regard, myeloid-derived suppressor cells (MDSCs) were increased
in B-ALL patients and the number of MDSCs belonging to the granulocytic subset correlated
with therapy response [148,149]. In addition, the frequency of regulatory T cells was shown
to be increased in B-ALL patients compared to controls [150,151] and to correlate with
patients’ response to an immunotherapy strategy based on the administration of the anti-
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CD19 bispecific antibody, Blinatumomab [152]. Overall, a corrupted immune infiltrate
seems to be a characteristic feature of the B-ALL BM. However, there is no clear data about
a direct MSC-dependent immunomodulatory action that could be responsible for these
alterations in the BM microenvironment.

3. Conclusions and Future Perspective

So far, research has been focused on finding new strategies to directly kill leukemic
cells, either by finding new targets or by developing new immuno- and cellular-therapy ap-
proaches (e.g., monoclonal antibodies, CAR T-cell). The recent technological development
that rendered whole genome and transcriptome analyses cost-affordable for specialized
laboratories has opened the era of personalized medicine. As a consequence, mutation
or fusion-specific drugs are under evaluation in combination with classical chemother-
apy regimen in the attempt to improve the cure rates and avoiding chemotherapy dose
intensification [153]. Besides these clinical advances, the role of the BM microenviron-
ment in determining the response to therapy and the consequential patient outcome is
becoming increasingly prominent. An increasing body of data has clearly proved that
the BM microenvironment can provide chemoresistance to B-ALL cells. Furthermore, in
the context of several solid and hematological cancers, immunotherapy-based studies are
clearly highlighting that an immunosuppressive tumor microenvironment can be one of
the most important factors determining the failure of either anti-tumor CAR-T cells [154] or
monoclonal antibodies [152]. In this context, MSCs are acquiring ever-growing importance
and the study of the mechanisms exploited by these cells to protect B-ALL blasts can
be instrumental to find new ways to contrast leukemia and improve the effectiveness of
leukemia-targeting strategies. As so far reviewed, the study of the bi-directional crosstalk
between MSCs and leukemic cells has produced a number of possible druggable candidates
to target the leukemic BM microenvironment to be coupled with anti-leukemia therapies
to improve the prognosis of r/r patients, whose management represents an unmet med-
ical need. Metabolic exchanges between MSCs and B-ALL cells, altered chemokine and
cytokine axes, adhesive interactions and downstream activated molecular pathways are
some of the targets with specific compounds already under experimentation (Table 1).

Lastly, the study of the leukemic BM niche has shed new light on the crucial impact of
the surrounding microenvironment on leukemia eradication. Based on this evidence, it is
clear how the study of other extramedullary niches, which are sites of leukemic metastasis,
will be fundamental to ameliorate the response to therapy and ultimately the prognosis of
relapsed patients. In this context, recent studies proved that the CNS microenvironment is
able to establish, similarly to MSCs within the BM niche, adhesive interactions that promote
leukemic blast chemoprotection [155]. Indeed, the study of the crosstalk between BM-MSCs
and leukemic blasts in the BM is paradigmatic to identify potentially targetable pathways
that could be involved in the maintenance and chemoprotection of the leukemic cell, also
when residing in extramedullary sites.

Author Contributions: A F, E.D. and N.D.M. wrote the manuscript and G.D. critically revised the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially funded by Associazione Italiana Ricerca sul Cancro (project
number IG 2019 Id. 23354 to G.D. and by Beat Leukemia Association (research fellowship to N.D.M.).

Acknowledgments: The authors would like to thank Fondazione Matilde Tettamanti and Comitato
Maria Letizia Verga for their generous support.

Conflicts of Interest: The authors declare no conflict of interest.

1. Wei, Q.; Frenette, P.S. Niches for Hematopoietic Stem Cells and Their Progeny. Immunity 2018, 48, 632-648. [CrossRef]
2. Ding, L.; Morrison, S.J. Haematopoietic stem cells and early lymphoid progenitors occupy distinct bone marrow niches. Nature
2013, 495, 231-235. [CrossRef] [PubMed]


http://doi.org/10.1016/j.immuni.2018.03.024
http://doi.org/10.1038/nature11885
http://www.ncbi.nlm.nih.gov/pubmed/23434755

Cancers 2022, 14, 3303 17 of 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.
29.

Baccin, C.; Al-Sabah, J.; Velten, L.; Helbling, PM.; Grunschlager, 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] [PubMed]

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]

Crippa, S.; Bernardo, M.E. Mesenchymal Stromal Cells: Role in the BM Niche and in the Support of Hematopoietic Stem Cell
Transplantation. Hemasphere 2018, 2, e151. [CrossRef] [PubMed]

Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F,; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz,
E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 2006, 8, 315-317. [CrossRef] [PubMed]

Nauta, A.J.; Fibbe, W.E. Imnmunomodulatory properties of mesenchymal stromal cells. Blood 2007, 110, 3499-3506. [CrossRef]
Andrzejewska, A.; Lukomska, B.; Janowski, M. Concise Review: Mesenchymal Stem Cells: From Roots to Boost. Stem Cells 2019,
37, 855-864. [CrossRef]

Frobel, J.; Landspersky, T.; Percin, G.; Schreck, C.; Rahmig, S.; Ori, A.; Nowak, D.; Essers, M.; Waskow, C.; Oostendorp, R.A.J. The
Hematopoietic Bone Marrow Niche Ecosystem. Front. Cell Dev. Biol. 2021, 9, 705410. [CrossRef]

Kim, J.A.; Kang, Y.J.; Park, G.; Kim, M.; Park, Y.O.; Kim, H.; Leem, S.H.; Chu, LS; Lee, ].S.; Jho, E.H.; et al. Identification of a
stroma-mediated Wnt/beta-catenin signal promoting self-renewal of hematopoietic stem cells in the stem cell niche. Stem Cells
2009, 27, 1318-1329. [CrossRef]

Dazzi, F; Ramasamy, R.; Glennie, S.; Jones, S.P,; Roberts, I. The role of mesenchymal stem cells in haemopoiesis. Blood Rev. 2006,
20, 161-171. [CrossRef] [PubMed]

Mansour, A.; Abou-Ezzi, G.; Sitnicka, E.; Jacobsen, S.E.; Wakkach, A.; Blin-Wakkach, C. Osteoclasts promote the formation of
hematopoietic stem cell niches in the bone marrow. J. Exp. Med. 2012, 209, 537-549. [CrossRef] [PubMed]

Stier, S.; Ko, Y.; Forkert, R.; Lutz, C.; Neuhaus, T.; Grunewald, E.; Cheng, T.; Dombkowski, D.; Calvi, L.M,; Rittling, S.R.; et al.
Osteopontin is a hematopoietic stem cell niche component that negatively regulates stem cell pool size. J. Exp. Med. 2005, 201,
1781-1791. [CrossRef] [PubMed]

Rankin, E.B.; Wu, C.; Khatri, R.; Wilson, T.L.; Andersen, R.; Araldi, E.; Rankin, A.L.; Yuan, J.; Kuo, C.J.; Schipani, E.; et al. The
HIF signaling pathway in osteoblasts directly modulates erythropoiesis through the production of EPO. Cell 2012, 149, 63-74.
[CrossRef] [PubMed]

Jung, Y.; Wang, J.; Schneider, A.; Sun, Y.X.; Koh-Paige, A.].; Osman, N.I.; McCauley, L.K,; Taichman, R.S. Regulation of SDF-1
(CXCL12) production by osteoblasts; a possible mechanism for stem cell homing. Bone 2006, 38, 497-508. [CrossRef]

Taichman, R.S.; Emerson, 5.G. Human osteoblasts support hematopoiesis through the production of granulocyte colony-
stimulating factor. J. Exp. Med. 1994, 179, 1677-1682. [CrossRef]

Nakamura, Y.; Arai, F,; Iwasaki, H.; Hosokawa, K.; Kobayashi, I.; Gomei, Y.; Matsumoto, Y.; Yoshihara, H.; Suda, T. Isolation and
characterization of endosteal niche cell populations that regulate hematopoietic stem cells. Blood 2010, 116, 1422-1432. [CrossRef]
Jung, Y.; Wang, J.; Song, J.; Shiozawa, Y.; Wang, J.; Havens, A.; Wang, Z.; Sun, Y.X.; Emerson, S.G.; Krebsbach, P.H.; et al. Annexin
IT expressed by osteoblasts and endothelial cells regulates stem cell adhesion, homing, and engraftment following transplantation.
Blood 2007, 110, 82-90. [CrossRef]

