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The bone marrow (BM) niche is a microenvironment where both immune and
non-immune cells functionally interact with hematopoietic stem cells (HSC) and
more differentiated progenitors, contributing to the regulation of hematopoiesis.
Itis regulated by various signaling molecules such as cytokines, chemokines, and
adhesion molecules in its microenvironment. However, despite the strict
regulation of BM signals to maintain their steady state, accumulating evidence
in B-cell precursor acute lymphoblastic leukemia (BCP-ALL) indicates that
leukemic cells can disrupt the physiological hematopoietic niche in the BM,
creating a new leukemia-supportive microenvironment. This environment favors
immunological evasion mechanisms and the interaction of these cells with the
development and progression of BCP-ALL. With a growing understanding of the
tumor immune microenvironment (TIME) in the development and progression of
BCP-ALL, current strategies focused on “re-editing” TIME to promote antitumor
immunity have been developed. In this review, we summarize how TIME cells are
disrupted by the presence of leukemic cells, evading immunosurveillance
mechanisms in the BCP-ALL model. We also explore the crosstalk between
TIME and leukemic cells that leads to treatment resistance, along with the most
promising immuno-therapy strategies. Understanding and further research into
the role of the BM microenvironment in leukemia progression and relapse are
crucial for developing more effective treatments and reducing patient mortality.

KEYWORDS

B-cell precursor acute lymphoblastic leukemia (BCP-ALL), immune system,
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1 Introduction

B-cell precursor acute lymphoblastic leukemia (BCP-ALL) is an aggressive hematologic
malignancy involving hematopoietic precursor lymphocytes. This disease is characterized by
a block in lymphoid differentiation, resulting in the accumulation of immature progenitor
cells not only in the bone marrow (BM) but also in the peripheral blood (PB) and, eventually,
in extramedullary sites (Figure 1) (6-8). Moreover, within acute lymphoblastic leukemias
(ALL), BCP-ALL is the most prevalent in childhood, representing about 85% of the cases,
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FIGURE 1

B cell maturation and the establishment of B cell precursor acute lymphoblastic leukemia. B-cell maturation requires different signals coordinated by
cytokines, chemokines, and growth factors. These signals are present in the BM microenvironment. In BM, hematopoietic stem cells (HSC) provide
the progenitor cells of all blood lineages. This process requires losing their multipotent potential and gaining a specific cell type function (1). The
transcription factor PU.1 is necessary for developing lymphoid and myeloid cells. The E2A protein has critical functions in HSC that influence
lymphoid progenitor (LP) cells to achieve differentiation towards B cells. These proteins have the function of activating subsequent transcription
factors, including EBF1 and Foxol (2), which form the key network for B cell lineage commitment. The E2A, EBF1, and Foxol network activates Pax5,
differentiating progenitor B (Pro-B) cells by repressing genes from other hematopoietic lineages. Subsequently, Pax5, EBF1, and E2A allow
differentiation to a precursor B (Pre-B) cell stage. Finally, E2A interactions enable differentiation to an immature B cell stage (3). Genetic alterations,
such as point mutations or chromosomal rearrangements at the LP, Pro-B, and Pre-B cell levels, generate a blockage in the differentiation of B cells,
where Pro-B cells increase their proliferation and are capable of forming different clones and invade the BM, peripheral blood (PB), and, eventually,

extramedullary sites (4, 5).

whereas the remaining 15% involve T-lineage ALL (9, 10). Around
60% of BCP-ALL are diagnosed before the age of 20 years old, with a
higher incidence in children aged 1-4 years old; it then drops
suddenly through childhood (5-14 years), reaching the lowest point
between 25 years and 45 years (7, 11). Although the 5-year overall
survival (OS) rate was 90% in children with BCP-ALL, only 25% of
patients older than 50 years were alive five years after diagnosis (6).

Over the past two decades, there has been a paradigm shift
regarding cancer, moving away from viewing it solely as a cellular
disease driven by genetic or epigenetic alterations in the genome.
Cancer is now recognized as an environmental disease, characterized
by active co-evolution among tumor cells and the reprogramming of
MSCs, endothelial cells, osteoblasts, adipocytes, and the development
of immune evasion mechanisms that constitute the tumor
microenvironment (TME) (12). The role of the immune system in
tumor initiation and development is highly intricate, with certain
immune cells implicated in promoting oncogenesis through an
inflammatory process. Concurrently, tumors can instigate an
inhibitory tumor immune microenvironment (TIME), suppressing
immune function through a complex signaling network, ultimately
facilitating the immune escape of tumor cells (13).

Frontiers in Immunology

In B-cell malignancies, immune dysfunction contributes to
relapsed/refractory cases and high mortality. Leukemic cells (LC)
proliferate within the BM, a site concurrent with the process of
hematopoiesis. Thus, BM is the site of onset, progression, and often
recurrence of leukemia. This indicates that LC alter the
microenvironment, responding to signals favoring their
development at the expense of normal hematopoiesis, including
hematopoietic cell inactivity (14, 15). In addition, this provides
evidence that intercellular stromal and immune cell crosstalk in the
TME allows malignant B cells to evade the host antitumor immune
response by enabling immune evasion mechanisms (12).

In BCP-ALL, various soluble immunologic molecules, such as
chemokines and cytokines, have been documented. These molecules
potentially induce a state of cellular immunosuppression, fostering
the survival and proliferation of LC (16, 17). Furthermore this
imbalance in the immune system has been implicated in disease
progression and drug resistance, ultimately contributing to disease
relapse (18).

In the context of BCP-ALL, the contribution of immune cells to
the TME is far from being understood; however, it has become a very
active area of research in recent decades, with promising results in
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terms of clinical translational targets to improve disease management.
In the present scenario, considering the unsatisfactory outcomes of
conventional treatments, alternative approaches encompass
immunological therapies. Notably, the use of monoclonal
antibodies (mAbs), chimeric antigen receptor T cells (CAR T cells),
and natural killer (NK) cells has demonstrated encouraging results
(14, 15, 19). There is indication that immune system cells serve as
potential biomarkers for prognosis and treatment response (20, 21).

In this review, we delineate the contributions of the TIME that
favor immune evasion mechanisms and influence the interaction of
these cells in the development and progression of B-cell precursor
acute lymphoblastic leukemia (BCP-ALL) (17). Considering the BM
as an immunoregulatory organ capable of finely tuning immunity, it
emerges as a potential therapeutic target for immunotherapy and
immune vaccination (22). Additionally, we emphasize recent
therapeutic strategies aimed at re-educating stromal and immune
cells within the TME to elicit antitumorigenic effects, including
immune checkpoint blockade (ICB) (12). Although the
contribution of immune cells to the TME in the context of BCP-
ALL is not fully understood, it has become a highly active area of
research in recent decades, yielding promising results for clinical
translational targets to enhance disease management.

2 Bone marrow microenvironment

BM traditionally viewed as a critical hematopoietic organ, supports
lifelong normal hematopoiesis and comprises diverse cell types,
including hematopoietic stem cells (HSC), osteoblasts, osteoclasts,
endothelial, perivascular, mesenchymal stromal, neuronal cells, and

10.3389/fimmu.2023.1325255

pericytes, along with hematopoietic cells (23, 24). These cells physically
surround hematopoietic cells, actively regulating hematopoietic
processes through the receptors and adhesion molecules (25).
Although organized areas of T and B cells are absent in normal BM,
it serves as a hub for the functioning, migration, and selective 136
retention of innate and adaptive immune cells (26-29).

Many of the functional properties of HSC and hematopoietic
progenitors are determined by their surrounding BM
microenvironment, the so-called HSC niche, which provides
essential regulatory signals, including soluble cytokines, and
cellular interactions for a distinct HSC niches have been recently
described: endosteal, arteriolar, and perisinusoidal (30). Each niche
has defined characteristics, different cell types, and specific oxygen
1) (Figure 2).

The endosteal or “osteoblastic” niche, on the bone’s inner

tensions (3
surface, comprises osteoblasts and osteoclasts. Around 20% of
HSC are in direct contact with the endosteum. This niche
supports HSC through vital cell-cell interactions with osteoblasts,
providing essential support, promoting survival, proliferation, and
inducing quiescence via secreted signals (27-29, 32, 33). Studies
show that osteoblasts play a crucial role in retaining early lymphoid
progenitors through the secretion of CXC motif chemokine 12
(CXCL12), while CXCL12 from endothelial cells and mesenchymal
stem cells (MSCs) influences HSC maintenance (34).

The arteriolar niche comprises CXCL12-abundant reticular cells
(CAR), endothelial cells, nestin-positive MSCs, NG2-positive
periarteriolar cells, sympathetic nervous system nerves, and non-
myelinating Schwann cells. These cells maintain HSC homeostasis
through chemical signaling. Positioned near the endosteum,
arterioles in this niche crucially sustain HSC quiescence (35). CAR
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FIGURE 2

Bone marrow TME in BCP-ALL. The osteoblastic niche maintains HSC in a quiescent state.
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cells, in direct contact with HSC, are surrounded by endothelial cells
in the sinusoids and arterioles (36). Simultaneously, Schwann cells
and sympathetic nerves in the arteriole induce HSC quiescence
through transforming growth factor-beta (TGF-B) activation,
maintaining direct contact with a significant HSC population (34).
Additionally, NG2+ periarteriolar cells support HSC quiescence and
maintenance in the BM (26, 32, 35, 37, 38).

The sinusoidal niche comprises sinusoidal vessels that are more
permeable than arteriolar vessels and are believed to promote HSC
activation. Elevated levels of reactive oxygen species (ROS) in HSC
induce cell cycle activation, enhancing migration and differentiation
capacities (39).

Despite being a rare population, MSCs play a crucial role as key
components in the BM. These fibroblast-like cells possess the
capability to differentiate into cells of the three mesodermal
lineages—osteocytes, adipocytes, and chondrocytes—when
exposed to specific stimuli. MSCs consist of various cell subsets,
each characterized by distinct localization, expression of specific
antigens, and secretion of diverse molecules (40).

Conversely, a pivotal factor in regulating HSC quiescence and
metabolism is the signaling associated with BM hypoxia. Contrary
to common belief, oxygen tension is not consistent throughout the
BM; the endosteal region exhibits the highest pO2, while the
perisinusoidal regions are the most hypoxic (41). Another
significant factor influencing HSC behavior is BM stiffness.
Intriguingly, scaffold stiffness fosters increased HSC adhesion and
migration and has been linked to a myelo-erythroid bias in vitro,
while softer matrices promote granulocyte differentiation (42).

3 Role of immune cells in the
constitution of the niche

Besides its role as a hematopoietic organ, BM functions as a
primary lymphoid organ, initiating and sustaining immune responses
(43, 44). The BM microenvironment hosts various immune cells,
including T and B cells, plasma cells, dendritic cells (DCs),
neutrophils, and macrophages. These cells constitute an “immune
niche” that regulates HSC homeostasis and emergency hematopoiesis
through cytokine, hormone, and growth factor secretion, along with
the expression of receptors and adhesion molecules (25, 43, 44). This
niche appears to safeguard HSC by establishing an
immunosuppressive environment or a privileged immunological
site, where multiple mechanisms collaborate to prevent immune
attacks and even enable prolonged survival of foreign cells (32, 45, 46).

In a healthy individual, approximately 8-20% of BM
mononuclear cells are lymphocytes, constituting a T-cell/B-cell
ratio of 5:1, distributed in the stroma, parenchyma, and condensed
into lymphoid follicles (29). About 1% of this population comprises
plasma cells capable of antibody production. CD4+ and CD8+ T cells
make up approximately 1.5% and 2.5% of the total BM cellularity,
respectively. The CD4/CD8 ratio in the BM is 1:2, reversed compared
to peripheral lymph nodes and blood (29). These BM-resident CD4+
and CD8+ T cells exhibit a memory phenotype and secrete cytokines
crucial for HSC maintenance (44). In homeostasis, observations in
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mouse models reveal that CD4+ T cells secrete cytokines such as
interleukin-3 (IL-3) and granulocyte-macrophage colony-stimulating
factor (GMCSF), modulating normal hematopoiesis (43, 44, 47).
Major histocompatibility complex (MHC) class I expression is
reported to play a vital role in maintenance and successful long-
term reconstitution (48). Experimental approaches demonstrate that
activated CD8+ T cells hinder HSC self-renewal capacity and
enhance differentiation, while non-activated memory CD8+ T cells
support HSC self-renewal, contributing to their maintenance and/or
recovery, suggesting a dual role for CD8+ T cells in the BM (49).
Memory T cells, both CD4 +and CD8+, are present in the BM,
mainly residing in the GO phase of the cell cycle andinteracting with
IL-7-secreting stromal cells to maintain quiescence in the absence of
antigen receptor signaling. This underscores the crucial role of the
BM in preserving memory T cells (50-52).

About one-third of CD4+ T cells are CD4+CD25+ regulatory T
cells (Tregs), co-localizing with hematopoietic stem and progenitor
cells (HSPCs) in the endosteum. This may create an immune-
privileged BM niche, shielding HSPCs from immune destruction
(46). A CD150- expressing Treg subset has been identified,
controlling HSC quiescence, pool size, and engraftment through
adenosine (53). BM CD169+ macrophages regulate retention gene
expression in Nestin+ cells and enhance stromal CXCL12
production, impacting HSC/progenitor retention (54). The BM
also houses dendritic cells (DC) and Natural Killer T (NKT) cells,
constituting 1-2% and 0.4-4%, respectively (28, 29, 43, 45).

In addition to its role as a primary lymphoid organ by supporting
lymphoid development, the BM can act as a host for various mature
lymphoid cell types. Thus, the cells of the immune system play a key
role in B-cell differentiation (Figure 3) (43). The endosteal surface is
necessary for the first steps of B cell lymphopoiesis. While osteoblasts,
osteoclasts, and CAR cells are required for the earliest developmental
stages, IL-7- secreting stromal cells and sinusoidal endothelial cells
promote further B-cell maturation (43).

In early lymphoid development, B-cell-potential MPPs remain in
the BM, responding to stimuli like IL-7 from osteoblasts. DCs co-
localize with naive B cells, secreting survival signals like macrophage
migration inhibitory factor (55). Megakaryocytes aid BM
maintenance (56, 57). The BM, a repository of mature myeloid
elements, mediates myeloid cell delivery to the PB via specific
ligands. Naive perisinusoidal B cells can be activated independently
by T cell antigens, suggesting perivascular BM immune cells play a
vital role in protecting against blood-borne pathogens (58). After
antigen exposure, B cells may return to the BM, persisting as plasma
cells secreting antibodies. Eosinophils and megakaryocytes contribute
to BM maintenance and mobilization through APRIL and IL-6 (56,
57). Neutrophils and monocytes express CXCR4 at steady state,
promoting BM retention via CXCL12-induced signaling (59-61).

4 Tumor immune microenvironment
in BCP-ALL

ALLThe immune surveillance theory suggests that the immune
system targets and attempts to eliminate precursor cancer cells (62).
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The influence of immune cells on B cell development. During B cell differentiation, HSC and Pre- and Pro-B cells are in close association with CAR
cells, whereas pro-B cells are more often in contact with IL-7 secreting stromal cells (IL-7). During B cell development, an immature B cell
population can be found in close association with endothelial cells. Naive B and T cells, which can respond to blood-borne pathogens, are within a

perivascular niche made up of a network of DCs.

