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Abstract

Acute myeloid leukemia (AML) develops within a bone marrow environment that influ-
ences leukemic stem cell behavior, residual disease, and response to therapy. This review
examines evidence that the marrow microenvironment is not only a site of leukemic growth,
but can actively shape AML initiation, maintenance, and treatment resistance. Clinical
observations such as donor cell leukemia after allogeneic transplantation, together with
experimental models in which stromal or osteolineage abnormalities induce myeloid dis-
ease, suggest that altered niches may contribute to leukemogenesis in selected settings.
In established AML, vascular and endosteal compartments provide adhesive, chemokine,
inflammatory, and metabolic signals that promote leukemic-cell retention, quiescence,
survival, and chemotherapy tolerance. AML cells also remodel the surrounding mar-
row, suppressing normal hematopoiesis and generating stromal, endothelial, osteoblastic,
adipocytic, and immune-cell programs that favor leukemic persistence. These interactions
are especially relevant to drug resistance, including resistance to venetoclax-based ther-
apy, where cytokine-mediated changes in apoptotic dependence, fatty-acid metabolism,
mitochondrial adaptation, and stromal support may all contribute. Several therapeutic
approaches have attempted to disrupt niche-mediated protection, including targeting
CXCL12/CXCR4 signaling, adhesion pathways, inflammatory circuits, Hedgehog sig-
naling, and metabolic dependencies. Although early-phase studies have shown activity
in some AML subsets, randomized evidence remains limited and results have been in-
consistent. We discuss how a better understanding of microenvironmental biology may
help define when niche-directed therapy is most likely to complement conventional and
molecularly targeted AML treatment.
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1. Introduction
Darwin observed that “a grain in the balance will determine which individual shall

live or die, which species will increase or become extinct” [1]. Evolution proceeds through
small, random variations, of which only a few prove advantageous: the surviving species
is the one that adapts most favorably to its environment.

In the 1950s and 1960s, Till and McCulloch proposed a hierarchical, pyramidal organi-
zation of hematopoiesis, with a self-renewing, asymmetrically dividing hematopoietic stem
cell (HSC) at its apex [2]. Asymmetric mitosis allows the cell both to differentiate toward a
specific function and to self-regenerate at the top of the pyramid, maintaining the stem pool
in quiescence and ensuring tissue inexhaustibility. The same logic applies to neoplastic
tissues: relapse after morphological remission implies persistence of a quiescent, chemore-
sistant cancer stem cell with indefinite self-renewal, which drives carcinogenesis [3].

Stemness is defined functionally rather than by surface phenotype, as the capacity to
regenerate the tissue of origin through serial xenotransplantation into immunodeficient
hosts [4]. A stem cell—normal or leukemic—is conventionally defined by its capacity
to sustain tissue in at least three serial transplants; hence the terms leukemic stem cell
(LSC) or leukemia-initiating cell (L-IC). The observation that LSCs share the CD34+/CD38−

immunophenotype of HSCs led to the hypothesis that acute myeloid leukemia (AML)
arises from oncogenic transformation of a normal HSC [5].

Immunophenotypic studies of LSCs began to disclose a role for the bone marrow
microenvironment (BMM) in AML pathogenesis. In NOD/SCID/IL2Rγc-deficient models,
lacking B, T, and NK cells [6], even committed progenitors expressing CD38 or CD45RA can
regenerate AML in serial transplants, fulfilling LSC criteria [7]. In a sufficiently permissive
microenvironment, stemness is therefore not restricted to primitive cells.

These data reframe malignancy: aggressiveness depends not only on genetic and
epigenetic traits but on the tumor microenvironment that shapes proliferative advantage. A
neoplasm is an ecosystem in which malignant cells interact with non-neoplastic components
that modulate tumor fitness and response to therapy [8], honoring Darwin’s intuition at a
microscopic scale.

The bone marrow is the physical setting in which this selection plays out. Its microen-
vironment comprises mesenchymal stromal cells and their osteoblastic and adipocytic
progeny, sinusoidal and arteriolar endothelial cells, perivascular pericytes, sympathetic
nerve fibers, and several immune populations. These cells are organized around two
connected compartments: an endosteal, osteoblast-lined niche and a central, perivascular
niche [9,10]. In normal hematopoiesis they govern the quiescence, self-renewal, retention,
and mobilization of hematopoietic stem cells; in leukemia, the same signals can be redi-
rected to shelter and sustain the malignant clone [11–14]. This review examines how the
bone marrow microenvironment participates in AML along three connected lines. The first
is its possible contribution to leukemic initiation; the second, the vascular and osteoblastic
mechanisms that maintain leukemic stem cells and confer chemoresistance; the third, the
reciprocal remodeling through which leukemic cells reshape the niche. We then consider
how these mechanisms are being translated into microenvironment-directed therapies and
where the clinical evidence currently stands.

2. Clues from Clinical Experience
Allogeneic hematopoietic stem-cell transplantation (HSCT) is a curative treatment for

eligible patients with high-risk AML. Sustained remission depends on the graft-versus-
leukemia (GVL) effect exerted by donor immunity against residual leukemia stem cells
(LSCs) [15]. Relapse—the principal obstacle to cure—still occurs in 30–40% of transplanted
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patients [16]. Most relapses are of host origin; donor cell leukemia (DCL), in which leukemia
arises de novo from engrafted donor hematopoiesis, is rare but mechanistically informative.