Arai, F; Hirao, A.; Ohmura, M.; Sato, H.; Matsuoka, S.; Takubo, K ; Ito, K.; Koh, G.Y.; Suda, T. Tie2/angiopoietin-1 signaling
regulates hematopoietic stem cell quiescence in the bone marrow niche. Cell 2004, 118, 149-161. [CrossRef]

Yoshihara, H.; Arai, F.; Hosokawa, K.; Hagiwara, T.; Takubo, K.; Nakamura, Y.; Gomei, Y.; Iwasaki, H.; Matsuoka, S.; Miyamoto,
K.; et al. Thrombopoietin/MPL signaling regulates hematopoietic stem cell quiescence and interaction with the osteoblastic niche.
Cell Stem Cell 2007, 1, 685-697. [CrossRef]

Asada, N.; Katayama, Y.; Sato, M.; Minagawa, K.; Wakahashi, K.; Kawano, H.; Kawano, Y.; Sada, A.; Ikeda, K.; Matsui, T.; et al.
Matrix-embedded osteocytes regulate mobilization of hematopoietic stem/progenitor cells. Cell Stem Cell 2013, 12, 737-747.
[CrossRef] [PubMed]

He, N.; Zhang, L.; Cui, J.; Li, Z. Bone marrow vascular niche: Home for hematopoietic stem cells. Bone Marrow Res. 2014, 2014,
128436. [CrossRef] [PubMed]

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]

Luo, L.; Liu, M. Adipose tissue in control of metabolism. J. Endocrinol. 2016, 231, R77-R99. [CrossRef]

Zhou, B.O,; Yu, H.; Yue, R;; Zhao, Z.; Rios, ].].; Naveiras, O.; Morrison, S.J. Bone marrow adipocytes promote the regeneration of
stem cells and haematopoiesis by secreting SCE. Nat. Cell Biol. 2017, 19, 891-903. [CrossRef]

Inaba, H.; Pui, C.H. Advances in the Diagnosis and Treatment of Pediatric Acute Lymphoblastic Leukemia. J. Clin. Med. 2021, 10,
1926. [CrossRef]

Terwilliger, T.; Abdul-Hay, M. Acute lymphoblastic leukemia: A comprehensive review and 2017 update. Blood Cancer J. 2017, 7,
e577. [CrossRef]

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

Teachey, D.T.; Pui, C.H. Comparative features and outcomes between paediatric T-cell and B-cell acute lymphoblastic leukaemia.
Lancet Oncol. 2019, 20, e142—e154. [CrossRef]


http://doi.org/10.1038/s41556-019-0439-6
http://www.ncbi.nlm.nih.gov/pubmed/31871321
http://doi.org/10.1038/s41580-019-0103-9
http://www.ncbi.nlm.nih.gov/pubmed/30745579
http://doi.org/10.1097/HS9.0000000000000151
http://www.ncbi.nlm.nih.gov/pubmed/31723790
http://doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/16923606
http://doi.org/10.1182/blood-2007-02-069716
http://doi.org/10.1002/stem.3016
http://doi.org/10.3389/fcell.2021.705410
http://doi.org/10.1002/stem.52
http://doi.org/10.1016/j.blre.2005.11.002
http://www.ncbi.nlm.nih.gov/pubmed/16364518
http://doi.org/10.1084/jem.20110994
http://www.ncbi.nlm.nih.gov/pubmed/22351931
http://doi.org/10.1084/jem.20041992
http://www.ncbi.nlm.nih.gov/pubmed/15928197
http://doi.org/10.1016/j.cell.2012.01.051
http://www.ncbi.nlm.nih.gov/pubmed/22464323
http://doi.org/10.1016/j.bone.2005.10.003
http://doi.org/10.1084/jem.179.5.1677
http://doi.org/10.1182/blood-2009-08-239194
http://doi.org/10.1182/blood-2006-05-021352
http://doi.org/10.1016/j.cell.2004.07.004
http://doi.org/10.1016/j.stem.2007.10.020
http://doi.org/10.1016/j.stem.2013.05.001
http://www.ncbi.nlm.nih.gov/pubmed/23746979
http://doi.org/10.1155/2014/128436
http://www.ncbi.nlm.nih.gov/pubmed/24822129
http://doi.org/10.1016/j.immuni.2006.10.016
http://www.ncbi.nlm.nih.gov/pubmed/17174120
http://doi.org/10.1530/JOE-16-0211
http://doi.org/10.1038/ncb3570
http://doi.org/10.3390/jcm10091926
http://doi.org/10.1038/bcj.2017.53
http://doi.org/10.3324/haematol.2020.247031
http://doi.org/10.1016/S1470-2045(19)30031-2

Cancers 2022, 14, 3303 18 of 23

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Bhojwani, D.; Pei, D.; Sandlund, J.T.; Jeha, S.; Ribeiro, R.C.; Rubnitz, ].E.; Raimondji, S.C.; Shurtleff, S.; Onciu, M.; Cheng, C.; et al.
ETV6-RUNXI1-positive childhood acute lymphoblastic leukemia: Improved outcome with contemporary therapy. Leukemia 2012,
26, 265-270. [CrossRef]

Tran, T.H.; Hunger, S.P. The genomic landscape of pediatric acute lymphoblastic leukemia and precision medicine opportunities.
Semin. Cancer Biol. 2020, 84, 144-152. [CrossRef] [PubMed]

Stanulla, M.; Dagdan, E.; Zaliova, M.; Moricke, A.; Palmi, C.; Cazzaniga, G.; Eckert, C.; Te Kronnie, G.; Bourquin, J.P.; Bornhauser,
B.; et al. IKZF1(plus) Defines a New Minimal Residual Disease-Dependent Very-Poor Prognostic Profile in Pediatric B-Cell
Precursor Acute Lymphoblastic Leukemia. J. Clin. Oncol. 2018, 36, 1240-1249. [CrossRef] [PubMed]

Mullighan, C.G.; Goorha, S.; Radtke, I.; Miller, C.B.; Coustan-Smith, E.; Dalton, ].D.; Girtman, K.; Mathew, S.; Ma, ].; Pounds,
S.B.; et al. Genome-wide analysis of genetic alterations in acute lymphoblastic leukaemia. Nature 2007, 446, 758-764. [CrossRef]
[PubMed]

Faderl, S.; Jeha, S.; Kantarjian, H.M. The biology and therapy of adult acute lymphoblastic leukemia. Cancer 2003, 98, 1337-1354.
[CrossRef] [PubMed]

Fader], S.; Kantarjian, H.M.; Thomas, D.A.; Cortes, J.; Giles, F; Pierce, S.; Albitar, M.; Estrov, Z. Outcome of Philadelphia
chromosome-positive adult acute lymphoblastic leukemia. Leuk. Lymphoma 2000, 36, 263-273. [CrossRef] [PubMed]

Pui, C.H,; Yang, ].].; Hunger, S.P.; Pieters, R.; Schrappe, M.; Biondi, A.; Vora, A.; Baruchel, A.; Silverman, L.B.; Schmiegelow, K,;
et al. Childhood Acute Lymphoblastic Leukemia: Progress Through Collaboration. J. Clin. Oncol. 2015, 33, 2938-2948. [CrossRef]
Testi, A.M.; Attarbaschi, A.; Valsecchi, M.G.; Moricke, A.; Cario, G.; Niggli, F; Silvestri, D.; Bader, P; Kuhlen, M.; Parasole, R.;
et al. Outcome of adolescent patients with acute lymphoblastic leukaemia aged 10-14 years as compared with those aged 15-17
years: Long-term results of 1094 patients of the AIEOP-BFM ALL 2000 study. Eur. ]. Cancer 2019, 122, 61-71. [CrossRef]