Evidence indicates that infiltrating effector T cells can potentially
recognize and eliminate leukemic stem cells (LSCs) (63). Cancer
cells often employ immunosuppressive mechanisms to hinder the
antitumor functions of immune cells, aiding in immune evasion in
various malignancies (64). Despite the stringent regulation of BM
signals to maintain stability, accumulating evidence suggests that
LC disrupt the physiological hematopoietic niche in the BM. This
disruption leads to the creation of a leukemia-supportive
microenvironment (65-67), where tumor cells modulate immune
cells, causing them to lose their ability to recognize the cancer cells
as foreign to the host (68-71).

4.1 Myeloid-derived suppressor cells

Human myeloid-derived suppressor cells (MDSCs) are
characterized as CD33+ and CD11b+. They can be further
categorized into granulocytic CD14- and monocytic CD14+
subtypes based on phenotypical and morphological features (72,
73). MDSCs commonly infiltrate both solid and hematologic
tumors, exhibiting antitumor activities during early tumor
development. Tumor cells and their microenvironment stimulate
the proliferation and activation of MDSCs through cytokines and
growth factors (74-77). However, as the tumor progresses, signals
from the tumor cells and microenvironment can transform the
differentiation, maturation, and functions of DCs and macrophages,
turning them into immunosuppressive cell types with pro-tumor
properties (78). Monocytic MDSCs inhibit T-cell responses in an
antigen-unspecific manner, primarily by elevating arginase-1 and
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iNOS (79). In contrast, granulocytic MDSCs (G-MDSCs) induce
immunosuppression mainly through ROS-dependent mechanisms.
Patients with BCP-ALL exhibit an increase in G-MDSCs in both PB
and BM compared to age-matched healthy controls (80). The
immunosuppressive function of BCP-ALL-derived G-MDSCs
operates in a ROS-dependent manner and may be associated with
STATS3 signaling. This underscores the idea that the accumulation
and activation of G-MDSCs represent a novel immune escape
mechanism in BCP-ALL patients (80). The clinical relevance of
MDSCs is underscored by their close correlation with disease
progression and the therapeutic response in clinical settings.
Observations in children with BCP-ALL reveal that chemotherapy
can impact the numbers of MDSCs and Tregs. Prior to
chemotherapy, patients exhibited elevated levels of both MDSCs
and Tregs compared to healthy controls. However, during or after
chemotherapy induction, there were fluctuations in the numbers of
MDSCs and Tregs, showing either an increase or decrease,
respectively, compared to pre-chemotherapy levels (81). More
recently, BCP-ALL patients displayed a decrease in CD4+ T cell
levels alongside an increase in both G-MDSCs and Tregs. The
frequencies of G-MDSCs and Tregs directly correlated with the
levels of blast cells, CD34+ cells in PB, and BM. This aligns with a
prior study indicating that completepostinduction remission is
linked to reduced G-MDSCs and Tregs (82). However,
chemotherapy-induced myeloid suppressor cells have been
observed in some cases. Low doses of cyclophosphamide may
enhance the secretion of various inflammatory mediators,
including GM-CSF, IL-1 B, IL-5, IL-10, IFN- o, and TNF-o.
These factors play a role in the expansion, accumulation, and
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activation of MDSCs (83), posing a significant hurdle to achieving
the desired outcomes. These findings suggest that targeting MDSCs
could disrupt immunological tolerance and shift the balance
towards sustained antitumor immunity (84).

Monocytic MDSCs suppress T-cell responses in an antigen-
unspecific manner, mainly by upregulating arginase-1 and iNOS
(79), whereas G-MDSCs induce immunosuppression mainly
through ROS-dependent mechanisms. In patients with BCP-ALL,
only an increase in G-MDSCs was observed in both PB and BM,
compared to healthy controls of the same age (80), and their
immunosuppressive function of B-ALL-derived G-MDSCs is a
ROS-dependent manner and could be associated with STAT3
signaling. This supports the premise that the accumulation and
activation of G-MDSCs is a novel mechanism of immune escape of
tumor cells in patients with BCP-ALL (80).

The clinical significance of MDSCs seems to be given by the
close correlation between MDSC numbers, disease progression and
clinical therapeutic response to therapy. It has been observed that
chemotherapy can alter the number of MDSCs and Tregs in
children with BCP-ALL. It was found that patients before
chemotherapy showed increased numbers of both MDSCs and
Tregs as compared to healthy controls. However, during or after
the induction of chemotherapy, patients showed increased or
decreased numbers of MDSCs and Tregs, respectively, compared
to before chemotherapy (81). More recently, a reduction in CD4+ T
cell levels and an increase in both G-MDSCs and Tregs were
observed in BCP-ALL. In addition, G-MDSCs and Tregs
frequencies were directly correlated with the levels of PB and BM
blast cells and CD34+ cells. Similarly, in a previous study, complete
postinduction remission was associated with reduced G-MDSCs
and Tregs (82). Nevertheless, chemotherapy-induced myeloid
suppressor cells have been observed in some cases. It is possible
that low doses of cyclophosphamide increase the secretion of several
inflammatory mediators, such as GM-CSF, IL-1 f3, IL-5, IL-10, IFN-
o, and TNFa). These factors have been reported to be involved in
the expansion, accumulation, and activation of MDSCs (83), which
is a critical barrier to achieving this goal. These observations suggest
that targeting MDSCs may prevent immunological tolerance and
tip the balance toward long-lasting antitumor immunity (84).

4.2 Dendritic cells

Evidence indicates that in the presence of soluble factors in BCP-
ALL, monocyte differentiated DCs exhibit an atypical phenotype
resembling tolerogenic and tumor associated immunosuppressive
DCs (74, 85, 86). This phenotype includes low TNF-o/IL-10
expression and elevated levels of TGF-f, IL-6, and IL-1 B, along
with chemokines like CCL2, CCL5, and IL-8, and proteins such as
COX2, ALDHIA, VEGF, and MMP9. Collectively, these features
contribute to impairing the effector immune response, promoting
monocyte recruitment, and fostering the development of cells with
immunosuppressive activity, thus supporting the growth, survival,
and invasiveness of LCs (87). Additionally, various tumor-mediated
mechanisms, such as hypoxia, ER stress, and exposure to tumor-
derived cytokines and growth factors, have been implicated in
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generating immunosuppressive and tolerogenic DCs and M2
macrophages (88, 89). Recent findings show that a conditioned
medium containing BMP4 from BCP-ALL cells hinders DC and
macrophage differentiation from monocytes. Furthermore, BMP4
overexpression in BCP-ALL cells enhances the generation of
immunosuppressive DCs, demonstrating increased protumor
activity with elevated expression of immunosuppressive and tumor
growth factors, including TGF-f, IL-6, IL-1a, IL-8, IDOI, and
MMP9 (87).

In BCP-ALL patients, levels of both conventional and
plasmacytoid DCs in PB and BM are diminished at diagnosis.
These DC levels are linked to disease extent, being lower in patients
with unfavorable prognostic features (90-92). Similar studies have
demonstrated a significant reduction in both myeloid DCs (mDCs)
and plasmacytoid DCs (pDCs) at the diagnosis of BCP-ALL
compared to age-matched controls (91, 92). This reduction is
distinctive to BCP-ALL, as T-ALL patients exhibit comparable or
increased DC numbers. As a prognostic indicator, patients
diagnosed with BCP-ALL consistently display a marked reduction
in mDCs and pDCs compared to controls (91, 92).

4.3 Monocytes and macrophages

Macrophages play a crucial pathological role in malignant
tumors, particularly tumor-associated macrophages (TAMs),
contributing to the formation of a TME that supports tumor
progression. TAMs achieve this by promoting immunosuppression
through the release of cytokines like IL-10 and TGF-B (93).
Depending on the microenvironment cues, monocytes/
macrophages can exhibit diverse phenotypes and functions. While
TAM subpopulations with M1-like characteristics exert antitumor
effects, those with M2-like characteristics have protumor effects.
However, the heterogeneity of TAMs, in terms of activation
phenotype and molecular risk, reveals multiple subsets with distinct
functions along a continuum between the M1 and M2 extremes (94).
Most TAMs are monocyte derived macrophages, closely associated
with inflammation, proposed as the seventh hallmark of cancer (95).
In the context of BCP-ALL, numerous studies emphasize the
perturbation of the monocyte-macrophage compartments as part of
the extensive remodeling of the BM niche, playing a critical role in the
initiation, progression, survival, and chemoresistance of BCP-ALL
(16, 17, 78, 96-98).

Reports suggest that interactions between LCs and leukemia-
associated macrophages (LAMs) can reprogram the BM stroma,
promoting tumorigenesis in BCP-ALL. The tumor promoting role
of human monocytes in BCP-ALL was initially demonstrated in in
vitro experiments. Co-culture of BCP-ALL cells conditioned
monocytes to an inflammatory phenotype characterized by a
specific increase in the chemokines CXCL10 and CXCR3, capable
of enhancing the migration and invasive properties of LCs (99). Ex
vivo-isolated monocytes from BCP-ALL patients exhibited high
CXCL10 production compared to monocytes from healthy donors
(94). Additionally, the invasion and spread of BCP-ALL cells were
mediated by the expression and activity of matrix metalloproteinase
9 (MMP9) (99). Likewise, recent findings demonstrated that BMP4
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overexpression in LCs amplifies the generation of M2-like
macrophages with protumor characteristics, evidenced by a
decreased TNFa/IL-10 expression ratio and increased levels of
CCL2 and IL-6, promoting tumor progression (87). Further
studies on macrophage recruitment and various polarization
mechanisms in the context of BCP-ALL will be crucial to identify
potential targetable pathways.

Recently, it has been reported that both T-ALL and BCP-ALL
cells can evade immune surveillance by eluding the effector
mechanisms of functional macrophages. The overexpression of
CD47 on the surface of LCs serves as a “don’t eat me” signal to
macrophages, hindering phagocytosis through binding to signal
regulatory protein alpha (SIRPa). In preclinical models of acute
myeloid leukemia (AML) and myelodysplastic syndrome (MDS),
CD47 blockade has demonstrated improvements in antitumor
responses (100). Anti-CD47 antibodies have been shown to
stimulate antibody-dependent cellular phagocytosis and enhance
the priming and memory responses of CD8+ T cells (100).

Magrolimab, targeting CD47 on tumor cells, including
macrophage phagocytosis, is currently undergoing evaluation in
several early clinical trials for AML treatment (NCT04435691).
Results from a recent Phase I study combining Magrolimab with
azacitidine showed an overall response rate of 91% and a complete
response rate of 42% in patients with MDS (101).

Phenotypic characterization of macrophages in BM biopsy
samples from ALL patients revealed a significant increase in
CD68+, CD163+, and CD206+ macrophages, particularly in M2
phenotypes, compared to controls (98, 102, 103). Additionally, a
comprehensive assessment of BM biopsies from BCP-ALL patients,
using multiplex immunohistochemistry, highlighted a specific
reduction in M1-like macrophages and an elevated proportion of
M2-like macrophages and MDSCs (102, 103). In another study, an
upsurge in immunosuppressive CD14+/HLA-DRlow/- monocytes
was observed in the BM and PB at the end of induction
chemotherapy in patients who later relapsed during BCP-ALL
treatment. This alteration may result from the inflammatory
response triggered by cytotoxic treatment or the influence of
specific drugs used in chemotherapy (104).

Monocytes play crucial roles in regulating cancer development
and progression, with distinct subpopulations exerting opposing
effects in these processes (105). Recently, it was discovered that the
“non-classical” CD14+CD16+ monocyte subset, expressing high
levels of CX3CRI, was significantly elevated in the PB of BCP-ALL
patients. This elevation correlated with significantly upregulated
CX3CL1 in leukemic BM plasma, suggesting an altered migratory
pathway that may guide the recruitment of non-classical monocytes
into the BM. Additionally, endothelial cells can secrete CX3CL1 in
response to proinflammatory cytokines like IL-1f3, TNF-o, and IL-6
(98). Interestingly, this CX3CL1/CX3CRI axis has been identified as
a deregulated pathway associated with various tumors, including
multiple myeloma (MM) and chronic lymphocytic leukemia (CLL),
playing a crucial role in the cross-talk between cancer cells and the
TME (106, 107). Similarly, higher CCL2 levels were observed in
leukemic BM plasma at baseline and during relapse. Notably, an
elevation of the C5a fraction was observed in the BM plasma of
BCP-ALL patients, suggesting its potential influence on
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macrophage recruitment and M2 polarization in BCP-ALL (98).
Finally, utilizing single-cell RNA sequencing and cellular indexing
of transcriptomes and epitopes (CITE) to analyze BCP-ALL patient
samples revealed an augmentation of a non-classical monocyte
subpopulation within the myeloid population compartment of
leukemic BM at diagnosis and relapse, with inferior relapse free
and OS (16, 17) Thus, non-classical monocytes may be generated in
response to leukemia-induced tissue inflammation to restore
damaged endothelium in a BM infiltrated by LCs.

4.4 Natural killer cells

NK cells are integral components of the innate immune system,
characterized by their potent intrinsic cytotoxic potential, playing a
crucial role in eliminating viral infections and destroying malignant
cells, including leukemic blasts. NK cells identify and eliminate
malignant cells by detecting the absence of MHC class I molecules
on the cell surface (“missing self”) and the de novo appearance of
molecules on target cells (“induced self”) (108). The capacity of NK
cells to kill their targets or secrete cytokines is governed by the
balance between activating and inhibitory signals from cell surface
receptors, determining the NK cell’s response to either eliminate or
tolerate the target cells (109). Inhibitory receptors, including killer
cell immunoglobulin-like receptors (KIRs) (KIR2DL and KIR3DL)
and the C-type lectin NKG2A, are specific for various human
leukocyte antigen (HLA) molecules on target cells, sending signals
that suppress activation (110). Other receptors, such as TIGIT,
CD96, TIM-3, and PD-1, have been identified as inhibitors of NK
cell function. Activating receptors comprise the natural cytotoxicity
receptor (NCR) family, signal lymphocyte-activating molecule
(SLAM) family, natural killer group (NKG) (NKp46, NKp30,
NKp44, and NKG2D), and immunoglobulin (Ig)-like receptors,
such as DNAM-1 (CD226) (111-116).

It remains unclear how activating and inhibitory NK cell
receptors are downregulated. However, the disturbance of the
balance between activation and inhibitory signals may result in
abnormal NK cell function, potentially contributing to cancers,
including BCP-ALL (117, 118). Loss of NK cell function, either
through impaired expression of activating receptors or tumor-
driven downregulation of NK cell receptor ligands, serves as a
mechanism for tumor immune escape. Cancer cells can impact NK
function through various mechanisms, including the modulation of
their surface receptors (119), and the release of soluble
immunosuppressive factors such as IL-10 or TGF-f (120). Both
TGF-B and soluble NKG2D ligands released by cancer cells
contribute to decreased NKG2D expression (121). In BCP-ALL
patients, higher levels of blast-derived TGF-f1 were identified as a
significant mechanism mediating leukemia-induced NK
cell dysfunction.

Coculturing ALL blasts with healthy NK cells resulted in an
inhibitory phenotype mediated by TGF-B1/SMAD pathway
activation, effectively reversed by TGF- blockade. Similarly, this
activation was constitutively present in NK cells at diagnosis and the
end of induction compared to healthy controls and BCP-ALL
patients during maintenance (122).
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AML is often linked to decreased surface levels of DNAM-1,
NKp46, NKp30, and/or NKG2D by NK cells; however, variability
exists in BCP-ALL patients (123-125). For instance, increased
expression of ligands for NK-activating receptors, Nec2, ULBP1,
and UBLP3, has been noted on the surface of pediatric LCs
compared to adults with ALL, especially without known
molecular alterations (126). Specific phenotypic expression
patterns are associated with molecularly defined subgroups of
ALL patients. In Philadelphia-positive (Ph+) ALL patients or the
MLL-AF4+ subgroup, elevated intensity of NK cell-activating
ligand expression is observed. Additionally, high surface
expression of NKG2D and DNAMI1 ligands is found on BCR-
ABL+ blasts, regardless of patient age (126). Cytotoxic assays using
neutralizing antibodies identified the Nec-2/DNAM-1 interaction
as the critical pathway in NK cell/ALL blast recognition (126).