Registry data estimate DCL at 0.08% (European Society for Blood and Marrow Trans-
plantation, EBMT) and 0.16% (Japan Society for Hematopoietic Cell Transplantation, JSHCT)
across indications [17,18]. Among AML recipients, the reported incidence approaches 2%,
with individual series describing rates up to 4–6%, and with a clear preponderance in
adults [19]. DCL develops after a median of 28 months post-HSCT, although the range is
wide (1 month to 24 years). The first described case (1971) involved a 16-year-old female
with acute lymphoblastic leukemia (ALL) who, after transplantation from her brother,
developed donor-derived ALL in XY hematopoietic cells [19].

Diagnostic sensitivity has improved with chimerism analysis by short-tandem-repeat
(STR) and variable-number-tandem-repeat (VNTR) profiling. The pathogenesis is mul-
tifactorial, reflecting donor, recipient, and procedure-related contributions in a multiple-
hit model.

Prior to 2010, cytogenetic analysis of DCL identified chromosome 7 abnormalities
in 23% of cases versus ≤5% of de novo AML [20]—a distribution reminiscent of therapy-
related myeloid neoplasms and consistent with persistent mutagenic effects of recipient-
directed chemotherapy and conditioning on the marrow stroma. Next-generation se-
quencing has refined this picture. Among the transcription factors recurrently mutated in
DCL—CEBPA, GATA2, RUNX1, and JAK2—three are typically of germline origin and one
is predominantly somatic [20]. Donor clonal hematopoiesis, particularly DNMT3A-mutated
clonal hematopoiesis of indeterminate potential (CHIP), has been documented in recipients
who later developed DCL [21,22]; in related donors aged ≥50 years, CHIP prevalence
reaches 16% [23]. Additional recurrently mutated genes cluster into splicing regulators
(DDX41), epigenetic modifiers (ASXL1, DNMT3A, EZH2, IDH1/2), and DNA-repair genes
(CHEK1, XPD, XRCC3) [20].

That donors do not typically develop AML, except in extremely rare cases, suggests
that the recipient microenvironment plays a significant role in supporting leukemogenesis.
Preclinical data link alterations in bone marrow stromal cells and other niche components
to the development and maintenance of leukemia and to chemotherapy resistance [24–28].
Aldoss et al. reported two sequential myeloid DCLs in a single recipient after two HSCTs
from different donors—a matched-related transplant followed three years later by a first
DCL, then, after a new induction, a second transplant from a young unrelated donor with
subsequent development of a second DCL from the second donor. The authors concluded
that the recipient likely had a leukemogenic microenvironment that predisposed donor
cells to transform [29,30].

DCL after cord-blood transplant (CBT) occurs earlier (median 14.5 vs. 36 months)
and is more frequently associated with chromosome 7 abnormalities. Fusion genes such
as TEL-AML1 or AML1-ETO may be present in cord cells and predispose to expansion of
a pre-leukemic clone; these are class 2 genetic alterations that impair differentiation but
do not alone induce overt AML, and they often occur years before disease onset. Because
cord blood cells are less likely to have acquired predisposing genetic mutations, DCLs
after CBT provide a compelling argument for a role of the microenvironment in initiating
leukemic transformation.

3. Possible Direct Oncogenic Role of the Bone
Marrow Microenvironment

Mesenchymal stromal cells (MSCs) sustain marrow homeostasis by regulating HSC
self-renewal, differentiation, and immune tolerance. Primary MSCs from patients with
myelodysplastic syndromes (MDS) and AML differ structurally, genetically, and func-
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tionally from healthy controls; dysregulation of KIT-ligand, angiopoietin-1, and Jagged1
signaling is associated with impaired osteogenic commitment and reduced growth ca-
pacity [9,31–33]. TGF-β signaling has been implicated as an important contributor to the
aberrant MSC phenotype in both MDS and AML [34]. While the role of the BMM in disease
maintenance and chemoresistance is increasingly recognized, its contribution to disease
initiation is only now emerging.

Raaijmakers et al. deleted Dicer1—a ribonuclease III endonuclease indispensable
for microRNA biogenesis—in murine MSCs at the osteolineage differentiation stage [26].
Osteolineage-specific loss disrupted osteoblastic differentiation without affecting the os-
teoclastic component, induced severe cytopenias with marked myelodysplastic features,
and accelerated progression to acute leukemia. Transplantation of hematopoietic cells
from Dicer1-mutant mice into wild-type recipients restored normal hematopoiesis, and
the emergent leukemic clone retained wild-type Dicer1—demonstrating that the initiating
event lay within the altered marrow microenvironment, not the hematopoietic compart-
ment. Dicer1 inactivation in osteoprogenitors was also linked to downregulation of the
Shwachman-Bodian-Diamond (Sbds) gene, which is involved in ribosomal biogenesis and
whose germline loss produces Shwachman-Bodian-Diamond syndrome—characterized
by skeletal alterations, inefficient hematopoiesis with bone marrow failure, and increased
propensity to progress to MDS and AML. Reduced expression of Dicer1, Drosha, and Sbds
has since been confirmed in MSCs from MDS and AML patients, together with loss of
miR-155, miR-181a, and miR-222—microRNAs that regulate hematopoiesis [35–37].

Activating β-catenin mutations in murine osteoblasts reproduce an analogous niche-
initiated leukemia [38]. β-catenin activation drives osteoblastic Jagged1 expression cooper-
atively with FoxO1, engaging Notch signaling in adjacent hematopoietic progenitors and
producing AML with recurrent karyotypic alterations and autonomous progression [39].
Notch activation in this setting is associated with chemoresistance.