Foa, R.; Vitale, A.; Vignetti, M.; Meloni, G.; Guarini, A.; De Propris, M.S.; Elia, L.; Paoloni, F; Fazi, P.; Cimino, G.; et al. Dasatinib
as first-line treatment for adult patients with Philadelphia chromosome-positive acute lymphoblastic leukemia. Blood 2011, 118,
6521-6528. [CrossRef]

Sasaki, K.; Jabbour, E.J.; Ravandi, E; Short, N.J.; Thomas, D.A.; Garcia-Manero, G.; Daver, N.G.; Kadia, T.M.; Konopleva, M.Y,;
Jain, N.; et al. Hyper-CVAD plus ponatinib versus hyper-CVAD plus dasatinib as frontline therapy for patients with Philadelphia
chromosome-positive acute lymphoblastic leukemia: A propensity score analysis. Cancer 2016, 122, 3650-3656. [CrossRef]
Cario, G.; Leoni, V.; Conter, V.; Attarbaschi, A.; Zaliova, M.; Sramkova, L.; Cazzaniga, G.; Fazio, G.; Sutton, R.; Elitzur, S.; et al.
Relapses and treatment-related events contributed equally to poor prognosis in children with ABL-class fusion positive B-cell
acute lymphoblastic leukemia treated according to AIEOP-BFM protocols. Haematologica 2020, 105, 1887-1894. [CrossRef]
Kihira, K.; Chelakkot, V.S.; Kainuma, H.; Okumura, Y.; Tsuboya, N.; Okamura, S.; Kurihara, K.; Iwamoto, S.; Komada, Y,;
Hori, H. Close interaction with bone marrow mesenchymal stromal cells induces the development of cancer stem cell-like
immunophenotype in B cell precursor acute lymphoblastic leukemia cells. Int. . Hematol. 2020, 112, 795-806. [CrossRef]
[PubMed]

Medyouf, H.; Mossner, M.; Jann, J.C.; Nolte, F.; Raffel, S.; Herrmann, C.; Lier, A.; Eisen, C.; Nowak, V.; Zens, B.; et al.
Myelodysplastic cells in patients reprogram mesenchymal stromal cells to establish a transplantable stem cell niche disease unit.
Cell Stem Cell 2014, 14, 824-837. [CrossRef] [PubMed]

Raaijmakers, M.H.; Mukherjee, S.; Guo, S.; Zhang, S.; Kobayashi, T.; Schoonmaker, J.A.; Ebert, B.L.; Al-Shahrour, F.; Hasserjian,
R.P; Scadden, E.O.; et al. Bone progenitor dysfunction induces myelodysplasia and secondary leukaemia. Nature 2010, 464,
852-857. [CrossRef] [PubMed]

Wang, L.; Zhang, H.; Rodriguez, S.; Cao, L.; Parish, J.; Mumaw, C.; Zollman, A.; Kamoka, M.M.; Mu, J.; Chen, D.Z; et al.
Notch-dependent repression of miR-155 in the bone marrow niche regulates hematopoiesis in an NF-kappaB-dependent manner.
Cell Stem Cell 2014, 15, 51-65. [CrossRef]

Walkley, C.R.; Olsen, G.H.; Dworkin, S.; Fabb, S.A.; Swann, J.; McArthur, G.A.; Westmoreland, S.V.; Chambon, P; Scadden, D.T,;
Purton, L.E. A microenvironment-induced myeloproliferative syndrome caused by retinoic acid receptor gamma deficiency. Cell
2007, 129, 1097-1110. [CrossRef]

Kode, A.; Manavalan, ].S.; Mosialou, I.; Bhagat, G.; Rathinam, C.V.; Luo, N.; Khiabanian, H.; Lee, A.; Murty, V.V,; Friedman, R,;
et al. Leukaemogenesis induced by an activating beta-catenin mutation in osteoblasts. Nature 2014, 506, 240-244. [CrossRef]
Kim, S.J.; Letterio, J. Transforming growth factor-beta signaling in normal and malignant hematopoiesis. Leukemia 2003, 17,
1731-1737. [CrossRef]

Ford, A.M.; Palmi, C.; Bueno, C.; Hong, D.; Cardus, P.; Knight, D.; Cazzaniga, G.; Enver, T.; Greaves, M. The TEL-AML1 leukemia
fusion gene dysregulates the TGF-beta pathway in early B lineage progenitor cells. J. Clin. Investig. 2009, 119, 826-836. [CrossRef]
Portale, F.; Beneforti, L.; Fallati, A.; Biondi, A.; Palmi, C.; Cazzaniga, G.; Dander, E.; D’Amico, G. Activin A contributes to
the definition of a pro-oncogenic bone marrow microenvironment in t(12;21) preleukemia. Exp. Hematol. 2019, 73, 7-12.e14.
[CrossRef]

Mancinelli, G.; Torres, C.; Krett, N.; Bauer, J.; Castellanos, K.; McKinney, R.; Dawson, D.; Guzman, G.; Hwang, R.; Grimaldo, S.;
et al. Role of stromal activin A in human pancreatic cancer and metastasis in mice. Sci. Rep. 2021, 11, 7986. [CrossRef]

Nomura, M.; Tanaka, K.; Wang, L.; Goto, Y.; Mukasa, C.; Ashida, K,; Takayanagi, R. Activin type IB receptor signaling in prostate
cancer cells promotes lymph node metastasis in a xenograft model. Biochem. Biophys. Res. Commun. 2013, 430, 340-346. [CrossRef]
[PubMed]


http://doi.org/10.1038/leu.2011.227
http://doi.org/10.1016/j.semcancer.2020.10.013
http://www.ncbi.nlm.nih.gov/pubmed/33197607
http://doi.org/10.1200/JCO.2017.74.3617
http://www.ncbi.nlm.nih.gov/pubmed/29498923
http://doi.org/10.1038/nature05690
http://www.ncbi.nlm.nih.gov/pubmed/17344859
http://doi.org/10.1002/cncr.11664
http://www.ncbi.nlm.nih.gov/pubmed/14508819
http://doi.org/10.3109/10428190009148847
http://www.ncbi.nlm.nih.gov/pubmed/10674898
http://doi.org/10.1200/JCO.2014.59.1636
http://doi.org/10.1016/j.ejca.2019.09.004
http://doi.org/10.1182/blood-2011-05-351403
http://doi.org/10.1002/cncr.30231
http://doi.org/10.3324/haematol.2019.231720
http://doi.org/10.1007/s12185-020-02981-z
http://www.ncbi.nlm.nih.gov/pubmed/32862292
http://doi.org/10.1016/j.stem.2014.02.014
http://www.ncbi.nlm.nih.gov/pubmed/24704494
http://doi.org/10.1038/nature08851
http://www.ncbi.nlm.nih.gov/pubmed/20305640
http://doi.org/10.1016/j.stem.2014.04.021
http://doi.org/10.1016/j.cell.2007.05.014
http://doi.org/10.1038/nature12883
http://doi.org/10.1038/sj.leu.2403069
http://doi.org/10.1172/JCI36428
http://doi.org/10.1016/j.exphem.2019.02.006
http://doi.org/10.1038/s41598-021-87213-y
http://doi.org/10.1016/j.bbrc.2012.11.011
http://www.ncbi.nlm.nih.gov/pubmed/23159635

Cancers 2022, 14, 3303 19 of 23

52.

53.

54.