Contrastingly, a recent study demonstrated a significant
relationship with a reduction in the percentage or density
expression of a specific NK cell-activating receptor, including
NKp46, NKG2C, NKG2D, DNAM-1, CD69, 2B4, NTBA, and
SLAMF7, during childhood at diagnosis. This decrease is not
confined to a single receptor type or family of activating
receptors; concurrent downregulation of multiple receptor types
belonging to distinct families was also observed (127). The potential
correlation between the expression intensity of ligands for NK cell-
activating receptors and susceptibility to lysis could enhance the
identification of patients who may benefit most from NK-based
immunotherapy and alloreactive donors in the context of
haploidentical hematopoietic stem cell transplantation (HSCT).
Therefore, the relationship between ligand expression and lysis
susceptibility provides robust biological support for treatment
selection in specific cases, paving the way for new therapeutic
algorithms in modern ALL management (126). It has been
reported that alterations in the expression of NCRs on NK cells
and NCR ligands by ALL cells may allow them to escape the innate
response. It was observed that MICA/B was not expressed at
detectable levels in NK-resistant LC, suggesting that the common
resistance of BCP-ALL blasts to NK cell cytotoxicity may not be
caused by inhibitory pathways commonly relevant in tumors,
including HLA-G expression, lack of CAMs, or perforin
resistance, but rather by the lack of NK cell activation by MICA/
B (128).

It has been reported that low surface activation receptor
expression at diagnosis is correlated with low NK cell activity,
poor outcome, and an increased risk of relapse (120, 129). In a
recent study, high levels of ULBP-1, a ligand for NKG2D but not
CDI112 or CD155 (ligands for DNAM-1), were correlated with
inferior event-free survival. This suggests that in pediatric acute
leukemia, effective NK cell immune surveillance may depend more
on NKG2D than on DNAM-1 (120, 129, 130). In the same study, a
combination of molecules that interact to regulate NK functions has
been associated with higher relapse rates during/after
chemotherapy and poor survival in childhood ALL. The
decreased expression of HLA-C in LCs of patients with
KIR2DL1/HLA-C*04 interactions has been correlated with higher
relapse rates and poor patient survival. Furthermore, this
interaction is an independent predictive factor and could
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complement the current risk stratification used in the clinical
management of pediatric patients, especially those with high-risk
features (130).

Although LC resistance is believed to involve defective
engagement of activating NCRs rather than activation of
inhibitory receptors on NK cells, a link has been established
between variation in KIR gene content and its influence on
childhood ALL risk in recent years. KIR genes are highly
polymorphic and interact with equally polymorphic HLA class I
molecules. HLA-C, a dominant KIR ligand, is associated not only
with increased susceptibility to BCP-ALL but also serves as a risk
factor for late relapse. In this model, C2 ligands impair NK cell-
mediated surveillance of LCs at both the leukemia initiation stage
and in remission (128, 131).

Research has shown that not all NK cells are equally cytotoxic
against leukemia due to differences in receptor gene levels and
surface expression. In a subset of BCP-ALL patients, although
downregulation of HLA-C and HLA-E surface expression is
observed at the initial diagnosis, mRNA levels for C1 and C2
carrying HLA-C alleles and HLA-E are lower in CD34+ leukemic
blasts than in residual non-leukemic B cells. The presence of
KIR2DL5A, NKp46, FASL, granzyme-B, and PI-9 was found to
be correlated with a favorable prognosis. In patients who achieved
complete remission after chemotherapy, a positive correlation with
the presence of NK cells was observed (109, 132). The presence of
NK cells in the BM at the moment of diagnosis is associated with a
good prognosis for treatment compared to patients who do not have
them (21).

4.5 CD4+ and CD8+ lymphocytes

CD4+ T-helper (Th) cells play a dual role in antitumor
immunity and tumor immune evasion (133). These cells can
differentiate into various subtypes, such as Thl, Th2, Th9, Thl7,
and Tregs, depending on the cytokine environment (134). The
remaining nonmalignant T cells in the BM of acute leukemia
patients may actively respond against LCs, with a higher CD4/
CDS8 ratio at diagnosis correlating with a favorable BM response at
day 15, indicating early treatment response (135).

Moreover, stimulation of T cells with CD40L+BCP-ALL cell-
pulsed DCs not only induces potent and specific anti-leukemic
cytotoxic effectors but also differentiates specific and functional Th-
1 CD4 lymphocytes with a memory phenotype. These effectors are
poised to reach leukemia-infiltrated tissues and orchestrate the
antitumor immune response (136). Both CD8+ and CD4+ T cell
lines exhibit cytotoxicity against NH-1 in an MHC-dependent
manner, suggesting common and potent immunogenic epitopes
expressed on DCs loaded with apoptotic B-ALL cells capable of
inducing ALL-directed CD8- and CD4-T cell-mediated
immunity (137).

In pediatric BCP-ALL patients, activated tumor-associated
neoepitope-specific CD8+ T cells respond to 86% of tested
neoantigens, recognizing 68% of neoepitopes despite low
mutational burden. These findings underscore the robust
antitumor immune responses in pediatric BCP-ALL, emphasizing
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the importance of immunodominance in shaping cellular immune
responses (138).

Studies on the immune profile in adult precursor B-ALL reveal
decreased levels of M1-like macrophages, Granzyme B+CD57+CD8
+ cells, and CD27+ T cells, along with increased levels of MDSC and
M2-like macrophages. Elevated expression of checkpoint molecules
PD1 and CTLAA4 is associated with poor survival outcomes (103,
139). Additionally, the proportion of PD1+TIM3+ double-positive
CD4+ T exhausted cells is linked to an increased risk of relapse and
serves as an independent predictor of poor survival (103). Similarly,
high TIM-3 expression in CD4+ cells from BM at the initial
diagnosis is associated with relapse (140, 141). Ex vivo expansion
of PB- and BM-derived T cells from pediatric leukemia patients
after induction chemotherapy reveals a higher percentage of PD1+
T cells in the BM than in the PB (142).

A study assessing CD4+ and CD8+ cell counts in the PB of
pediatric BCP-ALL patients before and after chemotherapy
induction revealed chemotherapy-induced changes in T cell
subset frequencies. CD10+ B cells increased before chemotherapy,
correlating with elevated CD4+ and CD8+ T cells. However,
induction chemotherapy led to a substantial decrease in CD10+
B-cell LCs, corresponding to reduced CD4+ and CD8+ T cells.
Despite this shift, the CD4+/CD8+ ratio in BCP-ALL patients
before and after chemotherapy remained comparable to healthy
controls (143). Another study exploring the immunomodulatory
effects of chemotherapy in pediatric ALL observed a transient
decrease in most T lymphocyte subsets during chemotherapy,
which was restored by days 78 and 85. However, senescent CD3
+CD8+CD57+ lymphocytes did not return to pretreatment
levels (144).

Yo+ T cells, another T cell type, exhibited higher CTLA-4
expression, and B7-2 ligand expression on blasts was elevated in
high-risk BCP-ALL patients. Increased CTLA-4 expression on Yo+
T cells and PD-L1 on LC were associated with poor relapse-free
survival in BCP-ALL (139). Collectively, these findings suggest that
higher expression of immune checkpoint molecules, such as CTLA-
4 and PD-LI, is linked to a poorer prognosis in BCP-ALL,
highlighting a distinct immune cell context in the BCP-ALL BM
compared to healthy controls, even in monocytes and macrophages.

4.6 Regulatory T lymphocytes (Tregs)

Tregs, characterized by FOXP3 expression, are a CD4+ T cell
subset crucial for maintaining tolerance to self-antigens and
regulating the immune response against infections and tumors
(145). Within the TME, Tregs play a pivotal role in suppressing
anti cancer cell immunity, contributing to cancer growth,
proliferation, and progression (146-150). Disrupting the
CXCL12-CXCR4 or CCL3-CCRI1/CCR axis hinders Treg
migration into the leukemic microenvironment, delaying
leukemia progression in murine models (151).

In BCP-ALL, FOXP3+ Tregs contribute to maintaining B-cell
lymphopoiesis by controlling physiologic IL-7 production (152).
Analysis of key cytokines affecting Treg cell fate reveals elevated
levels of IL-10, IL-6, IL-23, and TNF-o in BCP-ALL patients
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compared to controls. Conversely, TGF-f3 and IL-17 levels are
reduced, potentially influencing the pathogenesis of BCP-ALL.
Tregs exert their immunosuppressive activity through IL-10
release, creating an inefficient power to control inflammation and
favoring BCP-ALL progression (134, 153). Notably, an increase in
Tregs with CD4+CD25+ has been observed in patients with ALL.
Moreover, increased expression of inhibitory molecules, including
CTLA-4, GITR, and LAG-3, in Tregs suggests that their
overactivation may contribute to immune escape in BCP-ALL
(154). Recent studies have linked Tregs in BCP-ALL patients to
the expression of the transcription factor Helios in FOXP3+ CD4+
cells (155). TGF-B produced by Tregs may regulate Helios, leading
to an increased local expansion of the CD4+ CD25+ Treg cell pool,
correlating with their immunosuppressive function. Additionally,
Helios expression in Tregs may regulate angiogenesis in the BM
niche of BCP-ALL through the VEGFA/VEGFR2 pathway (155).
These findings suggest that Helios+ Tregs could be crucial for
oncogenesis and angiogenesis in BCP-ALL, and higher Helios
expression may indicate a more severe disease state (155).
Notably, a de novo insertional mutation in FOXC1 has been
described, reshaping the immune microenvironment by inducing
a Treg/CTL shift, creating a suppressive immune milieu, and
promoting ALL progression. This mutation decreases FOXC1
levels through hypermethylation modifications and attenuates
HADCI transcription (156).

Tregs can be considered a prognostic factor in cancer, as several
studies have demonstrated an increased frequency of Treg cells in
the PB and BM of BCP-ALL patients compared to controls (63, 81,
134, 150, 153, 154, 157). Additionally, a higher CD4/CD8 ratio at
diagnosis correlates with a favorable BM response to chemotherapy
at day 15, attributed to the involvement of non-Treg CD4+ cells in
the early treatment response. However, Tregs themselves do not
impact the final prognosis in childhood ALL (63). Conversely, in
another study, patients with BCP-ALL exhibited a lower number of
CD4 +CD25+ cells but higher levels of FOXP3, IL-10, TGF-f, and
CD152/CTLA-4 than healthy subjects. Notably, the suppressive
capacity of regulatory cell numbers increased with disease severity
(158). In conclusion, manipulating Tregs could be a promising
therapeutic avenue to enhance the effectiveness of antitumor
chemotherapy. Larger studies are needed to confirm these
findings and ascertain their clinical implications (150).

5 The BM TME/LC crosstalk:
resistance treatment

While significant strides have been achieved in ALL treatment
in recent decades, the prognosis for patients with relapsed or
refractory ALL remains bleak (159). In B-cell malignancies, there
exists a reciprocal exchange of signals between BM and primary
cancer cells. This bidirectional process can result in immune
response evasion, functional alteration of the TME, unbridled
cancer cell proliferation, metastasis to secondary tumors, and the
development of drug resistance, safeguarding leukemia cells from
the effects of chemotherapy (160). Although the precise mechanistic
details of this intricate process are not fully elucidated, it
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encompasses cell-cell interactions and involves soluble factors such
as secreted signaling molecules and microvesicles. Recognizing that
the TME plays a pivotal role in promoting cancer survival, there is a
growing consensus that targeting the TME itself should be a priority
in treatment strategies to overcome potential drug resistance in
cancer cells (160). Although rapid advances have been made in the
treatment of ALL in recent decades, the prognosis for patients with
relapsed or refractory ALL remains poor (159). In B-cell
malignancies, the BM and primary cancer cells exchange signals
in a bidirectional process. This can lead to evasion of the immune
response, alteration of TME function, uncontrolled cancer cell
proliferation, metastasis to secondary tumors, and drug resistance
that protects the LC from chemotherapy (160).

5.1 Cell-to-cell interactions: immune—
stromal cells interactions in BCP-ALL

It has been established that MSCs play a crucial role in
modulating immune cell proliferation, differentiation, and
activity, creating a tumor-permissive microenvironment. Within
this microenvironment, LCs receive signals necessary for their
survival and proliferation, contributing significantly to disease
progression and drug resistance or disease relapse (18).
Specifically, MSCs in the BM environment protect LCs by
secreting chemokines that guide BCP-ALL migration and
adhesion to specific protective microenvironment niche cells in
the BM. MSCs have been shown to exert immunosuppressive effects
by influencing the activity and functions of various immune cells,
including the inhibition of T cell proliferation, blocking DC
maturation, regulating NKcells and macrophages, and inducing
Tregs through the release of interferon IFN-y and TNF via soluble
factors and cell-to-cell contact mechanisms (161).

Gal-3, a protein with glycoconjugate ligands on the cell surface,
is crucial in this context. Extracellular Gal-3 produced by MSCs is
essential for steady-state BCP-ALL proliferation and viability, as
well as for controlling efficient leukemia migration and adhesion
to MSCs.

Notably, the loss of stromal Gal-3 production sensitizes BCP-
ALL cells to conventional chemotherapy, highlighting its role in
drug resistance (162). Hematopoietic progenitors express integrins,
including the 04 chain (CD49d), critical for homeostasis, renewal,
and homing of hematopoietic stem and progenitor cells in the BM
(163, 164). In BCP-ALL, aberrant expression of the VLA-4 integrin,
formed by non-covalent association of a4 with the Bl integrin
chain, has been linked to poor clinical outcomes and cell adhesion-
mediated drug resistance within the TME. Notably, 04 binding to
its ligandVCAM-1 mediates signaling to maintain LC survival in
the presence of chemotherapy (32, 165, 166).

Previous research demonstrated that natalizumab (NZM), an
anti-integrin o4 monoclonal antibody, induces B-ALL cells to
release VCAM-1, sensitizing them to chemotherapy (167).
Despite this, there are no clinically approved agents targeting o4
for BCP-ALL treatment. A recent study introduced AVA4746, a
non-peptidic small molecule integrin a4 antagonist, as a potential
strategy to combat drug-resistant BCP-ALL. AVA4746
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demonstrated high affinity for binding to BCP-ALL cells,
efficiently blocking ligand binding to VCAM-1. Furthermore,
AVA4746 caused functional detachment of primary BCP-ALL
cells from VCAM-1. In combination with chemotherapy,
AV A4746 prolonged the survival of mice in an in vivo xenograft
model of BCP-ALL, suggesting its potential as a therapeutic
approach for drug-resistant BCP-ALL (168).

Galectins, another family of cell surface proteins binding
specifically to B-galactoside epitopes, are critical components in
the TME and have prognostic potential in leukemia/lymphoma.
Galectin-1 and Galectin-3, members of this family, are implicated in
the protective interaction between LCs and stromal cells in ALL,
playing a crucial role in disease progression (169-171). They
promote migration and adhesion of BCP-ALL cells to protective
microenvironment niches of MSCs in the BM and contribute to
protecting BCP-ALL cells against conventional chemotherapeutic
drugs. Specifically, extracellular Gal-3 produced by MSCs is crucial
for maintaining BCP-ALL fitness during chemotherapy. Targeting
galectin-1 and galectin-3 has been explored as a potential strategy to
sensitize BCP-ALL cells to chemotherapy (172-174).