Epigenetic dysregulation also contributes to the altered functional state of the BMM.
In primary stromal cells from MDS patients, aberrant cytosine hypermethylation silences
FRZB, a WNT antagonist, thereby activating the WNT/β-catenin pathway in surrounding
HSCs [40]. WNT activity affects HSC homeostasis in a dose-dependent manner, and
increased WNT/β-catenin signaling has been linked to leukemic transformation [41,42].
Whether this stromal methylation defect precedes emergence of the myelodysplastic clone
remains unresolved.

Cytotoxic therapy imprints a durable pro-inflammatory state on the MSC compart-
ment. Alkylating agents induce cellular senescence and a senescence-associated secre-
tory phenotype (SASP) with elevated pro-inflammatory cytokines and reactive oxygen
species [43]. Multi-omic profiling of MSCs from patients with therapy-related myeloid
neoplasms (t-MN) confirms induction of CDKN1A and β-galactosidase, FOS repression,
elevated cytokine output, and impaired proliferation—a senescent-secretory signature that
is stable regardless of the latency between cytotoxic exposure and t-MN diagnosis [44].
Analogous changes are seen in MSCs from patients with Fanconi anemia (FA), an inherited
disease characterized by congenital abnormalities, bone marrow failure, and increased
susceptibility to myeloid malignancies: baseline downregulation of FLT3-ligand, TGF-β1,
and CXCL12, with cytoplasmic mislocalization of Dicer1 even before etoposide exposure.
In healthy-donor MSCs, etoposide redistributes Dicer1 to the cytoplasm and induces ER-
stress genes (GADD34, ATF4, NUPR1, HSPB), phenocopying the FA baseline [45]. Taken
together, these data indicate that microenvironmental alterations may contribute to the
pathogenesis of myeloid neoplasms, including AML, and suggest that they may also serve
as therapeutic targets.
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4. The Medullary Vascular Niche
Evidence indicates that self-renewing HSCs reside in the bone-marrow perivascular

niche rather than exclusively in long-term dormant reserves (Figure 1). This specialized,
protective compartment is composed of MSCs [46,47] and endothelial cells of sinusoidal
microvessels [10,48]. From this location, HSCs monitor blood-borne factors and activate the
recruitment of additional HSCs from quiescent endosteal niches to stimulate hematopoiesis
and osteogenesis, counteracting hematological stress [49]. During embryogenesis, primi-
tive hematopoiesis arises from hemogenic endothelium of the aorta-gonad-mesonephros
region and yolk sac via endothelial-to-hematopoietic transition [50–52]; the close spatial
relationship between endothelial and hematopoietic progenitors persists into adulthood,
with the vascular niche traditionally considered comparatively oxygen-rich relative to the
endosteum [53]—a view that direct intravital oxygen measurements have since challenged
and partially inverted (see Section 5).

Figure 1. Bone marrow niches that sustain AML and their reciprocal remodeling. The en-
dosteal/osteoblastic niche (left) retains LSCs through P2X7/ATP signaling, hypoxia–HIF-1α–AMPK
metabolic reprogramming, and adhesion via CXCL12/CXCR4, VCAM-1/VLA-4, CD44 and N-
cadherin, generating a low-ROS, drug-tolerant state; AML blasts in turn arrest osteoblast differenti-
ation at a pre-osteoblastic stage with elevated IL-6, CCL2, and CXCL8. The vascular niche (right)
supports CXCL12-mediated retention near sinusoidal LepR+ stromal cells and arteriolar NG2+ peri-
cytes, with V-AML integration into the endothelial wall conferring quiescence and chemoresistance;
endothelial NO drives vascular leakiness and hypoxia, while the ADM–CALCRL–RAMP2 axis
preserves relapse-initiating cells.

Sinusoids are fenestrated, low-pressure channels [54,55] that maintain niche home-
ostasis through secretion of IL-1, IL-6, IL-8, GM-CSF, TNF, G-CSF, chemokines, and matrix
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metalloproteinases [56]. The endosteal niche contains transition-zone vessels [57], roughly
15% of HSCs [58], and approximately 10% of marrow volume. The central vascular niche
occupies the remaining ~90% of marrow volume and is estimated to harbor ~85% of
HSCs [48]. The endosteal compartment is relatively drug-resistant and supports post-
chemotherapy regeneration [59], whereas the vascular compartment is sensitive to irradia-
tion and myeloablation [60]. Two-thirds of perivascular HSCs associate with sinusoids and
LepR+ stromal cells; the remaining third associate with arterioles and NG2+/Nestinhigh
pericytes [61–63].

Much of this cellular anatomy comes from mouse genetic-reporter and intravital
studies, and its correspondence with human marrow is only partial. In human bone
marrow, perivascular mesenchymal stromal/progenitor cells are identified most consis-
tently by CD146 (MCAM). These CD146+ cells line the sinusoidal wall and support human
hematopoietic stem/progenitor cells in vitro and after xenotransplantation [64]. Mark-
ers commonly used to define murine niche populations, namely Nestin, leptin receptor
(LepR), NG2, and N-cadherin, are not equally validated in human marrow [65]. Cellu-
lar relationships established in mice should therefore be extrapolated to human disease
with caution.