55.
56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Kalli, M.; Mpekris, E; Wong, C K.; Panagi, M.; Ozturk, S.; Thiagalingam, S.; Stylianopoulos, T.; Papageorgis, P. Activin A Signaling
Regulates IL13Ralpha2 Expression to Promote Breast Cancer Metastasis. Front. Oncol. 2019, 9, 32. [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]

Vicente Lopez, A.; Vazquez Garcia, M.N.; Melen, G.J.; Entrena Martinez, A.; Cubillo Moreno, I.; Garcia-Castro, J.; Orellana, M.R,;
Gonzalez, A.G. 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]

Yoshie, O. CCR4 as a Therapeutic Target for Cancer Immunotherapy. Cancers 2021, 13, 5542. [CrossRef]

Coussens, L.M.; Werb, Z. Inflammation and cancer. Nature 2002, 420, 860-867. [CrossRef]

Rodriguez-Hernandez, G.; Hauer, J.; Martin-Lorenzo, A.; Schafer, D.; Bartenhagen, C.; Garcia-Ramirez, I.; Auer, F.; Gonzalez-
Herrero, I.; Ruiz-Roca, L.; Gombert, M.; et al. Infection Exposure Promotes ETV6-RUNX1 Precursor B-cell Leukemia via Impaired
H3K4 Demethylases. Cancer Res. 2017, 77, 4365-4377. [CrossRef]

Swaminathan, S.; Klemm, L.; Park, E.; Papaemmanuil, E.; Ford, A.; Kweon, S.M.; Trageser, D.; Hasselfeld, B.; Henke, N.; Mooster,
J.; et al. Mechanisms of clonal evolution in childhood acute lymphoblastic leukemia. Nat. Immunol. 2015, 16, 766-774. [CrossRef]
Balandran, ]J.C.; Purizaca, J.; Enciso, J.; Dozal, D.; Sandoval, A.; Jimenez-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. 2016, 7, 666. [CrossRef]
Dander, E.; Fallati, A.; Gulic, T,; Pagni, E; Gaspari, S.; Silvestri, D.; Cricri, G.; Bedini, G.; Portale, E; Buracchi, C.; et al. Monocyte-
macrophage polarization and recruitment pathways in the tumour microenvironment of B-cell acute lymphoblastic leukaemia.
Br. J. Haematol. 2021, 193, 1157-1171. [CrossRef]

Bonavita, E.; Gentile, S.; Rubino, M.; Maina, V.; Papait, R.; Kunderfranco, P.; Greco, C.; Feruglio, F.; Molgora, M.; Laface, L;
et al. PTX3 is an extrinsic oncosuppressor regulating complement-dependent inflammation in cancer. Cell 2015, 160, 700-714.
[CrossRef]

Yang, ].; Liu, M.; Hong, D.; Zeng, M.; Zhang, X. The Paradoxical Role of Cellular Senescence in Cancer. Front. Cell Dev. Biol. 2021,
9, 722205. [CrossRef] [PubMed]

Vanegas, N.P,; Ruiz-Aparicio, P.F; Uribe, G.I.; Linares-Ballesteros, A.; Vernot, J.P. Leukemia-Induced Cellular Senescence and
Stemness Alterations in Mesenchymal Stem Cells Are Reversible upon Withdrawal of B-Cell Acute Lymphoblastic Leukemia
Cells. Int. ]. Mol. Sci. 2021, 22, 8166. [CrossRef] [PubMed]

Bonilla, X.; Vanegas, N.P.; Vernot, ]J.P. Acute Leukemia Induces Senescence and Impaired Osteogenic Differentiation in Mes-
enchymal Stem Cells Endowing Leukemic Cells with Functional Advantages. Stem Cells Int. 2019, 2019, 3864948. [CrossRef]
[PubMed]

Ahmadzadeh, A.; Kast, R.E.; Ketabchi, N.; Shahrabi, S.; Shahjahani, M.; Jaseb, K.; Saki, N. Regulatory effect of chemokines in
bone marrow niche. Cell Tissue Res. 2015, 361, 401-410. [CrossRef]

Chiarini, F; Lonetti, A.; Evangelisti, C.; Buontempo, F.; Orsini, E.; Evangelisti, C.; Cappellini, A.; Neri, L.M.; McCubrey, ].A_;
Martelli, A.M. Advances in understanding the acute lymphoblastic leukemia bone marrow microenvironment: From biology to
therapeutic targeting. Biochim. Biophys. Acta 2016, 1863, 449-463. [CrossRef]

van den Berk, L.C.; van der Veer, A.; Willemse, M.E.; Theeuwes, M.].; 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]

Greenbaum, A.; Hsu, YM.; 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]
Flomenberg, N.; Devine, S.M.; Dipersio, ].F; Liesveld, ].L.; McCarty, ].M.; Rowley, S.D.; Vesole, D.H.; Badel, K.; Calandra, G. The
use of AMD3100 plus G-CSF for autologous hematopoietic progenitor cell mobilization is superior to G-CSF alone. Blood 2005,
106, 1867-1874. [CrossRef]

Peled, A.; Petit, I; Kollet, O.; Magid, M.; Ponomaryov, T.; Byk, T.; Nagler, A.; Ben-Hur, H.; Many, A.; Shultz, L.; et al. Dependence
of human stem cell engraftment and repopulation of NOD/SCID mice on CXCR4. Science 1999, 283, 845-848. [CrossRef]
Colmone, A.; Amorim, M.; Pontier, A.L.; Wang, S.; Jablonski, E.; Sipkins, D.A. Leukemic cells create bone marrow niches that
disrupt the behavior of normal hematopoietic progenitor cells. Science 2008, 322, 1861-1865. [CrossRef] [PubMed]

Crazzolara, R.; Kreczy, A.; Mann, G.; Heitger, A.; Eibl, G.; Fink, EM.; Mohle, R.; Meister, B. High expression of the chemokine
receptor CXCR4 predicts extramedullary organ infiltration in childhood acute lymphoblastic leukaemia. Br. ]. Haematol. 2001, 115,
545-553. [CrossRef] [PubMed]

Kato, I.; Niwa, A.; Heike, T.; Fujino, H.; Saito, M.K.; Umeda, K.; Hiramatsu, H.; Ito, M.; Morita, M.; Nishinaka, Y.; et al.
Identification of hepatic niche harboring human acute lymphoblastic leukemic cells via the SDF-1/CXCR4 axis. PLoS ONE 2011,
6, €27042. [CrossRef] [PubMed]

Randhawa, S.; Cho, B.S.; Ghosh, D.; Sivina, M.; Koehrer, S.; Muschen, M.; Peled, A.; Davis, R.E.; Konopleva, M.; Burger, J.A.
Effects of pharmacological and genetic disruption of CXCR4 chemokine receptor function in B-cell acute lymphoblastic leukaemia.
Br. ]. Haematol. 2016, 174, 425-436. [CrossRef]


http://doi.org/10.3389/fonc.2019.00032
http://www.ncbi.nlm.nih.gov/pubmed/30805303
http://doi.org/10.3324/haematol.2018.188664
http://www.ncbi.nlm.nih.gov/pubmed/30262563
http://doi.org/10.1371/journal.pone.0084496
http://www.ncbi.nlm.nih.gov/pubmed/24400095
http://doi.org/10.3390/cancers13215542
http://doi.org/10.1038/nature01322
http://doi.org/10.1158/0008-5472.CAN-17-0701
http://doi.org/10.1038/ni.3160
http://doi.org/10.3389/fimmu.2016.00666
http://doi.org/10.1111/bjh.17330
http://doi.org/10.1016/j.cell.2015.01.004
http://doi.org/10.3389/fcell.2021.722205
http://www.ncbi.nlm.nih.gov/pubmed/34458273
http://doi.org/10.3390/ijms22158166
http://www.ncbi.nlm.nih.gov/pubmed/34360930
http://doi.org/10.1155/2019/3864948
http://www.ncbi.nlm.nih.gov/pubmed/31065273
http://doi.org/10.1007/s00441-015-2129-4
http://doi.org/10.1016/j.bbamcr.2015.08.015
http://doi.org/10.1111/bjh.12883
http://doi.org/10.1038/nature11926
http://doi.org/10.1182/blood-2005-02-0468
http://doi.org/10.1126/science.283.5403.845
http://doi.org/10.1126/science.1164390
http://www.ncbi.nlm.nih.gov/pubmed/19095944
http://doi.org/10.1046/j.1365-2141.2001.03164.x
http://www.ncbi.nlm.nih.gov/pubmed/11736934
http://doi.org/10.1371/journal.pone.0027042
http://www.ncbi.nlm.nih.gov/pubmed/22069486
http://doi.org/10.1111/bjh.14075

Cancers 2022, 14, 3303 20 of 23

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

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

Cancilla, D.; Rettig, M.P; DiPersio, ].E. Targeting CXCR4 in AML and ALL. Front. Oncol. 2020, 10, 1672. [CrossRef]