6 Immune BM TME in resistance to
treatment: strategies for re-educating
the TME in BCP-ALL

With a growing understanding of TIME in the development
and progression of BCP-ALL, current strategies focus on “re-
editing” TIME to promote antitumor immunity. Since the BM is
an immune regulatory organ capable of fine-tuning immunity, it
may be a potential therapeutic target for immunotherapy and
immune vaccination. Over the last decade, significant advances
have been made in developing new targeted therapies for specific
ALL subsets in adults in conventional therapy is not effective (29).

One of the best-known immunotherapies is HSC transplantation
(HSCT) after chemotherapy to repopulate the BM niche (Table 1;
Figure 4). The ability of donor immune cells to eliminate host LCs
after allo-HSCT is a well-established proof-of-concept; an effective
immune response could remove leukemia and is the first example of
immunotherapy. Currently, allo-HSCT is seen as a potent
immunotherapeutic treatment. Nevertheless, the risk of severe and
potentially fatal complications, including graft-versus-host disease,
must be considered (19, 175).

With a growing understanding of TIME in the development
and progression of BCP-ALL, current strategies focus on “re-
editing” TIME to promote antitumor immunity. Since the BM is
an immune regulatory organ capable of fine-tuning immunity, it
may be a potential therapeutic target for immunotherapy and
immune vaccination. Over the last decade, significant advances
have been made in developing new targeted therapies for specific
ALL subsets in adults in conventional therapy is not effective (29).

With the introduction of monoclonals antibodies (mAbs)
directed at specific antigens on the surface of LCs, such as CD20
and CD19, rituximab, ofatumumab, or obinutuzumab are currently
used, which represents a significant advance in the therapeutic of
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TABLE 1 Immunotherapies for BCP-ALL.

Therapy Action mechanisms

name

Type

of
immunotherapy

HSC transplantation HSC infusion

Monoclonal Blinatumomab Anti-CD19 and anti-CD3
antibodies (mAbs)
Rituxumab Anti-CD20
Ofatumumab Anti-CD20
Antibody-drug Inotuzumab Anti-CD20 + calicheamicin
conjugate (ADC)
Ozogamycin
CAR-T cells Tisagenlecleucel CAR-T with CD19
Natural killer Allogeneically Activated and expanded NK
(NK) cells activated cells from haploidentical donors
NK cells
Autologous Enriched and expanded NK cells
NK cells
Cord blood NK-CAR targets tumor cells
NK cells

BCP-ALL (14, 22). They work through a number of mechanisms,
including antibody-dependent complement-dependent cytotoxicity
and direct induction of apoptosis (22).

CD20 expression is recognized in most B-cell malignancies;
however, the protein expression level varies in each patient, even
within intraclonal subpopulations in an individual patient. It is
well-known that CD20 is induced in the context of
microenvironment interactions by CXCR4/SDF1 (CXCL12)
chemokine signaling, and the molecular function of CD20 has
been linked to the signaling propensity of B-cell receptor (BCR)
(176). Down-modulation of CD20 is the most basic and frequent
cause associated with resistance. Recent reports suggest that genetic
and epigenetic mechanisms and transcription factors are correlated
with a low CD20 expression in de novo tumors and relapsed/
refractory disease after using rituximab (177). Moreover,
alternative splicing of its 5° untranslated region controls CD20
mRNA translation and enables resistance to CD20-direct
immunotherapies (178), for example, down-modulation of CD20
expression after chemoimmunotherapy with rituximab, resulting in
rituximab resistance (179). Other relevant mechanisms for the
resistance of CLL patients to rituximab include deficient CDC
activity due to increased expression of regulatory proteins, such
as CD55, CD59, or factor H, that prevent the formation and
deposition of additional C3b and propagation of the complement
cascade (180), similarly to polymorphism in the complement
component C1qA (181).

On July 2017, the FDA approved blinatumomab to treat
relapsed/refractory BCP-ALL (r/r ALL). Blinatumomab is a
bispecific CD19-directed CD3 T-cell engager able to activate T
cells without the need for additional costimulatory signals (182).
The results of a multinational clinical trial show that blinatumomab
can induce complete hematological remission in 46.6% of r/r ALL
patients, resulting in a survival benefit compared to chemotherapy
(183). However, despite this promising data, some patients do not
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respond to blinatumomab treatment. Loss of CD19 and
extramedullary relapse have been observed as mechanisms of
resistance to this treatment (184); however, other mechanisms of
resistance have not been reported so far. An increased proportion of
Tregs was observed in non-responders, which were found to impair
T cell response in a contact-dependent manner (20). Exhaustion
markers, including PD-1 and CTLA-4, were upregulated by T cells
following treatment, in addition to the upregulation of their
respective ligands PDL-1 and CD86 at the surface of LCs (185).
Equally, blinatumomab-induced inhibitory interactions between T
cells and their counterparts expressed on target cells, such as PD-1-
PD-L signaling or loss of co-stimulation through CD80 or CD86,
might contribute to in vivo resistance to therapy (186). Clinical
trials with combined treatment approaches with checkpoint-
blocking antibodies are currently underway and could be a
promising therapeutic strategy in pediatric r/r BCP-ALL to
increase antitumor T cell activity (187).

During the last decade, immune-based approaches to target r/r
cases of BCP-ALL have emerged based on promising clinical results.
Thus, CAR-T cells were approved in 2017 by the FDA for managing
refractory or second/later relapsed ALL (188). CD19 CAR-T cell
therapy for BCP-ALL has achieved great efficacy with complete
remission of 70-90% (189-191). Early trials in BCP-ALL therapy
utilized “second-generation” CAR constructs, whereby autologous
T cells were transduced with lentiviral vectors expressing a CAR
consisting of a single-chain fragment (scFv) from a murine
monoclonal antibody specific for CD19, a CD3-zeta domain for
T-cell activation, and either a 4-1BB (CD137) or CD28 domain for
TCR co-stimulation (192), when expressed in autologous T cells (or
donor T cells in the post-transplant context). Upon patient infusion,
CAR-T cells engage with antigen-expressing tumor cells in an HLA-
independent manner to elicit a cytotoxic response (193). This
mechanism has also been used in NK cells designed to express a
CAR, making them candidate factors for cancer treatment (194).
This approach is effective, especially since many patients have been
highly pretreated with chemotherapy. Nevertheless, despite
dramatic results seen with CAR-T cell therapy, a significant
subset of patients develop resistance.

7 Discussion

In relapse, TME is a major contributing factor and controls the
migration, survival, proliferation, and, somehow, response to drug
treatment in BCP-ALL cells. In the last years, TIME has gained
relevance because, according to the soil and seed theory, cancer cells
grow in microenvironments that allow it. Thus, the constitution of
the immune system could indicate why some therapy in BCP-ALL
is not effective; evidence also shows that the immune state of cancer
patients does not function in the same way as the immune system of
a healthy individual.

New technologies have allowed a better comprehension of
TIME in BCP-ALL at the moment of diagnosis, remission, and
relapse. Establishing distinct types of TIME in patients with BCP-
ALL will aid immunotherapy efforts as a type of treatment in
relapsed BCP-ALL. On the other hand, it is important to identify

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1325255
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Poveda-Garavito and Combita

10.3389/fimmu.2023.1325255

Allogeneic Hematopoietic Stem
Cell Transplant (allo-HSCT)

Chimeric

antigen
receptor T-cells

(CAR-T)

oy

CAR-T Cells

Anti CD3

[

Collection of ~ Processing
donor cells

Bispecific
Antibodies

BlinatumomAb

cD3

30!

Patient

e Monoclonal

Antibodies
(mAbs)

Infusion into
patient

/

-

Anti CD20

\Va

%{1 r;e Y

RituximAb OfatumumAb ObinutuzumAb

Immune Checkpoint Inhibitors
£

O

Anti PD-1
Anti PDL-1

Anti CD19 Anti CTLA-4

CcD19

=

Proliferation

FIGURE 4
Treatment available in BCP-ALL.

prognostic biomarkers that can be easily sampled through BM or
PB, as they provide relevant clinical information to help guide
treatment decisions. Moreover, assessing immune landscape
changes before and after therapy could improve immunotherapy
efforts by informing the context in which therapeutic interventions
will be introduced as new therapies are discovered. Similarly, it is
necessary to study the periphery immune response such as lymph
nodes and PB.

Author contributions

NP-G: Conceptualization, Investigation, Methodology,
Resources, Visualization, Writing — original draft, Writing -
review & editing. AC: Conceptualization, Data curation, Formal
Analysis, Funding acquisition, Investigation, Methodology,
Resources, Supervision, Validation, Writing - original draft,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work

Frontiers in Immunology

12

Apoptosis
Lc

was funded by Instituto Nacional de Cancerologia, grant
C19010300405 (A.L. Combita C. Wiesner) and Universidad
Nacional de Colombia, programa de Maestria en Inmunologia.

Acknowledgments

We thank Erika Tankas for her collaboration in the style review.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1325255
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Poveda-Garavito and Combita

References

1. Morrison SJ, Scadden DT. The bone marrow niche for haematopoietic stem cells.
Nature (2014) 505:327-34. doi: 10.1038/nature12984

2. Hagman J. Transcriptional Regulation of Early B Cell Development. 2nd ed.
Elsevier Ltd (2015). doi: 10.1016/B978-0-12-397933-9.00003-5

3. Engel I, Murre C. The function of E- and ID proteins in lymphocyte development.
Nat Rev Immunol (2001) 1:193-9. doi: 10.1038/35105060

4. Loghavi S, Kutok JL, Jorgensen JL. B-Acute Lymphoblastic Leukemia /
Lymphoblastic Lymphoma. Am J Clin Pathol (2015) 144(3):393-410. doi: 10.1309/
AJCPAN7BH5DNYWZB

5. Terwilliger T, Abdul-Hay M. Acute lymphoblastic leukemia: a comprehensive
review and 2017 update. Blood Cancer J (2017) 7:577. doi: 10.1038/bcj.2017.53

6. Malard F, Mohty M. Seminar Acute lymphoblastic leukaemia. Lancet (2020)
395:1146-62. doi: 10.1016/S0140-6736(19)33018-1

7. Roberts KG, Mullighan CG. The biology of B-progenitor acute lymphoblastic
leukemia. Cold Spring Harb Perspect Med (2020) 10:1-22. doi: 10.1101/
cshperspect.a034835

8. Paul S, Kantarjian H, Jabbour EJ. Adult acute lymphoblastic leukemia. Mayo
Clinic Proc (2016) 91:1645-66. doi: 10.1016/j.mayocp.2016.09.010

9. Raetz EA, Teachey DT. T-cell acute lymphoblastic leukemia. Hematol Am Soc
Hematol Educ Progr (2016) 2016:580. doi: 10.1182/asheducation-2016.1.580

10. O’Brien MM, Seif AE, Hunger SP. Acute lymphoblastic leukemia in children.
Wintrobe’s Clin Hematol Fourteenth Ed (2018) 373(16):4939-5015. doi: 10.1056/
NEJMral400972

11. Schwab C, Harrison CJ. Advances in B-cell precursor acute lymphoblastic
leukemia genomics. HemaSphere (2018) 2(4):53. doi: 10.1097/HS9.0000000000000053

12. Nicholas NS, Apollonio B, Ramsay AG. Tumor microenvironment (TME)-
driven immune suppression in B cell Malignancy. Biochim Biophys Acta - Mol Cell Res
(2016) 1863:471-82. doi: 10.1016/j.bbamcr.2015.11.003

13. Zhao H, Wu L, Yan G, Chen Y, Zhou M, Wu Y, et al. Inflammation and tumor
progression: signaling pathways and targeted intervention. Signal Transduct Target
Ther (2021) 61:1-46. doi: 10.1038/s41392-021-00658-5

14. Rafei H, Kantarjian HM, Jabbour EJ. Recent advances in the treatment of acute
lymphoblastic leukemia. Leuk Lymphoma (2019) 60:2606-21. doi: 10.1080/
10428194.2019.1605071

15. Muffly LS, Reizine N, Stock W. Management of acute lymphoblastic leukemia in
young adults. Clin Adv Hematol Oncol (2018) 16:138-46.

16. Anderson D, Skut P, Hughes AM, Ferrari E, Tickner J, Xu J, et al. The bone
marrow microenvironment of pre — B acute lymphoblastic leukemia at single — cell
resolution. Sci Rep (2020) 10:19173. doi: 10.1038/s41598-020-76157-4

17. Witkowski MT, Dolgalev I, Evensen NA, Tsirigos A, Carroll WL. Article extensive
remodeling of the immune microenvironment in B cell acute lymphoblastic leukemia
extensive remodeling of the immune microenvironment in B cell acute lymphoblastic
leukemia. Cancer Cell (2020) 37:867-882.e12. doi: 10.1016/j.ccell.2020.04.015

18. Burger JA, Gribben JG. The microenvironment in chronic lymphocytic leukemia
(CLL) and other B cell Malignancies: Insight into disease biology and new targeted
therapies. Semin Cancer Biol (2014) 24:71-81. doi: 10.1016/j.semcancer.2013.08.011

19. Kantarjian H, Stein A, Gokbuget N, Fielding AK, Schuh AC, Ribera J-M, et al.
Blinatumomab versus chemotherapy for advanced acute lymphoblastic leukemia. N
Engl ] Med (2017) 376:836-47. doi: 10.1056/NEJMoal609783

20. Duell J, Dittrich M, Bedke T, Mueller T, Eisele F, Rosenwald A, 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) 31:2181-90. doi:
10.1038/leu.2017.41

21. Mizia-Malarz A, Sobol-Milejska G. NK cells as possible prognostic factor in
childhood acute lymphoblastic leukemia. Dis Mark (2019) 2:2019. doi: 10.1155/2019/
3596983

22. Jabbour E, Kantarjian H. Immunotherapy in adult acute lymphoblastic
leukemia: the role of monoclonal antibodies. Blood Adv (2016) 1:260-4. doi:
10.1182/bloodadvances.2016000042

23. Méndez-Ferrer S, Bonnet D, Steensma DP, Hasserjian RP, Ghobrial IM, Gribben
JG, et al. Bone marrow niches in haematological Malignancies. Nat Rev Cancer (2020)
12:766275. doi: 10.1038/s41568-020-0245-2

24. Forte D, Krause DS, Andreeff M, Bonnet D, Méndez-Ferrer S. Updates on the
hematologic tumor microenvironment and its therapeutic targeting. Haematologica
(2019) 104:1928-34. doi: 10.3324/haematol.2018.195396

25. Man Y, Yao X, Yang T, Wang Y. Hematopoietic stem cell niche during
homeostasis, Malignancy, and bone marrow transplantation. Front Cell Dev Biol
(2021) 9:1-11. doi: 10.3389/fcell.2021.621214

26. Meyer LK, Hermiston ML. The bone marrow microenvironment as a mediator
of chemoresistance in acute lymphoblastic leukemia. Cancer Drug Resist (2019) 2
(4):1164-77. doi: 10.20517/cdr.2019.63

27. Wilson A, Trumpp A. Bone-marrow haematopoietic-stem-cell niches. Nat Rev
Immunol (2006) 6:93-106. doi: 10.1038/nril779