Specific alterations in the BM vascular niche can act synergistically with genetic or
epigenetic lesions in hematopoietic cells to facilitate mutant-cell survival and expansion,
contribute to progression and protection from chemotherapy, and promote relapse. Us-
ing intravital two-photon microscopy, Passaro et al. showed that vascular leakiness and
increased hypoxia in AML are dependent on endothelial nitric oxide (NO); induction
chemotherapy that fails to restore normal vasculature may be associated with poor progno-
sis, while inhibition of NO production promotes normal hematopoiesis and enhances treat-
ment response in preclinical models [66]. CXCL12-abundant reticular (CAR) cells are het-
erogeneously distributed in the perivascular endothelium: arteriolar CARs (NG2+/LepR−)
enforce HSC quiescence, whereas sinusoidal CARs (NG2−/LepR+) support retention and
expansion [62,67,68]. The consistent association of HSCs with CXCL12-secreting reticular
cells in both vascular and endosteal locations blurs the historical distinction between the
two niches [66,69].

The leukemic vasculature is also expanded and structurally abnormal. Increased
microvascular density has been documented in ALL [70], chronic myeloid leukemia
(CML) [71–73], AML [74], and multiple myeloma (MM) [75] and carries prognostic
weight [76]. Tumor neovasculature is abnormally permeable and tortuous [77,78]. En-
dothelial cells (ECs) and leukemic cells engage in bidirectional signaling: ECs provide
trophic and paracrine support, while blasts release proangiogenic factors (FGF-2, VEGF-A,
VEGF-C, angiopoietins) and cytokines such as GM-CSF [79,80]. AML cells can become
quiescent and resist chemotherapy by integrating into the vascular endothelium, forming
vascular tissue-associated AML (V-AML) [81–83]. Combining anti-angiogenic therapy with
consolidation chemotherapy has been proposed as a practical approach for patients with
acute leukemia [84].

Adrenomedullin (ADM) is a 52-amino-acid peptide mainly synthesized by endothelial
cells, vascular smooth muscle cells, and pericytes [85–87]. It is expressed in many human
tissues and exerts predominantly hypotensive, immunomodulatory, and vasoactive ef-
fects, including those observed during septic shock [88–90]. ADM signals through the
calcitonin-receptor-like receptor (CALCRL) in complex with receptor activity-modifying
proteins (RAMPs); among these, the CALCRL–RAMP2 heterodimer mediates canonical
ADM signaling. ADM is also expressed by leukemia stem cells and defines an inflammatory
signature in AML [91]. Moreover, ADM is overexpressed in solid tumors under hypoxic
conditions via HIF-1 regulation [92], exhibiting pro-angiogenic activity and stimulating
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tumor progression and chemoresistance [93]. Our group showed that AML cell lines consti-
tutively express ADM and its receptors to sustain proliferation and block differentiation,
suppressing Cullin-family gene expression and activating PI3K/AKT and MAPK/ERK [94].
Larrue et al. subsequently demonstrated that the ADM–CALCRL axis preserves relapse-
initiating cells (RICs) that persist after chemotherapy; high CALCRL or ADM expression in
RICs correlates with adverse outcome, and CALCRL knockdown reduces LSC frequency
and restores cytarabine sensitivity in patient-derived xenografts [95].

Events that promote blast–endothelium adhesion are of particular interest given the
capacity of AML cells to integrate into the vascular wall. ADM downregulates CD38 on
blasts—thereby weakening the CD38/hyaluronic-acid axis—and simultaneously upregu-
lates CD31, enhancing trans-endothelial migration and circulatory dissemination [94,96].
In murine models, Cogle et al. documented progressive localization of AML blasts around
hepatic portal vessels and their incorporation into endothelial syncytia (V-AML) that
acquire quiescence and chemoresistance [83]. Analogous observations in chronic myelo-
proliferative neoplasms, where marrow endothelial cells carry disease-defining mutations,
suggest similar endothelial participation in other hematologic malignancies.

5. The Osteoblastic Niche
In AML, LSCs are preferentially home to the osteoblastic compartment—the endosteal

surface lined by osteoblasts—rather than to the vascular niche, as confirmed by homing
and serial engraftment experiments [28,97] (Figure 1). Elevated endosteal ATP supports
LSC retention through P2X7 signaling [98]. LSCs in this compartment exhibit high rates of
symmetric division, strong colony-forming potential, elevated glycolytic flux, and superior
leukemogenic capacity in vivo [97]. Expression of active Rac1 in murine AML reduces
disease latency by enhancing niche homing, quiescence, and apoptosis protection [99].

The physiology of this compartment helps explain that preference. Oxygen tension in
the leukemic endosteum falls to ~0.1% [97,100], substantially below that of the vascular
niche; in healthy mice the relationship is inverted, with deeper peri-sinusoidal regions of
the vascular niche slightly more hypoxic (~1.3%) than the endosteum [101].

These precise values come from murine intravital imaging; human measurements
are fewer but confirm that the marrow is hypoxic relative to arterial blood [102], and the
extent to which AML deepens this hypoxia in patients remains an open, therapeutically
relevant question [100]. Hypoxia can promote HSC quiescence [103] and, via hypoxia-
associated factor (HAF), HIF-1α, and HIF-2α, upregulates OCT-3/4, NANOG, and SOX2—
transcription factors whose ectopic expression can reprogram somatic cells into induced
pluripotency [104–107]. In cancer stem cells, MYC, NANOG, and SOX2 stabilize HIF-2α,
which represses p53 and preserves self-renewal [108]; loss of p53 in turn impairs MDM2-
mediated HIF-1α degradation [109]. Although a clear consensus has not been reached,
increased expression of OCT4 and NANOG has been reported in AML relative to normal
marrow [110].