Cooper, T.M.; Sison, E.A.R.; Baker, S.D.; Li, L.; Ahmed, A.; Trippett, T.; Gore, L.; Macy, M.E.; Narendran, A.; August, K,;
et al. A phase 1 study of the CXCR4 antagonist plerixafor in combination with high-dose cytarabine and etoposide in children
with relapsed or refractory acute leukemias or myelodysplastic syndrome: A Pediatric Oncology Experimental Therapeutics
Investigators” Consortium study (POE 10-03). Pediatr. Blood Cancer 2017, 64, e26414. [CrossRef]

De Rooij, B.; Polak, R.; van den Berk, L.C.].; Stalpers, F.; Pieters, R.; den Boer, M.L. Acute lymphoblastic leukemia cells create a
leukemic niche without affecting the CXCR4/CXCL12 axis. Haematologica 2017, 102, e389—393. [CrossRef]

de Vasconcellos, ].E; Laranjeira, A.B.; Zanchin, N.I; 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 2011, 56, 568-577.
[CrossRef]

Kerr, M.W.A; Magalhaes-Gama, F.; Ibiapina, H.N.S.; Hanna, FES.A.; Xabregas, L.A.; Alves, E.B.; Pimentel, ].P.D.; Carvalho, M;
Tarrago, A.M.; Teixeira-Carvalho, A.; et al. Bone Marrow Soluble Immunological Mediators as Clinical Prognosis Biomarkers in
B-Cell Acute Lymphoblastic Leukemia Patients Undergoing Induction Therapy. Front. Oncol. 2021, 11, 696032. [CrossRef]
Butler, M.; van der Meer, L.T.; van Leeuwen, EN. Amino Acid Depletion Therapies: Starving Cancer Cells to Death. Trends
Endocrinol. Metab. 2021, 32, 367-381. [CrossRef] [PubMed]

Ortega, J.A.; Nesbit, M.E,, Jr.; Donaldson, M.H.; Hittle, R.E.; Weiner, J.; Karon, M.; Hammond, D. L-Asparaginase, vincristine, and
prednisone for induction of first remission in acute lymphocytic leukemia. Cancer Res. 1977, 37, 535-540. [PubMed]

Oettgen, H.F,; Old, L.]J.; Boyse, E.A.; Campbell, H.A.; Philips, ES.; Clarkson, B.D.; Tallal, L.; Leeper, R.D.; Schwartz, M.K.; Kim, J.H.
Inhibition of leukemias in man by L-asparaginase. Cancer Res. 1967, 27, 2619-2631. [PubMed]

Ho, D.H.; Whitecar, ].P, Jr.; Luce, ].K,; Frei, E., 3rd. L-asparagine requirement and the effect of L-asparaginase on the normal and
leukemic human bone marrow. Cancer Res. 1970, 30, 466—472.

Chiu, M;; Taurino, G.; Bianchi, M.G; Kilberg, M.S.; Bussolati, O. Asparagine Synthetase in Cancer: Beyond Acute Lymphoblastic
Leukemia. Front. Oncol. 2019, 9, 1480. [CrossRef]

Appel, LM.; den Boer, M.L.; Meijerink, J.P.; Veerman, A.].; Reniers, N.C.; Pieters, R. Up-regulation of asparagine synthetase
expression is not linked to the clinical response L-asparaginase in pediatric acute lymphoblastic leukemia. Blood 2006, 107,
4244-4249. [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]

Chiu, M.; Taurino, G.; Dander, E.; Bardelli, D.; Fallati, A.; Andreoli, R.; Bianchi, M.G.; Carubbi, C.; Pozzi, G.; Galuppo, L.; et al.
ALL blasts drive primary mesenchymal stromal cells to increase asparagine availability during asparaginase treatment. Blood
Adv. 2021, 5, 5164-5178. [CrossRef]

Chan, S.L.; Cheng, PN.M,; Liu, A.M,; Chan, L.L,; Li, L.; Chu, C.M.; Chong, C.C.N.; Lau, YM.; Yeo, W.; Ng, KK.C,; et al. A phase
II clinical study on the efficacy and predictive biomarker of pegylated recombinant arginase on hepatocellular carcinoma. Invest.
New Drugs 2021, 39, 1375-1382. [CrossRef]

De Santo, C.; Booth, S.; Vardon, A.; Cousins, A.; Tubb, V.; Perry, T.; Noyvert, B.; Beggs, A.; Ng, M.; Halsey, C.; et al. The arginine
metabolome in acute lymphoblastic leukemia can be targeted by the pegylated-recombinant arginase I BCT-100. Int. J. Cancer
2018, 142, 1490-1502. [CrossRef]

Rustom, A.; Saffrich, R.; Markovic, I.; Walther, P.; Gerdes, H.H. Nanotubular highways for intercellular organelle transport.
Science 2004, 303, 1007-1010. [CrossRef] [PubMed]

Lock, J.T.; Parker, I; Smith, L.F. Communication of CaZ* signals via tunneling membrane nanotubes is mediated by transmission
of inositol trisphosphate through gap junctions. Cell Calcium 2016, 60, 266-272. [CrossRef] [PubMed]

Thayanithy, V.; Dickson, E.L.; Steer, C.; Subramanian, S.; Lou, E. Tumor-stromal cross talk: Direct cell-to-cell transfer of oncogenic
microRNAs via tunneling nanotubes. Transl. Res. 2014, 164, 359-365. [CrossRef] [PubMed]

Plotnikov, E.Y.; Khryapenkova, T.G.; Galkina, S.I; Sukhikh, G.T.; Zorov, D.B. Cytoplasm and organelle transfer between
mesenchymal multipotent stromal cells and renal tubular cells in co-culture. Exp. Cell Res. 2010, 316, 2447-2455. [CrossRef]
Sowinski, S.; Jolly, C.; Berninghausen, O.; Purbhoo, M.A.; Chauveau, A.; Kohler, K.; Oddos, S.; Eissmann, P.; Brodsky, EM.;
Hopkins, C.; et al. Membrane nanotubes physically connect T cells over long distances presenting a novel route for HIV-1
transmission. Nat. Cell Biol. 2008, 10, 211-219. [CrossRef]

Dorian Forte, M.G.-F; Sanchez-Aguilera, A.; Stavropoulou, V.; Fielding, C.; Martin-Pérez, D.; Tzankov, A.; Schwaller, J.; Méndez-
Ferrer, S. Leukemic Stem Cells Co-Opt Normal Bone Marrow Niches as a Source of Energy and Antioxidant Defence. Blood 2017,
130, 94. [CrossRef]

Moschoi, R.; Imbert, V.; Nebout, M.; Chiche, J.; Mary, D.; Prebet, T.; Saland, E.; Castellano, R.; Pouyet, L.; Collette, Y.; et al.
Protective mitochondrial transfer from bone marrow stromal cells to acute myeloid leukemic cells during chemotherapy. Blood
2016, 128, 253-264. [CrossRef]


http://doi.org/10.1038/sj.leu.2404684
http://doi.org/10.3389/fonc.2020.01672
http://doi.org/10.1002/pbc.26414
http://doi.org/10.3324/haematol.2016.159517
http://doi.org/10.1002/pbc.22941
http://doi.org/10.3389/fonc.2021.696032
http://doi.org/10.1016/j.tem.2021.03.003
http://www.ncbi.nlm.nih.gov/pubmed/33795176
http://www.ncbi.nlm.nih.gov/pubmed/264412
http://www.ncbi.nlm.nih.gov/pubmed/5237354
http://doi.org/10.3389/fonc.2019.01480
http://doi.org/10.1182/blood-2005-06-2597
http://doi.org/10.1172/JCI30235
http://doi.org/10.1182/bloodadvances.2020004041
http://doi.org/10.1007/s10637-021-01111-8
http://doi.org/10.1002/ijc.31170
http://doi.org/10.1126/science.1093133
http://www.ncbi.nlm.nih.gov/pubmed/14963329
http://doi.org/10.1016/j.ceca.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27388952
http://doi.org/10.1016/j.trsl.2014.05.011
http://www.ncbi.nlm.nih.gov/pubmed/24929208
http://doi.org/10.1016/j.yexcr.2010.06.009
http://doi.org/10.1038/ncb1682
http://doi.org/10.1182/blood.V130.Suppl_1.94.94
http://doi.org/10.1182/blood-2015-07-655860