Frontiers in Immunology

13

10.3389/fimmu.2023.1325255

28. Reagan MR, Rosen CJ. Navigating the bone marrow niche: Translational insights
and cancer-driven dysfunction. Nat Rev Rheumatol (2016) 12:154-68. doi: 10.1038/
nrrheum.2015.160

29. Zhao E, Xu H, Wang L, Kryczek I, Wu K, Hu Y, et al. Bone marrow and the
control of immunity. Mol Immunol (2012) 9(1):11-9. doi: 10.1038/cmi.2011.47

30. Dander E, Palmi C, D’amico G, Cazzaniga G. The bone marrow niche in b-cell
acute lymphoblastic leukemia: The role of microenvironment from pre-leukemia to
overt leukemia. Int J Mol Sci (2021) 22(9):4426. doi: 10.3390/ijms22094426

31. Congrains A, Bianco J, Rosa RG, Mancuso RI, Saad STO. 3d scaffolds to model
the hematopoietic stem cell niche: Applications and perspectives. Mater (Basel) (2021)
14:1-18. doi: 10.3390/ma14030569

32. Chiarini F, Lonetti A, Evangelisti C, Buontempo F, Orsini E, Evangelisti C, et al.
Advances in understanding the acute lymphoblastic leukemia bone marrow
microenvironment: From biology to therapeutic targeting. Biochim Biophys Acta -
Mol Cell Res (2016) 1863:449-63. doi: 10.1016/j.bbamcr.2015.08.015

33. Wilson A, Oser GM, Jaworski M, Blanco-Bose WE, Laurenti E, Adolphe C, et al.
Dormant and self-renewing hematopoietic stem cells and their niches. In: Annals of the
New York Academy of Sciences. Blackwell Publishing Inc (2007). p. 64-75. doi: 10.1196/
annals.1392.021

34. Ding L, Morrison SJ. Haematopoietic stem cells and early lymphoid
progenitors occupy distinct bone marrow niches. Nat (2013) 495:231-5. doi:
10.1038/naturel11885

35. Kunisaki Y, Bruns I, Scheiermann C, Ahmed J, Pinho S, Zhang D, et al.
Arteriolar niches maintain haematopoietic stem cell quiescence. Nat (2013) 502:637—
43. doi: 10.1038/nature12612

36. Kiel MJ, Radice GL, Morrison SJ. Lack of evidence that hematopoietic stem cells
depend on N-cadherin-mediated adhesion to osteoblasts for their maintenance. Cell
Stem Cell (2007) 1:204-17. doi: 10.1016/j.stem.2007.06.001

37. Moses BS, Slone WL, Thomas P, Evans R, Piktel D, Angel PM, et al. Bone
marrow microenvironment modulation of acute lymphoblastic leukemia phenotype.
Exp Hematol (2016) 44:50-59.e2. doi: 10.1016/j.exphem.2015.09.003

38. Pinho S, Frenette PS. Haematopoietic stem cell activity and interactions with the
niche. Nat Rev Mol Cell Biol (2019) 20:303-20. doi: 10.1038/s41580-019-0103-9

39. Itkin T, Gur-Cohen S, Spencer JA, Schajnovitz A, Ramasamy SK, Kusumbe AP,
et al. Distinct bone marrow blood vessels differentially regulate haematopoiesis. Nat
(2016) 532:323-8. doi: 10.1038/nature17624

40. Crippa S, Bernardo ME. Mesenchymal stromal cells: role in the BM niche and in
the support of hematopoietic stem cell transplantation. HemaSphere (2018) 2(6):e151.
doi: 10.1097/HS9.0000000000000151

41. Spencer JA, Ferraro F, Roussakis E, Klein A, Wu J, Runnels JM, et al. Direct
measurement of local oxygen concentration in the bone marrow of live animals. Nat
(2014) 508:269-73. doi: 10.1038/nature13034

42. Zhang P, Zhang C, Li ], Han ], Liu X, Yang H. The physical microenvironment of
hematopoietic stem cells and its emerging roles in engineering applications. Stem Cell
Res Ther (2019) 10:1-13. doi: 10.1186/s13287-019-1422-7

43. Mercier FE, Ragu C, Scadden DT. The bone marrow at the crossroads of blood
and immunity. Nat Rev Immunol (2012) 12:49-60. doi: 10.1038/nri3132

44. Riether C, Schiirch CM, Ochsenbein AF. Regulation of hematopoietic and
leukemic stem cells by the immune system. Cell Death Differ (2015) 22:187-98. doi:
10.1038/cdd.2014.89

45. Autio M, Leivonen S, Briick O, Mustjoki S. Immune cell constitution in the
tumor microenvironment predicts the outcome in diffuse large B-cell lymphoma.
Haematologica (2021) 106(3):718-29. doi: 10.3324/haematol.2019.243626

46. Fujisaki J, Wu J, Carlson AL, Silberstein L, Putheti P, Larocca R, et al. In vivo
imaging of T reg cells providing immune privilege to the haematopoietic stem-cell
niche. Nature (2011) 474:216-20. doi: 10.1038/nature10160

47. Sharara LI, Andersson A, Guy-Grand D, Fischer A, DiSanto JP. Deregulated
TCRoP T cell population provokes extramedullary hematopoiesis in mice deficient in
the common 7y chain. Eur ] Immunol (1997) 27:990-8. doi: 10.1002/ji.1830270428

48. Deeg HJ, Huss R. Major histocompatibility complex class II molecules,
hemopoiesis and the marrow microenvironment. Bone Marrow Transplant (1993)
12:425-30.

49. Geerman S, Brasser G, Bhushal S, Salerno F, Kragten N, Hoogenboezem M, et al.
Memory CD8+ T cells support the maintenance of hematopoietic stem cells in the bone
marrow. Phys Sportsmed (1999) 27:12-118. doi: 10.3324/haematol.2017.169516

50. Tokoyoda K, Zehentmeier S, Hegazy AN, Albrecht I, Griin JR, Lohning M, et al.
Professional memory CD4+ T lymphocytes preferentially reside and rest in the bone
marrow. Immunity (2009) 30:721-30. doi: 10.1016/j.immuni.2009.03.015

51. Tokoyoda K, Hauser AE, Nakayama T, Radbruch A. Organization of
immunological memory by bone marrow stroma. Nat Rev Immunol (2010) 10:193-
200. doi: 10.1038/nri2727

52. Mazo IB, Honczarenko M, Leung H, Cavanagh LL, Bonasio R, Weninger W,
et al. Bone marrow is a major reservoir and site of recruitment for central memory CD8
+ T cells. Immunity (2005) 22:259-70. doi: 10.1016/j.immuni.2005.01.008

frontiersin.org


https://doi.org/10.1038/nature12984
https://doi.org/10.1016/B978-0-12-397933-9.00003-5
https://doi.org/10.1038/35105060
https://doi.org/10.1309/AJCPAN7BH5DNYWZB
https://doi.org/10.1309/AJCPAN7BH5DNYWZB
https://doi.org/10.1038/bcj.2017.53
https://doi.org/10.1016/S0140-6736(19)33018-1
https://doi.org/10.1101/cshperspect.a034835
https://doi.org/10.1101/cshperspect.a034835
https://doi.org/10.1016/j.mayocp.2016.09.010
https://doi.org/10.1182/asheducation-2016.1.580
https://doi.org/10.1056/NEJMra1400972
https://doi.org/10.1056/NEJMra1400972
https://doi.org/10.1097/HS9.0000000000000053
https://doi.org/10.1016/j.bbamcr.2015.11.003
https://doi.org/10.1038/s41392-021-00658-5
https://doi.org/10.1080/10428194.2019.1605071
https://doi.org/10.1080/10428194.2019.1605071
https://doi.org/10.1038/s41598-020-76157-4
https://doi.org/10.1016/j.ccell.2020.04.015
https://doi.org/10.1016/j.semcancer.2013.08.011
https://doi.org/10.1056/NEJMoa1609783
https://doi.org/10.1038/leu.2017.41
https://doi.org/10.1155/2019/3596983
https://doi.org/10.1155/2019/3596983
https://doi.org/10.1182/bloodadvances.2016000042
https://doi.org/10.1038/s41568-020-0245-2
https://doi.org/10.3324/haematol.2018.195396
https://doi.org/10.3389/fcell.2021.621214
https://doi.org/10.20517/cdr.2019.63
https://doi.org/10.1038/nri1779
https://doi.org/10.1038/nrrheum.2015.160
https://doi.org/10.1038/nrrheum.2015.160
https://doi.org/10.1038/cmi.2011.47
https://doi.org/10.3390/ijms22094426
https://doi.org/10.3390/ma14030569
https://doi.org/10.1016/j.bbamcr.2015.08.015
https://doi.org/10.1196/annals.1392.021
https://doi.org/10.1196/annals.1392.021
https://doi.org/10.1038/nature11885
https://doi.org/10.1038/nature12612
https://doi.org/10.1016/j.stem.2007.06.001
https://doi.org/10.1016/j.exphem.2015.09.003
https://doi.org/10.1038/s41580-019-0103-9
https://doi.org/10.1038/nature17624
https://doi.org/10.1097/HS9.0000000000000151
https://doi.org/10.1038/nature13034
https://doi.org/10.1186/s13287-019-1422-7
https://doi.org/10.1038/nri3132
https://doi.org/10.1038/cdd.2014.89
https://doi.org/10.3324/haematol.2019.243626
https://doi.org/10.1038/nature10160
https://doi.org/10.1002/eji.1830270428
https://doi.org/10.3324/haematol.2017.169516
https://doi.org/10.1016/j.immuni.2009.03.015
https://doi.org/10.1038/nri2727
https://doi.org/10.1016/j.immuni.2005.01.008
https://doi.org/10.3389/fimmu.2023.1325255
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Poveda-Garavito and Combita

53. Hirata Y, Furuhashi K, Ishii H, Li HW, Pinho S, Ding L, et al. CD150 high Bone
Marrow Tregs Maintain Hematopoietic Stem Cell Quiescence and Immune Privilege
via Adenosine. Cell Stem Cell (2018) 22:445-453.e5. doi: 10.1016/j.stem.2018.01.017

54. Chow A, Lucas D, Hidalgo A, Méndez-Ferrer S, Hashimoto D, Scheiermann C,
et al. Bone marrow CD169+ macrophages promote the retention of hematopoietic stem
and progenitor cells in the mesenchymal stem cell niche. ] Exp Med (2011) 208:761-71.
doi: 10.1084/jem.20101688

55. Sapoznikov A, Pewzner-Jung Y, Kalchenko V, Krauthgamer R, Shachar I, Jung S.
Perivascular clusters of dendritic cells provide critical survival signals to B cells in bone
marrow niches. Nat Immunol (2008) 9:388-95. doi: 10.1038/ni1571

56. Winter O, Moser K, Mohr E, Zotos D, Kaminski H, Szyska M, et al.
Megakaryocytes constitute a functional component of a plasma cell niche in the
bone marrow. Blood (2010) 116:1867-75. doi: 10.1182/blood-2009-12-259457

57. Chu VT, Frohlich A, Steinhauser G, Scheel T, Roch T, Fillatreau S, et al.
Eosinophils are required for the maintenance of plasma cells in the bone marrow. Nat
Immunol (2011) 12:151-9. doi: 10.1038/ni.1981

58. Feuerer M, Beckhove P, Garbi N, Mahnke Y, Limmer A, Hommel M, et al. Bone
marrow as a priming site for T-cell responses to blood-borne antigen. Nat Med (2003)
9:1151-7. doi: 10.1038/nm914

59. Kéhler A, De Filippo K, Hasenberg M, Van Den Brandt C, Nye E, Hosking MP,
et al. G-CSF-mediated thrombopoietin release triggers neutrophil motility and
mobilization from bone marrow via induction of Cxcr2 ligands. Blood (2011)
117:4349-57. doi: 10.1182/blood-2010-09-308387

60. Eash KJ, Greenbaum AM, Gopalan PK, Link DC. CXCR2 and CXCR4
antagonistically regulate neutrophil trafficking from murine bone marrow. J Clin
Invest (2010) 120:2423-31. doi: 10.1172/JCI41649

61. Wang Y, Cui L, Gonsiorek W, Min SH, Anilkumar G, Rosenblum §, et al. CCR2
and CXCR4 regulate peripheral blood monocyte pharmacodynamics and link to
efficacy in experimental autoimmune encephalomyelitis. J Inflamm (2009) 6:1-15.
doi: 10.1186/1476-9255-6-32

62. O’Donnell JS, Teng MWL, Smyth MJ. Cancer immunoediting and resistance to
T cell-based immunotherapy. Nat Rev Clin Oncol (2019) 16:151-67. doi: 10.1038/
s41571-018-0142-8

63. Lustfeld I, Ahlmann M. High Proportions of CD4 + T cells among residual bone
marrow t cells in childhood acute lymphoblastic leukemia are associated with favorable
early responses. Acta Haematol (2014) 131(1):28-36. doi: 10.1159/000351429

64. Andersen MH. The targeting of immunosuppressive mechanisms in
hematological Malignancies. Leukemia (2014) 28(9):1784-92. doi: 10.1038/
leu.2014.108

65. Portale F, Cricri G, Bresolin S, Lupi M, Gaspari S, Silvestri D, et al. ActivinA: a
new leukemia-promoting factor conferring migratory advantage to B-cell precursor-
acute lymphoblastic leukemic cells. Haematologica (2019) 104:533-45. doi: 10.3324/
haematol.2018.188664

66. Portale F, Beneforti L, Fallati A, Biondi A, Palmi C, Cazzaniga G, et al. Activin A
contributes to the definition of a pro-oncogenic bone marrow microenvironment in t(12;21)
preleukemia. Exp Hematol (2019) 73:7-12.e4. doi: 10.1016/j.exphem.2019.02.006

67. De Roojj B, Polak R, Van Den Berk LCJ, Stalpers F, Pieters R, Den Boer ML. Acute
lymphoblastic leukemia cells create a leukemic niche without affecting the CXCR4/CXCL12
axis. Haematologica (2017) 102:e389. doi: 10.3324/haematol.2016.159517

68. Nair R, Teo WS, Mittal V, Swarbrick A. ID proteins regulate diverse aspects of
cancer progression and provide novel therapeutic opportunities. Mol Ther (2014) 22
(8):1407-15. doi: 10.1038/mt.2014.83

69. Hanahan D, Coussens LM. Accessories to the crime: functions of cells recruited
to the tumor microenvironment. Cancer Cell (2012) 21:309-22. doi: 10.1016/
jccr.2012.02.022

70. Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation. Cell
(2011) 144:646-74. doi: 10.1016/j.cell.2011.02.013

71. Renner K, Singer K, Koehl GE, Geissler EK, Peter K, Kreutz M. Metabolic
hallmarks of tumor and immune cells in the tumor microenvironment. Front Immunol
(2017) 8:248. doi: 10.3389/fimmu.2017.00248

72. Greten TF, Manns MP, Korangy F. Myeloid derived suppressor cells in human
diseases. Int Immunopharmacol (2011) 11:802-7. doi: 10.1016/j.intimp.2011.01.003

73. Youn J-I, Nagaraj S, Collazo M, Gabrilovich DI. Subsets of myeloid-derived
suppressor cells in tumor-bearing mice. J Immunol (2008) 181:5791-802. doi: 10.4049/
jimmunol.181.8.5791

74. Galati D, Corazzelli G, De Filippi R, Pinto A. Dendritic cells in hematological
Malignancies. Crit Rev Oncol Hematol (2016) 108:86-96. doi: 10.1016/
j.critrevonc.2016.10.006