In endosteal LSCs, HIF-1 drives metabolic reprogramming by upregulating PDK2 and
blocking pyruvate entry into the tricarboxylic acid (TCA) cycle [111]. Concurrent AMPK
activation induces GLUT1 and the pentose-phosphate pathway, raising reduced glutathione
and buffering against reactive oxygen species (ROS)-mediated oxidative stress [97,112].
In T-cell acute lymphoblastic leukemia (T-ALL), NOTCH mutations engage AMPK with
comparable cytoprotective effect [113], supporting AMPK as a therapeutic target for sensiti-
zation. Conversely, oxidative phosphorylation (OXPHOS) is required to maintain quiescent
human LSCs [114], leaving the quantitative relationship between the endosteum, hypoxia,
glucose availability, and LSC fate open.
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Retention in this niche is enforced by a dense set of adhesive contacts. Blasts en-
gage osteoblasts through fibronectin–hyaluronic-acid/CD44, ICAM1/LFA, WNT/Frizzled,
Notch/Jagged, CXCL12/CXCR4, VCAM1/VLA4, and N-cadherin/N-cadherin pairings,
sustaining a stemness program in vitro [115–117]. Osteoblasts shield AML cells from
chemotherapy- and chemokine-induced apoptosis. CXCR4-high AML cells escape CXCL12-
mediated apoptosis in co-culture, independently of direct contact or MSC involvement [118];
this protection is lost after histone-deacetylase inhibition through downregulation of tissue-
nonspecific alkaline phosphatase [119,120]. Osteoblasts protect blasts from cytarabine in
both two- and three-dimensional systems [121], and AML-derived osteoblasts shield cells
from daunorubicin more effectively than healthy-donor osteoblasts [122].

The interaction is reciprocal. Osteoblast numbers are reduced in AML patients and
murine models [123–125]. Co-culture with AML blasts arrests stromal differentiation
at a pre-osteoblastic stage that overexpresses pro-leukemogenic cytokines (IL-6, CCL2,
CXCL8) [126]. Elevated marrow CCL3 suppresses mature osteoblasts, as previously shown
in MM [125,127]. Genetic depletion of osteoblasts accelerates leukemic engraftment, while
pharmacologic preservation of osteoblasts restores marrow function, reduces tumor burden,
and prolongs survival [124].

Mechanistically, blast-derived kynurenine binds serotonin receptor 1B (HTR1B) on
osteoblasts, inducing serum amyloid A, which upregulates IDO1—the rate-limiting enzyme
in kynurenine synthesis—and closes a self-sustaining kynurenine–HTR1B–SAA–IDO1 loop
that generates a leukemia-permissive niche [128]. Secondary transplantation of long-term
HSC-phenotype cells from osteoblast-ablated donors paradoxically prolongs survival, be-
cause separation from the endosteum disengages LSCs from quiescence, drives proliferation
and differentiation, and depletes the LSC pool [129].

Taken together, this evidence indicates that cells expressing the characteristic LSC
functional program reside in the endosteal niche through direct and indirect interactions
with microenvironmental cells that recruit and anchor them there. Osteoblasts, in turn,
are instructed by AML blasts either to preserve LSC properties or to actively generate
functional LSCs—cells held in a state of metabolic and proliferative quiescence, resistant to
oxidative stress, and shielded from chemotherapy. The osteoblastic niche therefore remains
a main suspect for the persistence of measurable residual disease (MRD) during therapy.

6. Chemoresistance Mechanisms Induced by the Bone
Marrow Microenvironment

Chemoresistance in AML depends on a set of non-cell-autonomous mechanisms that
the preceding sections have begun to outline: MSC- and osteoblast-mediated protection,
adhesion- and chemokine-driven survival signaling, immune cell-mediated drug tolerance,
and metabolic reprogramming sustained by the niche (Figure 2). This section integrates
those mechanisms.

Contact with MSCs from healthy donors or AML patients confers a side-population
(SP) phenotype on AML blasts through α4-integrin engagement and stroma-dependent
activation of ABC transporters; SP cells are quiescent and chemoresistant in vitro and in
patient-derived xenografts [130]. Co-culture with AML-derived MSCs activates Notch
signaling more strongly than MSCs from healthy donors, amplifying proliferation and
drug tolerance [131]. Furthermore, co-culture of AML blasts with MSCs engages a self-
sustaining loop in which AML cells, via the apoptosis repressor with caspase recruitment
domain (ARC) protein, activate NF-κB and drive IL-1β secretion. IL-1β induces COX-2
expression in MSCs, which release prostaglandin E2 (PGE2); PGE2 feeds back onto AML
cells and activates a β-catenin/ARC axis, increasing their oncogenic and chemoresistance
potential [132]. ARC had previously been reported as an independent adverse prognostic
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factor in AML [133]. These findings are consistent with the notion that a pro-inflammatory
microenvironment may be associated with greater aggressiveness, chemoresistance, and
unfavorable clinical outcomes.

Figure 2. Microenvironment-driven chemoresistance and therapeutic opportunities in AML. The
LSC integrates four protective inputs from the marrow microenvironment: adhesion- and chemokine-
mediated survival signaling, lipid transfer from adipocytes feeding fatty-acid oxidation and BCL-
2-dependent quiescence, mitochondrial transfer through tunneling nanotubes from MSCs, and
stromal pro-inflammatory cytokines that engage JAK–STAT to switch anti-apoptotic dependence
from BCL-2 to BCL-xL. Exosome-mediated remodeling of normal hematopoiesis (miR-150, miR-155)
and stromal MSC reprogramming (IL-8) reinforce a leukemia-permissive niche. The right column
lists the principal therapeutic strategies under clinical evaluation: CXCR4 antagonists (plerixafor,
motixafortide, ulocuplumab), the E-selectin antagonist uproleselan, JAK and IL-6 inhibitors (rux-
olitinib, tocilizumab), metabolic targeting of FAO/OXPHOS, IDO1 inhibition, and the Hedgehog
inhibitor glasdegib.