Cancers 2022, 14, 3303 21 of 23

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Wang, J.; Liu, X.; Qiu, Y.; Shi, Y.; Cai, J.; Wang, B.; Wei, X.; Ke, Q.; Sui, X.; Wang, Y.; et al. Cell adhesion-mediated mitochondria
transfer contributes to mesenchymal stem cell-induced chemoresistance on T cell acute lymphoblastic leukemia cells. J. Hematol.
Oncol. 2018, 11, 11. [CrossRef]

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]

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]

Burt, R.; Dey, A.; Aref, S.; Aguiar, M.; Akarca, A.; Bailey, K.; Day, W.; Hooper, S.; Kirkwood, A.; Kirschner, K.; et al. Activated
stromal cells transfer mitochondria to rescue acute lymphoblastic leukemia cells from oxidative stress. Blood 2019, 134, 1415-1429.
[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]
Johnson, S.M.; Dempsey, C.; Chadwick, A.; Harrison, S.; Liu, J.; Di, Y.; McGinn, O.].; Fiorillo, M.; Sotgia, F; 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] [PubMed]

Georgievski, A.; Michel, A.; Thomas, C.; Mlamla, Z.; Pais de Barros, J.P.; Lemaire-Ewing, S.; Garrido, C.; Quere, R. Acute
lymphoblastic leukemia-derived extracellular vesicles affect quiescence of hematopoietic stem and progenitor cells. Cell Death
Dis. 2022, 13, 337. [CrossRef] [PubMed]

Patel, S.J.; Darie, C.C.; Clarkson, B.D. Exosome mediated growth effect on the non-growing pre-B acute lymphoblastic leukemia
cells at low starting cell density. Am. J. Transl. Res. 2016, 8, 3614-3629. [PubMed]

Dabbah, M.; Attar-Schneider, O.; Tartakover Matalon, S.; Shefler, I; Jarchwsky Dolberg, O.; Lishner, M.; Drucker, L. Microvesicles
derived from normal and multiple myeloma bone marrow mesenchymal stem cells differentially modulate myeloma cells’
phenotype and translation initiation. Carcinogenesis 2017, 38, 708-716. [CrossRef]

Deng, M.; Yuan, H,; Liu, S.; Hu, Z.; Xiao, H. Exosome-transmitted LINC00461 promotes multiple myeloma cell proliferation and
suppresses apoptosis by modulating microRNA /BCL-2 expression. Cytotherapy 2019, 21, 96-106. [CrossRef]

Lyu, T.; Wang, Y.; Li, D.; Yang, H.; Qin, B.; Zhang, W,; Li, Z.; Cheng, C.; Zhang, B.; Guo, R; et al. Exosomes from BM-MSCs
promote acute myeloid leukemia cell proliferation, invasion and chemoresistance via upregulation of S100A4. Exp. Hematol.
Oncol. 2021, 10, 24. [CrossRef]

Viola, S.; Traer, E.; Huan, J.; Hornick, N.I; Tyner, ].W.; Agarwal, A.; Loriaux, M.; Johnstone, B.; Kurre, P. Alterations in acute
myeloid leukaemia bone marrow stromal cell exosome content coincide with gains in tyrosine kinase inhibitor resistance. Br. J.
Haematol. 2016, 172, 983-986. [CrossRef]

Crompot, E.; Van Damme, M.; Pieters, K.; Vermeersch, M.; Perez-Morga, D.; Mineur, P.; Maerevoet, M.; Meuleman, N.; Bron,
D.; Lagneaux, L.; et al. Extracellular vesicles of bone marrow stromal cells rescue chronic lymphocytic leukemia B cells from
apoptosis, enhance their migration and induce gene expression modifications. Haematologica 2017, 102, 1594-1604. [CrossRef]
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]

Jacamo, R.; Chen, Y.; Wang, Z.; Ma, W.; Zhang, M.; Spaeth, E.L.; Wang, Y.; Battula, V.L.; Mak, P.Y.; Schallmoser, K.; et al. Reciprocal
leukemia-stroma VCAM-1/VLA-4-dependent activation of NF-kappaB mediates chemoresistance. Blood 2014, 123, 2691-2702.
[CrossRef] [PubMed]

Ruiz-Aparicio, PF; Vanegas, N.P,; Uribe, G.I; Ortiz-Montero, P.; Cadavid-Cortes, C.; Lagos, J.; Flechas-Afanador, J.; Linares-
Ballesteros, A.; Vernot, ].P. Dual Targeting of Stromal Cell Support and Leukemic Cell Growth by a Peptidic PKC Inhibitor Shows
Effectiveness against B-ALL. Int. . Mol. Sci. 2020, 21, 3705. [CrossRef] [PubMed]

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]

Gang, EJ.; Kim, H.N.; Hsieh, Y.T.; Ruan, Y.; Ogana, H.A.; Lee, S.; Pham, ].; Geng, H.; Park, E.; Klemm, L.; et al. Integrin alpha6
mediates the drug resistance of acute lymphoblastic B-cell leukemia. Blood 2020, 136, 210-223. [CrossRef]

Hughes, R.C. Galectins as modulators of cell adhesion. Biochimie 2001, 83, 667-676. [CrossRef]

Sedlar, A.; Travnickova, M.; Bojarova, P.; Vlachova, M.; Slamova, K.; Kren, V.; Bacakova, L. Interaction between Galectin-3 and
Integrins Mediates Cell-Matrix Adhesion in Endothelial Cells and Mesenchymal Stem Cells. Int. J. Mol. Sci. 2021, 22, 5144.
[CrossRef]

Xie, L.; Ni, WK_,; Chen, X.D.; Xiao, M.B.; Chen, B.Y,; He, S.; Lu, C.H,; Li, X.Y,; Jiang, F; Ni, R.Z. The expressions and clinical
significances of tissue and serum galectin-3 in pancreatic carcinoma. J. Cancer Res. Clin. Oncol. 2012, 138, 1035-1043. [CrossRef]
Song, M.; Pan, Q.; Yang, J.; He, J.; Zeng, ].; Cheng, S.; Huang, Y.; Zhou, Z.Q.; Zhu, Q.; Yang, C.; et al. Galectin-3 favours tumour
metastasis via the activation of beta-catenin signalling in hepatocellular carcinoma. Br. J. Cancer 2020, 123, 1521-1534. [CrossRef]
Nangia-Makker, P.; Wang, Y.; Raz, T.; Tait, L.; Balan, V.; Hogan, V.; Raz, A. Cleavage of galectin-3 by matrix metalloproteases
induces angiogenesis in breast cancer. Int. J. Cancer 2010, 127, 2530-2541. [CrossRef]


http://doi.org/10.1186/s13045-018-0554-z
http://doi.org/10.1182/blood-2015-03-634238
http://doi.org/10.1038/leu.2017.117
http://doi.org/10.1182/blood.2019001398
http://doi.org/10.1080/20013078.2017.1294339
http://doi.org/10.1182/blood-2015-12-688051
http://www.ncbi.nlm.nih.gov/pubmed/27099150
http://doi.org/10.1038/s41419-022-04761-5
http://www.ncbi.nlm.nih.gov/pubmed/35414137
http://www.ncbi.nlm.nih.gov/pubmed/27725845
http://doi.org/10.1093/carcin/bgx045
http://doi.org/10.1016/j.jcyt.2018.10.006
http://doi.org/10.1186/s40164-021-00220-7
http://doi.org/10.1111/bjh.13551
http://doi.org/10.3324/haematol.2016.163337
http://doi.org/10.1182/blood.V79.9.2370.2370
http://www.ncbi.nlm.nih.gov/pubmed/1373973
http://doi.org/10.1182/blood-2013-06-511527
http://www.ncbi.nlm.nih.gov/pubmed/24599548
http://doi.org/10.3390/ijms21103705
http://www.ncbi.nlm.nih.gov/pubmed/32466311
http://doi.org/10.1182/blood-2012-01-406272
http://doi.org/10.1182/blood.2019001417
http://doi.org/10.1016/S0300-9084(01)01289-5
http://doi.org/10.3390/ijms22105144
http://doi.org/10.1007/s00432-012-1178-2
http://doi.org/10.1038/s41416-020-1022-4
http://doi.org/10.1002/ijc.25254