75. Gorgiin GT, Whitehill G, Anderson JL, Hideshima T, Maguire C, Laubach J,
et al. Tumor-promoting immune-suppressive myeloid-derived suppressor cells in the
multiple myeloma microenvironment in humans. Blood (2013) 121:2975-87. doi:
10.1182/blood-2012-08-448548

76. Botta C, Gulla A, Correale P, Tagliaferri P, Tassone P. Myeloid derived
suppressor cells in multiple myeloma: Preclinical research and translational
opportunities. Front Oncol (2014) 4:348. doi: 10.3389/fonc.2014.00348

77. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators of the
immune system. Nat Rev Immunol (2009) 9:162-74. doi: 10.1038/nri2506

Frontiers in Immunology

14

10.3389/fimmu.2023.1325255

78. LiY, You MJ, Yang Y, Hu D, Tian C. The role of tumor-associated macrophages
in leukemia. Acta Haematol (2020) 143:112-7. doi: 10.1159/000500315

79. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated regulation of
myeloid cells by tumours. Nat Rev Immunol (2012) 12:253-68. doi: 10.1038/nri3175

80. LiuY, Chen Y, He Y, Wang J, Yang J, Zhong S, et al. Expansion and activation of
granulocytic, myeloid-derived suppressor cells in childhood precursor B cell acute
lymphoblastic leukemia. J Leukoc Biol (2017) 102:449-58. doi: 10.1189/jlb.5MA1116-
453RR

81. Salem ML, El-Shanshory MR, Abdou SH, Attia MS, Sobhy SM, Zidan MF, et al.
Chemotherapy alters the increased numbers of myeloid-derived suppressor and
regulatory T cells in children with acute lymphoblastic leukemia. Immunopharmacol
Immunotoxicol (2018) 40:158-67. doi: 10.1080/08923973.2018.1424897

82. Zahran AM, Shibl A, Rayan A, Mohamed MAEH, Osman AMM, Saad K, et al.
Increase in polymorphonuclear myeloid-derived suppressor cells and regulatory T-cells
in children with B-cell acute lymphoblastic leukemia. Sci Rep (2021) 111:1-9. doi:
10.1038/541598-021-94469-x

83. Diaz-Montero CM, Salem ML, Nishimura MI, Garrett-Mayer E, Cole DJ,
Montero AJ. Increased circulating myeloid-derived suppressor cells correlate with
clinical cancer stage, metastatic tumor burden, and doxorubicin-cyclophosphamide
chemotherapy. Cancer Immunol Immunother (2009) 58:49-59. doi: 10.1007/s00262-
008-0523-4

84. Ding Z-C, Munn DH, Zhou G. Chemotherapy-induced myeloid suppressor cells
and antitumor immunity: The Janus face of chemotherapy in immunomodulation.
Oncoimmunol (2014) 3:. doi: 10.4161/216240112014954471

85. Shurin GV, Ma Y, Shurin MR. Immunosuppressive mechanisms of regulatory
dendritic cells in cancer. Cancer Microenviron (2013) 6:159-67. doi: 10.1007/s12307-
013-0133-3

86. Kim SH, Jung HH, Lee CK. Generation, characteristics and clinical trials of ex
vivo generated tolerogenic dendritic cells. Yonsei Med J (2018) 59:807-15. doi: 10.3349/
ym;.2018.59.7.807

87. Valencia ] M, Fernandez-Sevilla L, Fraile-Ramos A, Sacedén R, Jiménez E,
Vicente A, et al. Acute lymphoblastic leukaemia cells impair dendritic cell and
macrophage differentiation: role of BMP4. Cells (2019) 8:722. doi: 10.3390/cells8070722

88. Conejo-Garcia JR, Rutkowski MR, Cubillos-Ruiz JR. State-of-the-art of
regulatory dendritic cells in cancer. Pharmacol Ther (2016) 164:97-104. doi: 10.1016/
j.pharmthera.2016.04.003

89. Goswami KK, Ghosh T, Ghosh S, Sarkar M, Bose A, Baral R. Tumor promoting
role of anti-tumor macrophages in tumor microenvironment. Cell Immunol (2017)
316:1-10. doi: 10.1016/j.cellimm.2017.04.005

90. Laane E, Bjérklund E, Mazur J, Lonnerholm G, S6derhill S, Porwit A. Dendritic
cell regeneration in the bone marrow of children treated for acute lymphoblastic
leukaemia. Scand ] Immunol (2007) 66:572-83. doi: 10.1111/j.1365-3083.2007.02007.x

91. Maecker B, Mougiakakos D, Zimmermann M, Behrens M, Hollander S,
Schrauder A, et al. Dendritic cell deficiencies in pediatric acute lymphoblastic
leukemia patients. Leuk (2006) 204:645-9. doi: 10.1038/sj.leu.2404146

92. Mami NB, Mohty M, Chambost H, Gaugler B, Olive D. Blood dendritic cells in
patients with acute lymphoblastic leukaemia. Br J Haematol (2004) 126:77-80. doi:
10.1111/§.1365-2141.2004.04989.x

93. Yang F, Feng W, Wang H, Wang L, Liu X, Wang R, et al. Monocyte-derived
leukemia-associated macrophages facilitate extramedullary distribution of t-cell acute
lymphoblastic leukemia cells. Cancer Res (2020) 80:3677-91. doi: 10.1158/0008-
5472.CAN-20-0034

94. Richards DM, Hettinger J, Feuerer M. Monocytes and macrophages in cancer:
Development and functions. Cancer Microenviron (2013) 6:179-91. doi: 10.1007/
s12307-012-0123-x

95. Trinchieri G. Cancer and inflammation: an old intuition with rapidly evolving
new concepts®. Annu Rev Immunol (2012) 30:677-706. doi: 10.1146/annurev-
immunol-020711-075008

96. Petty AJ, Yang Y. Tumor-associated macrophages in hematologic Malignancies:
new insights and targeted therapies. Cells (2019) 8:1-15. doi: 10.3390/cells8121526

97. Wang L, Zheng G. Macrophages in leukemia microenvironment. Blood Sci
(2019) 1:29-33. doi: 10.1097/BS9.0000000000000014

98. Dander E, Fallati A, Guli¢ T, Pagni F, Gaspari S, Silvestri D, et al. Monocyte—
macrophage polarization and recruitment pathways in the tumour microenvironment
of B-cell acute lymphoblastic leukaemia. Br J Haematol (2021) 193:1157-71. doi:
10.1111/bjh.17330

99. Lee Y, Chittezhath M, Andre V, Zhao H, Poidinger M, Biondi A, et al.
Protumoral role of monocytes in human B-cell precursor acute lymphoblastic
leukemia: Involvement of the chemokine CXCL10. Blood (2012) 119:227-37. doi:
10.1182/blood-2011-06-357442

100. Chao MP, Alizadeh AA, Tang C, Jan M, Weissman-Tsukamoto R, Zhao F, et al.

Therapeutic antibody targeting of CD47 eliminates human acute lymphoblastic
leukemia. Cancer Res (2011) 71:1374-84. doi: 10.1158/0008-5472.CAN-10-2238

101. Daver NG, Vyas P, Kambhampati SA, Malki MM, Larson RA, Asch AS, et al.
Tolerability and efficacy of the first-in-class anti-CD47 antibody magrolimab combined
with azacitidine in MDS and AML patients: Phase Ib results. J Clin Oncol (2020) 41
(31):4893-904. doi: 10.3324/haematol.2017.169516

frontiersin.org


https://doi.org/10.1016/j.stem.2018.01.017
https://doi.org/10.1084/jem.20101688
https://doi.org/10.1038/ni1571
https://doi.org/10.1182/blood-2009-12-259457
https://doi.org/10.1038/ni.1981
https://doi.org/10.1038/nm914
https://doi.org/10.1182/blood-2010-09-308387
https://doi.org/10.1172/JCI41649
https://doi.org/10.1186/1476-9255-6-32
https://doi.org/10.1038/s41571-018-0142-8
https://doi.org/10.1038/s41571-018-0142-8
https://doi.org/10.1159/000351429
https://doi.org/10.1038/leu.2014.108
https://doi.org/10.1038/leu.2014.108
https://doi.org/10.3324/haematol.2018.188664
https://doi.org/10.3324/haematol.2018.188664
https://doi.org/10.1016/j.exphem.2019.02.006
https://doi.org/10.3324/haematol.2016.159517
https://doi.org/10.1038/mt.2014.83
https://doi.org/10.1016/j.ccr.2012.02.022
https://doi.org/10.1016/j.ccr.2012.02.022
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.3389/fimmu.2017.00248
https://doi.org/10.1016/j.intimp.2011.01.003
https://doi.org/10.4049/jimmunol.181.8.5791
https://doi.org/10.4049/jimmunol.181.8.5791
https://doi.org/10.1016/j.critrevonc.2016.10.006
https://doi.org/10.1016/j.critrevonc.2016.10.006
https://doi.org/10.1182/blood-2012-08-448548
https://doi.org/10.3389/fonc.2014.00348
https://doi.org/10.1038/nri2506
https://doi.org/10.1159/000500315
https://doi.org/10.1038/nri3175
https://doi.org/10.1189/jlb.5MA1116-453RR
https://doi.org/10.1189/jlb.5MA1116-453RR
https://doi.org/10.1080/08923973.2018.1424897
https://doi.org/10.1038/s41598-021-94469-x
https://doi.org/10.1007/s00262-008-0523-4
https://doi.org/10.1007/s00262-008-0523-4
https://doi.org/10.4161/216240112014954471
https://doi.org/10.1007/s12307-013-0133-3
https://doi.org/10.1007/s12307-013-0133-3
https://doi.org/10.3349/ymj.2018.59.7.807
https://doi.org/10.3349/ymj.2018.59.7.807
https://doi.org/10.3390/cells8070722
https://doi.org/10.1016/j.pharmthera.2016.04.003
https://doi.org/10.1016/j.pharmthera.2016.04.003
https://doi.org/10.1016/j.cellimm.2017.04.005
https://doi.org/10.1111/j.1365-3083.2007.02007.x
https://doi.org/10.1038/sj.leu.2404146
https://doi.org/10.1111/j.1365-2141.2004.04989.x
https://doi.org/10.1158/0008-5472.CAN-20-0034
https://doi.org/10.1158/0008-5472.CAN-20-0034
https://doi.org/10.1007/s12307-012-0123-x
https://doi.org/10.1007/s12307-012-0123-x
https://doi.org/10.1146/annurev-immunol-020711-075008
https://doi.org/10.1146/annurev-immunol-020711-075008
https://doi.org/10.3390/cells8121526
https://doi.org/10.1097/BS9.0000000000000014
https://doi.org/10.1111/bjh.17330
https://doi.org/10.1182/blood-2011-06-357442
https://doi.org/10.1158/0008-5472.CAN-10-2238
https://doi.org/10.3324/haematol.2017.169516
https://doi.org/10.3389/fimmu.2023.1325255
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Poveda-Garavito and Combita

102. Song JX, Wen Y, Li RW, Dong T, Tang YF, Zhang J], et al. Phenotypic
characterization of macrophages in the BMB sample of human acute leukemia. Ann
Hematol (2020) 99:539-47. doi: 10.1007/s00277-020-03912-y

103. Hohtari H, Briick O, Blom S, Turkki R, Sinisalo M, Kovanen PE, et al. Immune
cell constitution in bone marrow microenvironment predicts outcome in adult ALL.
Leukemia (2019) 33:1570-82. doi: 10.1038/s41375-018-0360-1

104. Lima DS, Lemes RPG, Matos DM. Immunosuppressive monocytes (CD14
+/HLA-DRlow/-) increase in childhood precursor B-cell acute lymphoblastic leukemia
after induction chemotherapy. Med Oncol (2018) 35:36. doi: 10.1007/s12032-018-1092-
9

105. Tesio M. Patrolling monocytes watch over relapse. HemaSphere (2020) 4:e451.
doi: 10.1097/HS9.0000000000000451

106. Ferretti E, Bertolotto M, Deaglio S, Tripodo C, Ribatti D, Audrito V, et al. A
novel role of the CX3CR1/CX3CL1 system in the cross-talk between chronic
lymphocytic leukemia cells and tumor microenvironment. Leuk (2011) 258:1268-77.
doi: 10.1038/leu.2011.88

107. Marchica V, Toscani D, Corcione A, Bolzoni M, Storti P, Vescovini R, et al.
Bone marrow CX3CLI/fractalkine is a new player of the pro-angiogenic
microenvironment in multiple myeloma patients. Cancers (Basel) (2019) 11:321. doi:
10.3390/cancers11030321

108. Lanier LL. NK cell recognition. Annu Rev Immunol (2005) 23:225-74. doi:
10.1146/annurev.immunol.23.021704.115526

109. Parrado A, Casares S, Rodriguez-Fernandez JM. Natural killer cytotoxicity and
lymphocyte subpopulations in patients with acute leukemia. Leuk Res (1994) 18:191-7.
doi: 10.1016/0145-2126(94)90114-7

110. Thielens A, Vivier E, Romagné F. NK cell MHC class I specific receptors (KIR):
from biology to clinical intervention. Curr Opin Immunol (2012) 24:239-45. doi:
10.1016/j.c0i.2012.01.001

111. Coudert JD, Held W. The role of the NKG2D receptor for tumor immunity.
Semin Cancer Biol (2006) 16:333-43. doi: 10.1016/j.semcancer.2006.07.008

112. Reusing SB, Manser AR, Enczmann J, Mulder A, Claas FH, Carrington M, et al.
Selective downregulation of HLA-C and HLA-E in childhood acute lymphoblastic
leukaemia. Br ] Haematol (2016) 174:477-80. doi: 10.1111/bjh.13777

113. Makanga DR, de Lorenzo FDR, David G, Willem C, Dubreuil L, Legrand N,
et al. Genetic and molecular basis of heterogeneous nk cell responses against acute
leukemia. Cancers (Basel) (2020) 12:1-18. doi: 10.3390/cancers12071927

114. Romanski A, Bug G, Becker S, Kampfmann M, Seifried E, Hoelzer D, et al.
Mechanisms of resistance to natural killer cell-mediated cytotoxicity in acute
lymphoblastic leukemia. Exp Hematol (2005) 33:344-52. doi: 10.1016/
j.exphem.2004.11.006

115. Pfeiffer MM, Feuchtinger T, Teltschik HM, Schumm M, Miiller I,
Handgretinger R, et al. Reconstitution of natural killer cell receptors influences
natural killer activity and relapse rate after haploidentical transplantation of T- and
B-cell depleted grafts in children. Haematologica (2010) 95:1381-8. doi: 10.3324/
haematol.2009.021121

116. Sivori S, Vacca P, Del Zotto G, Munari E, Mingari MC, Moretta L. Human NK
cells: surface receptors, inhibitory checkpoints, and translational applications. Cell Mol
Immunol (2019) 16:430-41. doi: 10.1038/5s41423-019-0206-4

117. Costello RT, Sivori S, Marcenaro E, Lafage-Pochitaloff M, Mozziconacci MJ,
Reviron D, et al. Defective expression and function of natural killer cell-triggering
receptors in patients with acute myeloid leukemia. Blood (2002) 99:3661-7. doi:
10.1182/blood.V99.10.3661