In the HS-5 co-culture model, stromal contact shifts AML metabolism toward OXPHOS
and ATP synthesis, inhibiting AMPK and activating mTORC1 [134]. Genetic AMPK knock-
out accelerates leukemia growth and chemoresistance, supporting the OXPHOS–AMPK
axis as a potential therapeutic target.

The CXCL12/CXCR4 axis is a major mediator of niche-mediated resistance to AML
therapies, including FLT3 and IDH inhibitors [135]. CXCR4 is expressed on HSCs and is
overexpressed on AML cells, where it correlates with poor prognosis; chemotherapy and
the hypoxic niche further upregulate it [136,137]. High CXCR4 allows leukemic clones
to outcompete normal HSCs for niche occupancy and drive their exhaustion [138]. Blast–
stroma adhesion provides a protective environment from chemotherapy-induced cell death
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by promoting leukemic cell growth and activating anti-apoptotic signals [139]. In particular,
the CXCL12/CXCR4 axis promotes leukemic cell survival by activating AKT and MAPK
pathways and by overexpressing the anti-apoptotic protein BCL-xL—a consequence of
CXCR4-driven downregulation of miR-let-7a, which otherwise targets BCL-xL for degra-
dation [140]. Stromal GM-CSF, G-CSF, and other cytokines engage JAK/STAT to switch
anti-apoptotic dependence from BCL-2 to BCL-xL, producing refractoriness to venetoclax
that is reversed ex vivo and in murine models by ruxolitinib [141]. CXCL12 also recruits
macrophages and polarizes them toward an immunosuppressive M2 phenotype [142–144].
Celik et al. reported that AML marrow is enriched for MSCs secreting CXCL8, which
supports leukemic survival via PI3K/AKT [145].

Bone-marrow macrophages are major effectors of chemoresistance. CD169+ macrophages
are required for cytarabine and doxorubicin resistance in murine AML [146]; M-CSF-
induced CD163+CD206+ M2 macrophages protect AML cell lines from daunorubicin [147].
M2-like tumor-associated macrophages (TAMs) regulate their own polarization [148] and
support leukemic cell survival by rewiring their metabolic profile to rely more on amino
acids, fatty acids, and oxidative metabolism than healthy macrophages [149]. TAMs also
sustain the survival of drug-resistant LSCs, which drive disease relapse [150].

Neutrophils, the most abundant myeloid cells in the marrow, also contribute to niche
function. Under homeostasis, senescent neutrophils that return to the marrow are cleared by
resident macrophages. This clearance follows a circadian rhythm that remodels the size and
output of the hematopoietic niche and sets the timing of progenitor egress [151]. In AML,
the innate immune compartment, including neutrophils, granulocytic myeloid-derived sup-
pressor cells, and tumor-associated macrophages, is skewed toward immunosuppressive,
leukemia-permissive states that blunt anti-leukemic immunity [152]. Direct mechanistic
data on mature neutrophils in AML remain more limited than for macrophages, so their
niche contribution, although biologically plausible, is still being defined.

LSC drug tolerance depends on metabolic plasticity shaped by the niche [153]. One
important mechanism of relapse to venetoclax/azacitidine involves increased fatty-acid
oxidation (FAO) in LSCs, which can be overcome experimentally by etomoxir [154,155].
FAO provides NADH, FADH2, and acetyl-CoA for mitochondrial respiration and the TCA
cycle [156]. Bone-marrow adipocytes release CXCL12 to retain LSCs in their proximity [139]
and deliver free fatty acids in response to LSC-derived TNF-α, IL-1α, IL-1β, and CSF2 [157].
LSCs upregulate the fatty-acid transporter CD36 and the lipid chaperone FABP4, and
nuclear activation of PPARγ drives CD36, FABP4, and BCL2 transcription, sustaining drug
resistance [158,159]. Shafat et al. confirmed that AML blasts activate adipocyte lipolysis
and that FABP4 knockdown suppresses leukemic proliferation in co-culture and prolongs
survival in Hoxa9/Meis1-driven AML [160]. As noted in Section 5, LSCs maintain low ROS
levels; BCL-2 inhibition selectively eliminates quiescent LSCs by disrupting OXPHOS [114],
and FAO inhibition triggers the integrated stress response and apoptosis [161–163].

Metabolic cooperation extends to organelle transfer. Following OXPHOS inhibition,
AML cells form nanotubes through which functional mitochondria are transferred from
stroma to leukemic cells, improving their metabolic activity and promoting drug resis-
tance. The process is driven by ROS-mediated activation of the PI3K/AKT pathway,
which opens a transmembrane gap-junction channel enabling mitochondrial trafficking;
the resulting increase in mitochondrial mass and ATP production provides a survival
advantage [164]. AML chemoresistance therefore reflects, at least in part, metabolic coop-
eration between the leukemic clone and its BMM, rather than being explained solely by
cell-intrinsic mechanisms.
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7. Remodeling of the Niche Induced by Cross-Talk with Leukemic Cells
Research has mainly described how the BMM affects leukemic cells, with only limited

focus on the reciprocal relationship. Increasing evidence indicates a “partnership” between
the two components, in which leukemic cells also modify the marrow niches and thereby
improve the overall “fitness” of the neoplasm (Figure 1). One of the most informative
mechanisms of communication between leukemic cells and their surroundings is the
production of exosomes, which are principal mediators of intercellular signaling.