Cancers 2022, 14, 3303 22 of 23

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Yamamoto-Sugitani, M.; Kuroda, J.; Ashihara, E.; Nagoshi, H.; Kobayashi, T.; Matsumoto, Y.; Sasaki, N.; Shimura, Y.; Kiyota,
M.; Nakayama, R.; et al. Galectin-3 (Gal-3) induced by leukemia microenvironment promotes drug resistance and bone marrow
lodgment in chronic myelogenous leukemia. Proc. Natl. Acad. Sci. USA 2011, 108, 17468-17473. [CrossRef] [PubMed]

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] [PubMed]

Fei, E; Joo, E.J.; Tarighat, S.S.; Schiffer, I.; Paz, H.; Fabbri, M.; Abdel-Azim, H.; Groffen, J.; Heisterkamp, N. B-cell precursor
acute lymphoblastic leukemia and stromal cells communicate through Galectin-3. Oncotarget 2015, 6, 11378-11394. [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/beta-catenin signaling pathway. J. Hematol. Oncol.
2015, 8, 1. [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]

Ma, Z.; Zhao, X.; Deng, M.; Huang, Z.; Wang, ].; 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.e1534.
[CrossRef]

Caers, J.; Gunthert, U.; De Raeve, H.; Van Valckenborgh, E.; Menu, E.; Van Riet, I.; Van Camp, B.; Vanderkerken, K. The
involvement of osteopontin and its receptors in multiple myeloma cell survival, migration and invasion in the murine 5T33MM
model. Br. ]. Haematol. 2006, 132, 469-477. [CrossRef]

Mi, Z.; Guo, H.; Kuo, P.C. Identification of osteopontin-dependent signaling pathways in a mouse model of human breast cancer.
BMC Res. Notes 2009, 2, 119. [CrossRef]

Lee, J.L.; Wang, M.].; Sudhir, PR.; Chen, G.D.; Chi, C.W,; Chen, ].Y. Osteopontin promotes integrin activation through outside-in
and inside-out mechanisms: OPN-CD44YV interaction enhances survival in gastrointestinal cancer cells. Cancer Res. 2007, 67,
2089-2097. [CrossRef]

Cui, R.; Takahashi, F.; Ohashi, R.; Gu, T.; Yoshioka, M.; Nishio, K.; Ohe, Y.; Tominaga, S.; Takagi, Y.; Sasaki, S.; et al. Abrogation of
the interaction between osteopontin and alphavbeta3 integrin reduces tumor growth of human lung cancer cells in mice. Lung
Cancer 2007, 57, 302-310. [CrossRef]

Carlinfante, G.; Vassiliou, D.; Svensson, O.; Wendel, M.; Heinegard, D.; Andersson, G. Differential expression of osteopontin
and bone sialoprotein in bone metastasis of breast and prostate carcinoma. Clin. Exp. Metastasis 2003, 20, 437-444. [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] [PubMed]

Grassinger, J.; Haylock, D.N.; Storan, M.].; Haines, G.O.; Williams, B.; Whitty, G.A.; Vinson, A.R.; Be, C.L.; Li, S.; Sorensen,
E.S.; et al. Thrombin-cleaved osteopontin regulates hemopoietic stem and progenitor cell functions through interactions with
alpha9betal and alpha4betal integrins. Blood 2009, 114, 49-59. [CrossRef]

Nilsson, S.K.; Johnston, H.M.; Whitty, G.A.; Williams, B.; Webb, R.].; Denhardt, D.T.; Bertoncello, L.; Bendall, L.J.; Simmons, PJ.;
Haylock, D.N. Osteopontin, a key component of the hematopoietic stem cell niche and regulator of primitive hematopoietic
progenitor cells. Blood 2005, 106, 1232-1239. [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]

Verma, D.; Zanetti, C.; Godavarthy, P.S.; Kumar, R.; Minciacchi, V.R.; Pfeiffer, J.; Metzler, M.; Lefort, S.; Maguer-Satta, V,;
Nicolini, FE.; 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]

Egeblad, M.; Werb, Z. New functions for the matrix metalloproteinases in cancer progression. Nat. Rev. Cancer 2002, 2, 161-174.
[CrossRef]

Cheng, T.; Chen, P; Chen, ]J.; Deng, Y.; Huang, C. Landscape Analysis of Matrix Metalloproteinases Unveils Key Prognostic
Markers for Patients with Breast Cancer. Front. Genet. 2021, 12, 809600. [CrossRef]

Redondo-Munoz, J.; Ugarte-Berzal, E.; Terol, M.].; Van den Steen, PE.; Hernandez del Cerro, M.; Roderfeld, M.; Roeb, E.;
Opdenakker, G.; Garcia-Marco, J.A.; Garcia-Pardo, A. Matrix metalloproteinase-9 promotes chronic lymphocytic leukemia b cell
survival through its hemopexin domain. Cancer Cell 2010, 17, 160-172. [CrossRef]

Mehner, C.; Hockla, A.; Miller, E.; Ran, S.; Radisky, D.C.; Radisky, E.S. Tumor cell-produced matrix metalloproteinase 9 (MMP-9)
drives malignant progression and metastasis of basal-like triple negative breast cancer. Oncotarget 2014, 5, 2736-2749. [CrossRef]
Jiang, H.; Li, H. Prognostic values of tumoral MMP2 and MMP9 overexpression in breast cancer: A systematic review and
meta-analysis. BMC Cancer 2021, 21, 149. [CrossRef] [PubMed]

Iwasa, M.; Miura, Y.; Fujishiro, A.; Fujii, S.; Sugino, N.; Yoshioka, S.; Yokota, A.; Hishita, T.; Hirai, H.; Andoh, A.; et al. Bortezomib
interferes with adhesion of B cell precursor acute lymphoblastic leukemia cells through SPARC up-regulation in human bone
marrow mesenchymal stromal/stem cells. Int. |. Hematol. 2017, 105, 587-597. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.1111138108
http://www.ncbi.nlm.nih.gov/pubmed/21987825
http://doi.org/10.1038/leu.2013.175
http://www.ncbi.nlm.nih.gov/pubmed/23760399
http://doi.org/10.18632/oncotarget.3409
http://www.ncbi.nlm.nih.gov/pubmed/25869099
http://doi.org/10.1186/s13045-014-0099-8
http://doi.org/10.1038/leu.2017.149
http://doi.org/10.1016/j.celrep.2019.01.034
http://doi.org/10.1111/j.1365-2141.2005.05886.x
http://doi.org/10.1186/1756-0500-2-119
http://doi.org/10.1158/0008-5472.CAN-06-3625
http://doi.org/10.1016/j.lungcan.2007.03.019
http://doi.org/10.1023/A:1025419708343
http://www.ncbi.nlm.nih.gov/pubmed/14524533
http://doi.org/10.1126/sciadv.aba5536
http://www.ncbi.nlm.nih.gov/pubmed/33127669
http://doi.org/10.1182/blood-2009-01-197988
http://doi.org/10.1182/blood-2004-11-4422
http://www.ncbi.nlm.nih.gov/pubmed/15845900
http://doi.org/10.1182/blood-2012-12-475483
http://doi.org/10.1038/s41375-019-0674-7
http://doi.org/10.1038/nrc745
http://doi.org/10.3389/fgene.2021.809600
http://doi.org/10.1016/j.ccr.2009.12.044
http://doi.org/10.18632/oncotarget.1932
http://doi.org/10.1186/s12885-021-07860-2
http://www.ncbi.nlm.nih.gov/pubmed/33568081
http://doi.org/10.1007/s12185-016-2169-x
http://www.ncbi.nlm.nih.gov/pubmed/28044259

Cancers 2022, 14, 3303 23 of 23

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.
154.

155.