118. Valenzuela-Vazquez L, Nufez-Enriquez JC, Sanchez-Herrera J, Jiménez-
Hernandez E, Martin-Trejo JA, Espinoza-Hernandez LE, et al. Functional
characterization of NK cells in Mexican pediatric patients with acute lymphoblastic
leukemia: Report from the Mexican Interinstitutional Group for the Identification of
the Causes of Childhood Leukemia. PloS One (2020) 15:1-15. doi: 10.1371/
journal.pone.0227314

119. Vitale M, Cantoni C, Pietra G, Mingari MC, Moretta L. Effect of tumor cells and
tumor microenvironment on NK-cell function. Eur J Immunol (2014) 44:1582-92. doi:
10.1002/€ji.201344272

120. Stringaris K, Sekine T, Khoder A, Alsuliman A, Razzaghi B, Sargeant R, et al.
Leukemia-induced phenotypic and functional defects in natural killer cells predict
failure to achieve remission in acute myeloid leukemia. Haematologica (2014) 99:836-
47. doi: 10.3324/haematol.2013.087536

121. LeeJ-C, Lee K-M, Kim D-W, Heo DS. Elevated TGF-betal secretion and down-
modulation of NKG2D underlies impaired NK cytotoxicity in cancer patients. ]
Immunol (2004) 172:7335-40. doi: 10.4049/jimmunol.172.12.7335

122. Rouce RH, Shaim H, Sekine T, Weber G, Ballard B, Ku S, et al. The TGF-B/
SMAD pathway is an important mechanism for NK cell immune evasion in childhood
B-acute lymphoblastic leukemia. Leukemia (2016) 30:800-11. doi: 10.1038/
leu.2015.327

123. Pende D, Spaggiari GM, Marcenaro S, Martini S, Rivera P, Capobianco A, et al.
Analysis of the receptor-ligand interactions in the natural killer-mediated lysis of
freshly isolated myeloid or lymphoblastic leukemias: evidence for the involvement of
the Poliovirus receptor (CD155) and Nectin-2 (CD112). Blood (2005) 105:2066-73.
doi: 10.1182/blood-2004-09-3548

Frontiers in Immunology

10.3389/fimmu.2023.1325255

124. Hilpert J, Grosse-Hovest L, Griinebach F, Buechele C, Nuebling T, Raum T,
et al. Comprehensive analysis of NKG2D ligand expression and release in leukemia:
implications for NKG2D-mediated NK cell responses. J Immunol (2012) 189:1360-71.
doi: 10.4049/jimmunol.1200796

125. Sanchez-Correa B, Gayoso I, Bergua JM, Casado JG, Morgado S, Solana R, et al.
Decreased expression of DNAM-1 on NK cells from acute myeloid leukemia patients.
Immunol Cell Biol (2012) 90:109-15. doi: 10.1038/icb.2011.15

126. Torelli GF, Peragine N, Raponi S, Pagliara D, De Propris MS, Vitale A,
et al. Recognition of adult and pediatric acute lymphoblastic leukemia blasts by
natural killer cells. Haematologica (2014) 99:1248-54. doi: 10.3324/
haematol.2013.101931

127. Valenzuela-Vazquez L, Nufiez-Enriquez JC, Sanchez-Herrera J, Medina-
Sanson A, Pérez-Saldivar ML, Jiménez-Hernandez E, et al. NK cells with decreased
expression of multiple activating receptors is a dominant phenotype in pediatric
patients with acute lymphoblastic leukemia. Front Oncol (2022) 12:6120. doi:
10.3389/fonc.2022.1023510

128. Misra MK, Prakash S, Moulik NR, Kumar A, Agrawal S. Genetic associations of
killer immunoglobulin like receptors and class I human leukocyte antigens on
childhood acute lymphoblastic leukemia among north Indians. Hum Immunol
(2016) 77:41-6. doi: 10.1016/j.humimm.2015.10.009

129. Serskaar D, Lie S, Forre O. Natural killer cell activity of peripheral blood and bone
marrow mononuclear cells from patients with childhood acute lymphoblastic leukemia. Acta
Paediatr Scand (1985) 74:433-7. doi: 10.1111/j.1651-2227.1985.tb10998 x

130. Martinez-Sanchez MV, Fuster JL, Campillo JA, Galera AM, Bermudez-Cortés
M, Llinares ME, et al. Expression of nk cell receptor ligands on leukemic cells is
associated with the outcome of childhood acute leukemia. Cancers (Basel) (2021) 13
(10):2294. doi: 10.3390/cancers13102294

131. Babor F, Manser AR, Fischer JC, Scherenschlich N, Enczmann J, Chazara O,
et al. KIR ligand C2 is associated with increased susceptibility to childhood ALL and
confers an elevated risk for late relapse. Blood (2014) 124:2248-51. doi: 10.1182/blood-
2014-05-572065

132. Sullivan EM, Jeha S, Kang G, Cheng C, Rooney B, Holladay M, et al. NK cell
genotype and phenotype at diagnosis of acute lymphoblastic leukemia correlate with
postinduction residual disease. Clin Cancer Res (2014) 20:5986-94. doi: 10.1158/1078-
0432.CCR-14-0479

133. Tosolini M, Kirilovsky A, Mlecnik B, Fredriksen T, Mauger S, Bindea G, et al.
Clinical impact of different classes of infiltrating T cytotoxic and helper cells (Th1, th2,
treg, th17) in patients with colorectal cancer. Cancer Res (2011) 71:1263-71. doi:
10.1158/0008-5472.CAN-10-2907

134. El-maadawy EA, Elshal MF, Bakry RM, Moussa MM, El-Naby SH, Talaat RM.
Regulation of CD4+CD25+FOXP3+ cells in Pediatric Acute Lymphoblastic Leukemia
(ALL): Implication of cytokines and miRNAs. Mol Immunol (2020) 124:1-8. doi:
10.1016/j.molimm.2020.05.002

135. Edwin C, Dean J, Bonnett L, Phillips K, Keenan R. Non-tumour bone marrow
lymphocytes correlate with improved overall survival in childhood acute lymphoblastic
leukaemia. Pediatr Blood Cancer (2016) 63:1848-51. doi: 10.1002/pbc.26093

136. D’Amico G, Bonamino M, Dander E, Marin V, Basso G, Balduzzi A, et al. T
cells stimulated by CD40L positive leukemic blasts-pulsed dendritic cells meet optimal
functional requirements for adoptive T-cell therapy. Leukemia (2006) 20:2015-24. doi:
10.1038/sj.1eu.2404390

137. Hatakeyama N, Tamura Y, Sahara H, Suzuki N, Suzuki K, Hori T, et al.
Induction of autologous CD4- and CD8-mediated T-cell responses against acute
lymphocytic leukemia cell line using apoptotic tumor cell-loaded dendritic cells. Exp
Hematol (2006) 34:197-207. doi: 10.1016/j.exphem.2005.11.004

138. Zamora AE, Crawford JC, Allen EK, Guo XJ, Bakke J, Carter RA, et al. Pediatric
patients with acute lymphoblastic leukemia generate abundant and functional
neoantigen-specific CD8 + T cell responses. Sci Transl Med (2019) 11(498):eaat8549.
doi: 10.1126/scitranslmed.aat8549

139. Kang SH, Hwang HJ, Yoo JW, Kim H, Choi ES, Hwang SH, et al. Expression of
immune checkpoint receptors on T-cells and their ligands on leukemia blasts in
childhood acute leukemia. Anticancer Res (2019) 39:5531-9. doi: 10.21873/
anticanres.13746

140. Blaeschke F, Willier S, Stenger D, Lepenies M, Horstmann MA, Escherich G,
et al. Leukemia-induced dysfunctional TIM-3 + CD4 + bone marrow T cells increase
risk of relapse in pediatric B-precursor ALL patients. Leukemia (2020) 34(10):2607-20.
doi: 10.1038/s41375-020-0793-1

141. Zhang X, Zhang H, Chen L, Feng Z, Gao L, Li Q. TIGIT expression is
upregulated in T cells and causes T cell dysfunction independent of PD-1 and Tim-3
in adult B lineage acute lymphoblastic leukemia. Cell Immunol (2019) 344:103958. doi:
10.1016/j.cellimm.2019.103958

142. Palen K, Thakar M, Johnson BD, Gershan JA. Bone marrow-derived CD8+ T
cells from pediatric leukemia patients express PD1 and expand ex vivo following
induction chemotherapy. J Pediatr Hematol Oncol (2019) 41:648-52. doi: 10.1097/
MPH.0000000000001244

143. Salem M, El-Shanshory M, El-Desouki N, Abdou S, Attia M, Zidan A-A, et al.
Children with acute lymphoblastic leukemia show high numbers of CD4 + and CD8 +
T-cells which are reduced by conventional chemotherapy. Clin Cancer Investig J (2015)
4:603. doi: 10.4103/2278-0513.164717

frontiersin.org


https://doi.org/10.1007/s00277-020-03912-y
https://doi.org/10.1038/s41375-018-0360-1
https://doi.org/10.1007/s12032-018-1092-9
https://doi.org/10.1007/s12032-018-1092-9
https://doi.org/10.1097/HS9.0000000000000451
https://doi.org/10.1038/leu.2011.88
https://doi.org/10.3390/cancers11030321
https://doi.org/10.1146/annurev.immunol.23.021704.115526
https://doi.org/10.1016/0145-2126(94)90114-7
https://doi.org/10.1016/j.coi.2012.01.001
https://doi.org/10.1016/j.semcancer.2006.07.008
https://doi.org/10.1111/bjh.13777
https://doi.org/10.3390/cancers12071927
https://doi.org/10.1016/j.exphem.2004.11.006
https://doi.org/10.1016/j.exphem.2004.11.006
https://doi.org/10.3324/haematol.2009.021121
https://doi.org/10.3324/haematol.2009.021121
https://doi.org/10.1038/s41423-019-0206-4
https://doi.org/10.1182/blood.V99.10.3661
https://doi.org/10.1371/journal.pone.0227314
https://doi.org/10.1371/journal.pone.0227314
https://doi.org/10.1002/eji.201344272
https://doi.org/10.3324/haematol.2013.087536
https://doi.org/10.4049/jimmunol.172.12.7335
https://doi.org/10.1038/leu.2015.327
https://doi.org/10.1038/leu.2015.327
https://doi.org/10.1182/blood-2004-09-3548
https://doi.org/10.4049/jimmunol.1200796
https://doi.org/10.1038/icb.2011.15
https://doi.org/10.3324/haematol.2013.101931
https://doi.org/10.3324/haematol.2013.101931
https://doi.org/10.3389/fonc.2022.1023510
https://doi.org/10.1016/j.humimm.2015.10.009
https://doi.org/10.1111/j.1651-2227.1985.tb10998.x
https://doi.org/10.3390/cancers13102294
https://doi.org/10.1182/blood-2014-05-572065
https://doi.org/10.1182/blood-2014-05-572065
https://doi.org/10.1158/1078-0432.CCR-14-0479
https://doi.org/10.1158/1078-0432.CCR-14-0479
https://doi.org/10.1158/0008-5472.CAN-10-2907
https://doi.org/10.1016/j.molimm.2020.05.002
https://doi.org/10.1002/pbc.26093
https://doi.org/10.1038/sj.leu.2404390
https://doi.org/10.1016/j.exphem.2005.11.004
https://doi.org/10.1126/scitranslmed.aat8549
https://doi.org/10.21873/anticanres.13746
https://doi.org/10.21873/anticanres.13746
https://doi.org/10.1038/s41375-020-0793-1
https://doi.org/10.1016/j.cellimm.2019.103958
https://doi.org/10.1097/MPH.0000000000001244
https://doi.org/10.1097/MPH.0000000000001244
https://doi.org/10.4103/2278-0513.164717
https://doi.org/10.3389/fimmu.2023.1325255
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Poveda-Garavito and Combita

144. Rutkauskaite V, Rageliene L, Matuzeviciene R, Sinkevi¢ K, Mauricas M,
Characiejus D. Reduction in proportion of senescent CD8+ T lymphocytes during
chemotherapy of children with acute lymphoblastic leukemia. Anticancer Res (2016)
36:6195-9. doi: 10.21873/anticanres.11213

145. Maruyama T, Kono K, Mizukami Y, Kawaguchi Y, Mimura K, Watanabe M,
et al. Distribution of Th17 cells and FoxP3(+) regulatory T cells in tumor-infiltrating
lymphocytes, tumor-draining lymph nodes and peripheral blood lymphocytes in
patients with gastric cancer. Cancer Sci (2010) 101:1947-54. doi: 10.1111/j.1349-
7006.2010.01624.x

146. Togashi Y, Shitara K, Nishikawa H. Regulatory T cells in cancer
immunosuppression — implications for anticancer therapy. Nat Rev Clin Oncol
(2019) 16:356-71. doi: 10.1038/s41571-019-0175-7

147. Plitas G, Rudensky AY. Regulatory T cells: Differentiation and function. Cancer
Immunol Res (2016) 4:721-5. doi: 10.1158/2326-6066.CIR-16-0193

148. D’Arena G, Vitale C, Coscia M, Festa A, Di Minno NMD, De Feo V, et al.
Regulatory T cells and their prognostic relevance in hematologic Malignancies. |
Immunol Res (2017) 2017:1832968. doi: 10.1155/2017/1832968

149. Hiroki CH, Erthal RP, Pereira APL, Pacholak LM, Fujita TC, Marinello PC, et al.
Acute lymphoblastic leukemia and regulatory T cells: biomarkers and immunopathogenesis.
Curr Immunol Rev (2016) 12:14-9. doi: 10.2174/1573395511666150923234547

150. Niedzwiecki M, Budzito O, Zielinski M, Adamkiewicz-Drozynska E, Maciejka-
Kemblowska L, Szczepanski T, et al. CD4+CD25highCD127low/-foxP3+ Regulatory T
cell subpopulations in the bone marrow and peripheral blood of children with ALL:
brief report. J Immunol Res (2018) 2018:1292404. doi: 10.1155/2018/1292404

151. Wang R, Feng W, Wang H, Wang L, Yang X, Yang F, et al. Blocking migration
of regulatory T cells to leukemic hematopoietic microenvironment delays disease
progression in mouse leukemia model. Cancer Lett (2020) 469:151-61. doi: 10.1016/
j.canlet.2019.10.032

152. Pierini A, Nishikii H, Baker J, Kimura T, Kwon HS, Pan Y, et al. Foxp3+
regulatory T cells maintain the bone marrow microenvironment for B cell
lymphopoiesis. Nat Commun (2017) 8:1-13. doi: 10.1038/ncomms15068

153. Wu CP, Qing X, Wu CY, Zhu H, Zhou HY. Immunophenotype and increased
presence of CD4 +CD25 + regulatory T cells in patients with acute lymphoblastic
leukemia. Oncol Lett (2012) 3:421-4. doi: 10.3892/01.2011.499

154. Liu SX, Xiao HR, Wang GB, Chen XW, Li CG, Mai HR, et al. Preliminary
investigation on the abnormal mechanism of cd4+foxp3+cd25high regulatory t cells in
pediatric b-cell acute lymphoblastic leukemia. Exp Ther Med (2018) 16:1433-41. doi:
10.3892/etm.2018.6326

155. Li X, Li D, Huang X, Zhou P, Shi Q, Zhang B, et al. Helios expression in
regulatory T cells promotes immunosuppression, angiogenesis and the growth of
leukemia cells in pediatric acute lymphoblastic leukemia. Leuk Res (2018) 67:60-6. doi:
10.1016/j.leukres.2018.02.007

156. Wang Y, Ma X, Huang J, Yang X, Kang M, Sun X, et al. Somatic FOXC1
insertion mutation remodels the immune microenvironment and promotes the
progression of childhood acute lymphoblastic leukemia. Cell Death Dis (2022)
135:13:1-14. doi: 10.1038/541419-022-04873-y