Exosomes carry diverse molecular cargo—RNA (especially microRNA), proteins,
lipids, and DNA—and have potential as disease biomarkers or as targets for novel therapies.
AML blasts use exosomes to suppress normal hematopoietic progenitors both indirectly, by
altering the supporting marrow niche into a microenvironment favorable to leukemic cells
(including modification of CXCL12-dependent signaling, discussed in Sections 4 and 6),
and directly, by delivering inhibitory microRNA signals to hematopoietic progenitors [165].
Exosomes isolated from leukemic blast cultures or from the plasma of AML mouse models
are rich in miR-150 and miR-155, which impair the clonogenic ability of normal HSCs by
inhibiting c-Myc transcription [166].

Exosomes derived from AML blasts also downregulate genes that support normal
hematopoiesis in marrow stromal cells—including IGF1, CXCL12, KITL, and IL-7—as well
as osteogenic genes such as IGF1, OCN, and COL1A1. At the same time, they upregulate
DKK1 in the same cells, inhibiting the Wnt/β-catenin pathway, which is essential to
physiological hematopoiesis and osteogenesis. Forced DKK1 expression in osteoblasts leads
to osteopenia and destruction of the HSC niche, resulting in hematopoietic defects [123]. A
further study demonstrated that exosomes from an AML cell line induce IL-8 production
by bone marrow MSCs, which in turn promotes chemoresistance to etoposide by increasing
expression of the 70 kDa heat-shock protein (HSP70) and lysosomal-associated membrane
protein 3 (CD63) [167]. Overall, these studies highlight the capacity of AML cells to create
a pro-leukemic niche that hinders normal hematopoiesis and activates chemotherapy-
resistance mechanisms.

8. Therapeutic Implications
These mechanisms provide a rationale for therapeutic targeting of the BMM (Figure 2).

The CXCL12/CXCR4 axis is the most extensively studied target. Plerixafor, a CXCR4
partial agonist, has been evaluated across phase I–II trials in newly diagnosed and re-
lapsed/refractory (R/R) AML with intensive, non-intensive, salvage, and conditioning
regimens [168–176]. In responders it at least doubles blast mobilization into peripheral
blood [169,170]. Trial NCT00906945 was terminated for futility at interim analysis, and
historical comparisons have shown no consistent survival advantage [175]. No randomized
data are available.

Motixafortide (BL-8040), LY2510924, and the IgG4 antibody ulocuplumab have pro-
duced encouraging activity in R/R AML [177,178]. Ulocuplumab—exploiting IgG pharma-
cokinetics and potential antibody-dependent cellular cytotoxicity—administered one week
before mitoxantrone–etoposide–cytarabine (MEC) achieved fivefold blast mobilization, four
complete remissions (CR) or CR with incomplete count recovery (CRi) before chemother-
apy, and an overall response rate (ORR) of 51% [179]. Nonetheless, randomized trials of
motixafortide plus high-dose cytarabine (HiDAC) consolidation and of ulocuplumab plus
low-dose cytarabine (LDAC) in unfit patients failed to improve response or overall survival
(OS) [180,181]. Timing and intensity of chemotherapy are therefore likely determinants
of synergy.

Tipifarnib, a farnesyltransferase inhibitor extensively studied in AML [182–186], illus-
trates the same principle. Re-analysis of NCT00027872 identified high baseline CXCL12
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expression as predictive of response, a finding replicated in R/R peripheral T-cell lym-
phoma [187–189]; tipifarnib reduces CXCL12 transcription in pancreatic and bone-marrow
stromal cells in vitro and ex vivo [188,190]. Yet phase III trials in newly diagnosed el-
derly unfit patients and as post-induction maintenance showed no response or survival
benefit [191–193]. Early-phase combinations with chemotherapy produced prolonged CR
duration in matched historical comparisons but have not been validated in randomized
studies [194–197].

Dociparstat (CX-01), a 2-O,3-O-desulfated heparin without anticoagulant activity,
antagonizes CXCL12, PF4, HMGB1, and P-selectin [198,199]. Disruption of the CXCL12
signal is associated not with mobilization of AML blasts but with inhibition of chemo-
taxis [198,200]. In combination with 7 + 3 induction it delivered CR/CRi rates approaching
90% versus 50% for chemotherapy alone, with longer event-free survival (EFS); the random-
ized phase III NCT04571645 was terminated for slow accrual [198,201,202]. Its pleiotropic
effects on PF4 and P-selectin may additionally mitigate chemotherapy-induced cytopenias
and blast adhesion [199,203].

Uproleselan (GMI-1271), a synthetic glycomimetic E-selectin antagonist, targets
cell adhesion to the endothelium and the pro-survival signaling it activates [204,205].
Early-phase trials reported ORRs of 48%, 80%, and 39% with salvage, induction, and
bridge-to-transplant regimens in cohorts enriched for adverse cytogenetics and secondary
AML [206,207]. The phase III trial combining uproleselan with MEC or FLAI did not
meet its OS primary endpoint (hazard ratio, HR, 0.89; 95% CI 0.69–1.15) but suggested a
significant benefit in refractory disease (31.2 vs. 10.1 months) [208], consistent with higher
E-selectin ligand expression on refractory blasts [206]. CR/CRi rates with motixafortide
have similarly been higher in refractory than relapsed disease [169,178], suggesting that
chemorefractory patients may preferentially benefit from niche-targeted therapy.