Mai, E.K.; Bertsch, U.; Durig, J.; Kunz, C.; Haenel, M.; Blau, LW.; Munder, M.; Jauch, A.; Schurich, B.; Hielscher, T.; et al. Phase III
trial of bortezomib, cyclophosphamide and dexamethasone (VCD) versus bortezomib, doxorubicin and dexamethasone (PAd) in
newly diagnosed myeloma. Leukemia 2015, 29, 1721-1729. [CrossRef] [PubMed]

Entrena, A.; Varas, A.; Vazquez, M.; Melen, G.J.; Fernandez-Sevilla, L.M.; Garcia-Castro, ].; Ramirez, M.; Zapata, A.G.; Vicente, A.
Mesenchymal stem cells derived from low risk acute lymphoblastic leukemia patients promote NK cell antitumor activity. Cancer
Lett. 2015, 363, 156-165. [CrossRef] [PubMed]

Duault, C.; Kumar, A.; Taghi Khani, A.; Lee, S.J.; Yang, L.; Huang, M.; Hurtz, C.; Manning, B.; Ghoda, L.; McDonald, T.; et al.
Activated natural killer cells predict poor clinical prognosis in high-risk B- and T-cell acute lymphoblastic leukemia. Blood 2021,
138, 1465-1480. [CrossRef]

Zanetti, S.R.; Romecin, P.A.; Vinyoles, M.; Juan, M.; Fuster, ].L.; Camos, M.; Querol, S.; Delgado, M.; Menendez, P. Bone marrow
MSC from pediatric patients with B-ALL highly immunosuppress T-cell responses but do not compromise CD19-CAR T-cell
activity. J. Immunother. Cancer 2020, 8. [CrossRef]

Witkowski, M.T.; Dolgalev, I.; Evensen, N.A.; Ma, C.; Chambers, T.; Roberts, K.G.; Sreeram, S.; Dai, Y.; Tikhonova, A.N.; Lasry, A,;
et al. Extensive Remodeling of the Immune Microenvironment in B Cell Acute Lymphoblastic Leukemia. Cancer Cell 2020, 37,
867-882.e812. [CrossRef]

Liu, Y.E; Chen, Y.Y;; He, Y.Y,; Wang, ].Y.; Yang, ].P.; Zhong, S.L.; Jiang, N.; Zhou, P; Jiang, H.; Zhou, J. Expansion and activation of
granulocytic, myeloid-derived suppressor cells in childhood precursor B cell acute lymphoblastic leukemia. J. Leukoc. Biol. 2017,
102, 449-458. [CrossRef]

Hohtari, H.; Bruck, O.; Blom, S.; Turkki, R.; Sinisalo, M.; Kovanen, PE.; Kallioniemi, O.; Pellinen, T.; Porkka, K.; Mustjoki,
S. Immune cell constitution in bone marrow microenvironment predicts outcome in adult ALL. Leukemia 2019, 33, 1570-1582.
[CrossRef]

Wu, C.P; Qing, X.; Wu, C.Y,; Zhu, H.; Zhou, H.Y. Inmunophenotype and increased presence of CD4(+)CD25(+) regulatory T cells
in patients with acute lymphoblastic leukemia. Oncol. Lett. 2012, 3, 421-424. [CrossRef]

Idris, S.Z.; Hassan, N.; Lee, L.J.; Md Noor, S.; Osman, R.; Abdul-Jalil, M.; Nordin, A.J.; Abdullah, M. Increased regulatory T cells
in acute lymphoblastic leukemia patients. Hematology 2015, 20, 523-529. [CrossRef] [PubMed]

Duell, J.; Dittrich, M.; Bedke, T.; Mueller, T.; Eisele, E; Rosenwald, A.; Rasche, L.; Hartmann, E.; Dandekar, T.; Einsele, H.;
et al. Frequency of regulatory T cells determines the outcome of the T-cell-engaging antibody blinatumomab in patients with
B-precursor ALL. Leukemia 2017, 31, 2181-2190. [CrossRef] [PubMed]

Pui, C.H. Precision medicine in acute lymphoblastic leukemia. Front. Med. 2020, 14, 689-700. [CrossRef] [PubMed]
Rodriguez-Garcia, A.; Lynn, R.C.; Poussin, M.; Eiva, M.A.; Shaw, L.C.; O’Connor, R.S.; Minutolo, N.G.; Casado-Medrano, V.;
Lopez, G.; Matsuyama, T.; et al. CAR-T cell-mediated depletion of immunosuppressive tumor-associated macrophages promotes
endogenous antitumor immunity and augments adoptive immunotherapy. Nat. Commun. 2021, 12, 877. [CrossRef] [PubMed]
Jonart, L.M.; Ebadi, M.; Basile, P.; Johnson, K.; Makori, J.; Gordon, PM. Disrupting the leukemia niche in the central nervous
system attenuates leukemia chemoresistance. Haematologica 2020, 105, 2130-2140. [CrossRef] [PubMed]


http://doi.org/10.1038/leu.2015.80
http://www.ncbi.nlm.nih.gov/pubmed/25787915
http://doi.org/10.1016/j.canlet.2015.04.012
http://www.ncbi.nlm.nih.gov/pubmed/25917077
http://doi.org/10.1182/blood.2020009871
http://doi.org/10.1136/jitc-2020-001419
http://doi.org/10.1016/j.ccell.2020.04.015
http://doi.org/10.1189/jlb.5MA1116-453RR
http://doi.org/10.1038/s41375-018-0360-1
http://doi.org/10.3892/ol.2011.499
http://doi.org/10.1179/1607845415Y.0000000025
http://www.ncbi.nlm.nih.gov/pubmed/26119924
http://doi.org/10.1038/leu.2017.41
http://www.ncbi.nlm.nih.gov/pubmed/28119525
http://doi.org/10.1007/s11684-020-0759-8
http://www.ncbi.nlm.nih.gov/pubmed/33074527
http://doi.org/10.1038/s41467-021-20893-2
http://www.ncbi.nlm.nih.gov/pubmed/33563975
http://doi.org/10.3324/haematol.2019.230334
http://www.ncbi.nlm.nih.gov/pubmed/31624109

	Introduction 
	Mesenchymal Stromal Cells (MSCs) as Key Regulators of the Healthy Hematopoietic Bone Marrow Niche 
	MSCs: Main Characteristics 
	Role of MSCs in the Endosteal and Perivascular BM Niches 
	Role of Adipocytes in the Healthy Hematopoietic BM Niche 

	Acute Lymphoblastic Leukemia (ALL): A Genetic Disease with a Crucial BM Niche Contribution 

	MSCs as Key Modulators of Leukemia Onset, Maintenance, Progression and Drug Resistance within the B-ALL BM Niche 
	MSCs Contribute to B-ALL Pathogenesis and Progression by Creating a Leukemia-Supportive BM Microenvironment Rich of Transforming Growth Factor  (TGF ) Family Molecules and Inflammatory Mediators 
	MSCs Contribute to the Alteration of TGF Family Members, Implicated in B-ALL Onset and Progression 
	MSCs Contribute to the Creation of a Highly Pro-Inflammatory and Pro-Leukemic Cytokine Milieu within the B-ALL BM Niche 

	MSCs/Leukemia Crosstalk Is Essential for the Creation of Altered Pro-Leukemic Chemokine Axes within the B-ALL BM Niche 
	CXCL12/CXCR4 Axis 
	Other Chemokine Axes Involved in B-ALL Pathogenesis 

	MSCs Exchange Amino Acids, Metabolites and Mitochondria with B-ALL Cells to Promote Chemoresistance and Provide an Antioxidant Defense 
	MSCs Protect B-ALL Cells from Chemotherapy-Based Amino Acid Depletion by Providing Ready-to-Use Amino Acids 
	MSCs Protect B-ALL Cells from Chemotherapy by Means of a Tunneling Nanotubes-Based Transfer of Mitochondria and Other Cellular Components 
	B-ALL Cells Secrete Large Amounts of EVs to Reprogram MSCs and Modify the Behavior of Surrounding Cells 

	MSC/Leukemic Cell Adhesion Activates Molecular Pathways Promoting B-ALL Maintenance, Chemoprotection and Progression 
	MSCs Chemoprotect Adherent B-ALL Blasts through Integrin-Mediated Mechanisms 
	MSCs Chemoprotect B-ALL Blasts through the Exosomal Release of the Adhesion Protein Galectin-3 

	MSC/Leukemic Cell Crosstalk Instructs MSCs to Secrete Altered Matricellular Proteins to Create a Leukemia-Favoring ECM 
	MSCs Shape the Immune Microenvironment of the B-ALL BM Niche 

	Conclusions and Future Perspective 
	References