157. Idris SZ, Hassan N, Lee L], Md Noor S, Osman R, Abdul-Jalil M, et al. Increased
regulatory T cells in acute lymphoblastic leukemia patients. Hematology (2015) 20:523—-
9. doi: 10.1179/1607845415Y.0000000025

158. Bhattacharya K, Chandra S, Mandal C. Critical stoichiometric ratio of CD4(+)
CD25(+) FoxP3(+) regulatory T cells and CD4(+) CD25(-) responder T cells influence
immunosuppression in patients with B-cell acute lymphoblastic leukaemia.
Immunology (2014) 142:124-39. doi: 10.1111/imm.12237

159. Gregory S. Adult acute lymphoblastic leukemia: treatment and management
updates. . Semin Oncol Nurs (2019) 35(6):150951. doi: 10.1016/j.soncn.2019.150951

160. Bakker E, Qattan M, Mutti L, DeMonacos C, Krstic-DeMonacos M. The role of
microenvironment and immunity in drug response in leukemia. Biochim Biophys Acta -
Mol Cell Res (2016) 1863:414-26. doi: 10.1016/j.bbamcr.2015.08.003

161. Huang Y, Wu Q, Tam PKH. Immunomodulatory mechanisms of mesenchymal
stem cells and their potential clinical applications. Int ] Mol Sci (2022) 23:10023. doi:
10.3390/ijms231710023

162. Tarighat SS, Fei F, Joo EJ, Abdel-Azim H, Yang L, Geng H, et al. Overcoming
microenvironment-mediated chemoprotection through stromal galectin-3 inhibition
in acute lymphoblastic leukemia. Int J Mol Sci (2021) 22(22):12167. doi: 10.3390/
ijms222212167

163. Shishido S, B6énig H, Kim YM. Role of integrin alpha4 in drug resistance of
leukemia. Front Oncol (2014) 4:99. doi: 10.3389/fonc.2014.00099

164. Scott LM, Priestley GV, Papayannopoulou T. Deletion of alpha4 integrins from
adult hematopoietic cells reveals roles in homeostasis, regeneration, and homing. Mol
Cell Biol (2003) 23:9349-60. doi: 10.1128/MCB.23.24.9349-9360.2003

165. Shalapour S, Hof ], Kirschner-Schwabe R, Bastian L, Eckert C, Prada J, et al.
High VLA-4 expression is associated with adverse outcome and distinct gene
expression changes in childhood B-cell precursor acute lymphoblastic leukemia at
first relapse. Haematologica (2011) 96:1627-35. doi: 10.3324/haematol.2011.047993

166. Jacamo R, Chen Y, Wang Z, Wencai M, Zhang M, Spaeth EL, et al.
Reciprocal leukemia-stroma VCAM-1/VLA-4-dependent activation of NF-xB
mediates chemoresistance. Blood (2014) 123:2691-702. doi: 10.1182/blood-
2013-06-511527

Frontiers in Immunology

16

10.3389/fimmu.2023.1325255

167. Hsieh Y, Gang EJ, Geng H, Park E, Huantes S, Chudziak D, et al. Integrin
alpha4 blockade sensitizes drug resistant pre-B acute lymphoblastic leukemia to
chemotherapy. Blood (2013) 121:1814. doi: 10.1182/blood-2012-01-406272

168. Ruan Y, Kim HN, Ogana HA, Gang EJ, Li S, Liu H-C, et al. In vitro and in vivo
effects of AVA4746, a novel competitive antagonist of the ligand binding of VLA—4, in B—cell
acute lymphoblastic leukemia. Exp Ther Med (2022) 23:1-12. doi: 10.3892/etm.2021.10969

169. Nielsen MI, Stegmayr J, Grant OC, Yang Z, Nilsson UJ, Boos I, et al. Galectin
binding to cells and glycoproteins with genetically modified glycosylation reveals galectin-
glycan specificities in a natural context. J Biol Chem (2018) 293:20249-62. doi: 10.1074/
jbc.RA118.004636

170. Fei F, Joo EJ, Tarighat SS, Schiffer I, Paz H, Fabbri M, et al. B-cell precursor
acute lymphoblastic leukemia and stromal cells communicate through Galectin-3.
Oncotarget (2015) 6:11378-94. doi: 10.18632/oncotarget.3409

171. Verkerke H, Dias-Baruffi M, Cummings RD, Arthur CM, Stowell SR. Galectins:
an ancient family of carbohydrate binding proteins with modern functions. Methods
Mol Biol (2022) 2442:1-40. doi: 10.1007/978-1-0716-2055-7_1

172. Ruvolo PP. Galectins as regulators of cell survival in the leukemia niche. Adv
Biol Regul (2019) 71:41-54. doi: 10.1016/j.jbior.2018.09.003

173. Ruvolo PP, Ruvolo VR, Burks JK, Qiu YH, Wang RY, Shpall EJ, et al. Role of
MSC-derived galectin 3 in the AML microenvironment. Biochim Biophys Acta (2018)
1865:959. doi: 10.1016/j.bbamcr.2018.04.005

174. Fei F, Zhang M, Tarighat SS, Joo EJ, Yang L, Heisterkamp N. Galectin-1 and
galectin-3 in B-cell precursor acute lymphoblastic leukemia. Int J Mol Sci (2022)
23:14359. doi: 10.3390/ijms232214359

175. Pastorczak A, Domka K, Fidyt K, Poprzeczko M, Firczuk M. Mechanisms of
immune evasion in acute lymphoblastic leukemia. Cancers (2021) 13:1536. doi:
10.3390/cancers13071536

176. Pavlasova G, Mraz M. The regulation and function of CD20: an “enigma” of B-
cell biology and targeted therapy. Haematologica (2020) 105:1494-506. doi: 10.3324/
haematol.2019.243543

177. Tomita A. Genetic and epigenetic modulation of CD20 expression in B-cell
Malignancies: molecular mechanisms and significance to rituximab resistance. J Clin
Exp Hematop (2016) 56:89-99. doi: 10.3960/jslrt.56.89

178. Ang Z, Hayer KE, Diz MT, Schmidt C, Zheng S, Xu F, et al. Alternative splicing
of its 5'-UTR limits CD20 mRNA translation and enables resistance to CD20-directed
immunotherapies. Blood (2023) 142(20):1724-39. doi: 10.1101/2023.02.19.529123

179. Hiraga J, Tomita A, Sugimoto T, Shimada K, Ito M, Nakamura S, et al. Down-
regulation of CD20 expression in B-cell lymphoma cells after treatment with
rituximab-containing combination chemotherapies: its prevalence and clinical
significance. Blood (2009) 113:4885-93. doi: 10.1182/blood-2008-08-175208

180. Bannerji R, Kitada S, Flinn IW, Pearson M, Young D, Reed JC, et al. Apoptotic-
regulatory and complement-protecting protein expression in chronic lymphocytic
leukemia: relationship to in vivo rituximab resistance. J Clin Oncol (2003) 21:1466—
71. doi: 10.1200/JC0O.2003.06.012

181. Racila E, Link BK, Weng WK, Witzig TE, Ansell S, Maurer MJ, et al. A
polymorphism in the complement component ClqA correlates with prolonged
response following rituximab therapy of follicular lymphoma. Clin Cancer Res (2008)
14:6697. doi: 10.1158/1078-0432.CCR-08-0745

182. Viardot A, Locatelli F, Stieglmaier J, Zaman F, Jabbour E. Concepts in immuno-
oncology: tackling B cell Malignancies with CD19-directed bispecific T cell engager
therapies. Ann Hematol (2020) 99:2215-29. doi: 10.1007/s00277-020-04221-0

183. Topp MS, Gokbuget N, Stein AS, Zugmaier G, O’Brien S, Bargou RC, et al.
Safety and activity of blinatumomab for adult patients with relapsed or refractory B-
precursor acute lymphoblastic leukaemia: a multicentre, single-arm, phase 2 study.
Lancet Oncol (2015) 16:57-66. doi: 10.1016/S1470-2045(14)71170-2

184. Demosthenous C, Lalayanni C, Iskas M, Douka V, Pastelli N, Anagnostopoulos A.
Extramedullary relapse and discordant CD19 expression between bone marrow and
extramedullary sites in relapsed acute lymphoblastic leukemia after blinatumomab
treatment. Curr Probl Cancer (2019) 43:222-7. doi: 10.1016/j.currproblcancer.2018.04.006

185. Kohnke T, Krupka C, Tischer J, Knésel T, Subklewe M. Increase of PD-L1 expressing
B-precursor ALL cells in a patient resistant to the CD19/CD3-bispecific T cell engager
antibody blinatumomab. ] Hermatol Oncol (2015) 8:111. doi: 10.1186/s13045-015-0213-6

186. Feucht J, Kayser S, Gorodezki D, Hamieh M, Déring M, Blaeschke F, et al. T-
cell responses against CD19+ pediatric acute lymphoblastic leukemia mediated by
bispecific T-cell engager (BiTE) are regulated contrarily by PD-L1 and CD80/CD86 on
leukemic blasts. Oncotarget (2016) 7:76902-19. doi: 10.18632/oncotarget.12357

187. Cassaday RD, Garcia KLA, Fromm JR, Percival MEM, Turtle CJ, Nghiem PT, et al.
Phase 2 study of pembrolizumab for measurable residual disease in adults with acute
lymphoblastic leukemia. Blood Adv (2020) 4:3239-45. doi: 10.1182/bloodadvances.2020002403

188. Jacoby E, Nguyen SM, Fountaine TJ, Welp K, Gryder B, Qin H, et al. CD19 CAR
immune pressure induces B-precursor acute lymphoblastic leukaemia lineage switch
exposing inherent leukaemic plasticity. Nat Commun (2016) 7. doi: 10.1038/ncomms12320

189. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al.
Tisagenlecleucel in children and young adults with B-cell lymphoblastic leukemia. N
Engl ] Med (2018) 378:439-48. doi: 10.1056/NEJMoal709866

190. Park JH, Riviére I, Gonen M, Wang X, Sénéchal B, Curran KJ, et al. Long-term
follow-up of CD19 CAR therapy in acute lymphoblastic leukemia. N Engl ] Med (2018)
378:449-59. doi: 10.1056/NEJMo0al709919

frontiersin.org


https://doi.org/10.21873/anticanres.11213
https://doi.org/10.1111/j.1349-7006.2010.01624.x
https://doi.org/10.1111/j.1349-7006.2010.01624.x
https://doi.org/10.1038/s41571-019-0175-7
https://doi.org/10.1158/2326-6066.CIR-16-0193
https://doi.org/10.1155/2017/1832968
https://doi.org/10.2174/1573395511666150923234547
https://doi.org/10.1155/2018/1292404
https://doi.org/10.1016/j.canlet.2019.10.032
https://doi.org/10.1016/j.canlet.2019.10.032
https://doi.org/10.1038/ncomms15068
https://doi.org/10.3892/ol.2011.499
https://doi.org/10.3892/etm.2018.6326
https://doi.org/10.1016/j.leukres.2018.02.007
https://doi.org/10.1038/s41419-022-04873-y
https://doi.org/10.1179/1607845415Y.0000000025
https://doi.org/10.1111/imm.12237
https://doi.org/10.1016/j.soncn.2019.150951
https://doi.org/10.1016/j.bbamcr.2015.08.003
https://doi.org/10.3390/ijms231710023
https://doi.org/10.3390/ijms222212167
https://doi.org/10.3390/ijms222212167
https://doi.org/10.3389/fonc.2014.00099
https://doi.org/10.1128/MCB.23.24.9349-9360.2003
https://doi.org/10.3324/haematol.2011.047993
https://doi.org/10.1182/blood-2013-06-511527
https://doi.org/10.1182/blood-2013-06-511527
https://doi.org/10.1182/blood-2012-01-406272
https://doi.org/10.3892/etm.2021.10969
https://doi.org/10.1074/jbc.RA118.004636
https://doi.org/10.1074/jbc.RA118.004636
https://doi.org/10.18632/oncotarget.3409
https://doi.org/10.1007/978-1-0716-2055-7_1
https://doi.org/10.1016/j.jbior.2018.09.003
https://doi.org/10.1016/j.bbamcr.2018.04.005
https://doi.org/10.3390/ijms232214359
https://doi.org/10.3390/cancers13071536
https://doi.org/10.3324/haematol.2019.243543
https://doi.org/10.3324/haematol.2019.243543
https://doi.org/10.3960/jslrt.56.89
https://doi.org/10.1101/2023.02.19.529123
https://doi.org/10.1182/blood-2008-08-175208
https://doi.org/10.1200/JCO.2003.06.012
https://doi.org/10.1158/1078-0432.CCR-08-0745
https://doi.org/10.1007/s00277-020-04221-0
https://doi.org/10.1016/S1470-2045(14)71170-2
https://doi.org/10.1016/j.currproblcancer.2018.04.006
https://doi.org/10.1186/s13045-015-0213-6
https://doi.org/10.18632/oncotarget.12357
https://doi.org/10.1182/bloodadvances.2020002403
https://doi.org/10.1038/ncomms12320
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.1056/NEJMoa1709919
https://doi.org/10.3389/fimmu.2023.1325255
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Poveda-Garavito and Combita

191. Lee DW, Kochenderfer JN, Stetler-Stevenson M, Cui YK, Delbrook C, Feldman
SA, et al. T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic
leukaemia in children and young adults: a phase 1 dose-escalation trial. Lancet (London
England) (2015) 385:517-28. doi: 10.1016/S0140-6736(14)61403-3

192. Witkowski MT, Lasry A, Carroll WL, Aifantis I. Immune-based therapies in
acute leukemia. Trends cancer (2019) 5:604-18. doi: 10.1016/j.trecan.2019.07.009

Frontiers in Immunology

17

10.3389/fimmu.2023.1325255

193. Wei G, Wang J, Huang H, Zhao Y. Novel immunotherapies for adult patients
with B-lineage acute lymphoblastic leukemia. ] Hematol Oncol (2017) 10:1-13. doi:
10.1186/513045-017-0516-x

194. Liu E, Marin D, Banerjee P, Macapinlac HA, Thompson P, Basar R, et al. Use of
CAR-transduced natural killer cells in CD19-positive lymphoid tumors. N Engl ] Med
(2020) 382:545-53. doi: 10.1056/NEJMo0al1910607

frontiersin.org


https://doi.org/10.1016/S0140-6736(14)61403-3
https://doi.org/10.1016/j.trecan.2019.07.009
https://doi.org/10.1186/s13045-017-0516-x
https://doi.org/10.1056/NEJMoa1910607
https://doi.org/10.3389/fimmu.2023.1325255
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Contribution of the TIME in BCP-ALL: the basis for novel approaches therapeutics
	1 Introduction
	2 Bone marrow microenvironment
	3 Role of immune cells in the constitution of the niche
	4 Tumor immune microenvironment in BCP-ALL
	4.1 Myeloid-derived suppressor cells
	4.2 Dendritic cells
	4.3 Monocytes and macrophages
	4.4 Natural killer cells
	4.5 CD4+ and CD8+ lymphocytes
	4.6 Regulatory T lymphocytes (Tregs)

	5 The BM TME/LC crosstalk: resistance treatment
	5.1 Cell-to-cell interactions: immune–stromal cells interactions in BCP-ALL

	6 Immune BM TME in resistance to treatment: strategies for re-educating the TME in BCP-ALL
	7 Discussion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