β-catenin dysregulation can be disrupted by sequestering the coactivator CBP with the
peptidomimetic CWP232291 [209], by inhibiting the MUC1-C/β-catenin interaction with
GO-203 [210–212], or by GSK-3 inhibition. As single agents in R/R AML, all three failed
to produce meaningful response despite acceptable safety; only GO-203 combined with
decitabine achieved a 43% CR/CRi rate [213–215]. The kynurenine–HTR1B–SAA–IDO1
axis has been addressed through IDO1 inhibition: epacadostat development was halted,
while indoximod with standard induction delivered 84% CR/CRi and MRD negativity in
half of a small, predominantly adverse-risk cohort [216–218]. Bioinformatic analyses link
IDO1 overexpression to altered B-cell subsets and elevated IL-10, both reversible in vitro
by IDO1 inhibition [219].

Pro-inflammatory cytokines—IL-1β, IL-6, IL-8—released by blasts, MSCs, and pre-
osteoblasts sustain the altered niche and drive resistance to daunorubicin and cytarabine,
with IL-6 as a recurrent mediator [220,221]. In the phase I TOCILAM trial, tocilizumab
added to standard induction produced an acceptable response, but one-year survival was
below 50%, consistent with the adverse/intermediate European LeukemiaNet (ELN) 2017
risk profile [222].

The Hedgehog pathway regulates HSC quiescence and LSC maintenance [223–225].
AML cells exploit both autocrine PTCH1 signaling and paracrine Hh stimulation from
osteoblasts, endothelial cells, and stroma. Smoothened inhibitors have shown limited
activity; glasdegib as a single agent is active only in R/R AML [226–228]. In newly diag-
nosed patients, randomized trials demonstrated CR/CRi and OS benefit for glasdegib plus
LDAC but only a CR/CRi benefit when combined with hypomethylating agents [229–233].
The randomized phase III BRIGHT AML 1019 did not confirm an OS advantage (HR 1.05;
95% CI 0.782–1.408; p = 0.749) despite earlier evidence of cytarabine sensitization through
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UGT1A downregulation [231,234,235]; placebo was favored in ELN 2017 intermediate-risk
and GLI2-mutated subgroups.

Overall, with the exception of glasdegib plus LDAC, no niche-directed strategy has
entered standard practice. Activity of single-axis inhibition remains limited, largely be-
cause of the complexity and redundancy of BMM signaling networks, so combination
strategies are being explored. Focal adhesion kinase (FAK) is a promising target, and its
pharmacological blockade has been shown to synergize with either anti-CD44 antibody or
BCL-2 inhibitors in preclinical models [236–238].

The increasing availability of different bispecific and trispecific monoclonal antibody
platforms may also enable multitarget strategies within a single molecule. T-cell redirection
currently represents the most extensively developed modality. In a recent study, an anti-
IL1RL1 × anti-CD3 T-cell engager, significantly improved survival in xenograft models
by exploiting the AML-supportive IL-33/IL1RL1 axis, which may involve both stromal-
derived and autocrine LSC-derived IL-33 signals [239].

Microenvironment-directed treatments timing and subgroup selection, informed by
niche and disease biology (secondary, therapy-related, refractory, and high-risk disease), are
likely to be important determinants of clinical activity and will require rigorous definition
in future trials.

9. Conclusions
The BMM has a major role in AML biology and pathogenesis, sustaining leukemic cell

survival, proliferation, and drug resistance through a network of cellular and molecular
interactions. The vascular and osteoblastic niches, together with adipocytes and tumor-
associated macrophages, are remodeled by AML blasts into a permissive compartment
that favors disease progression. Metabolic reprogramming—including enhanced fatty-acid
oxidation and mitochondrial transfer from stromal cells—contributes to chemoresistance,
while exosome-mediated communication allows AML cells to further reshape the niche,
suppress normal hematopoiesis, and reinforce leukemic fitness.

The tumor microenvironment, although composed of non-neoplastic cells, must
therefore be considered in any comprehensive model of AML biology. In selected
contexts—stromal-initiated murine models, donor cell leukemia, and DCL after cord-blood
transplantation—it may also contribute to leukemogenesis.

For therapy, the implication is not to replace clone-directed treatment but to combine
it with strategies that disrupt protective niche interactions, quiescence, and metabolic
plasticity. Preliminary clinical signals with CXCR4, E-selectin, IDO1, and Hedgehog-
directed approaches are encouraging in some settings, particularly refractory, secondary,
or therapy-related AML, but randomized confirmation, rational combinations, and better
patient selection remain necessary.

Author Contributions: Conception and design: M.G. (Michele Gottardi); Collection and assembly of
the literature: R.D.M., V.R., R.D.L. and M.G. (Martina Ghetti); Manuscript writing: M.G. (Michele
Gottardi), F.D.M., G.C. and A.S.; Manuscript revision: All the authors; Final approval of manuscript:
All the authors; Accountable for all aspects of the work: M.G. (Michele Gottardi) and F.D.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors would also like to acknowledge the “Associazione Italiana
Leucemie—AIL” (sections of Treviso) for the help and support throughout the years.

https://doi.org/10.3390/biomedicines14081679

https://doi.org/10.3390/biomedicines14081679


Biomedicines 2026, 14, 1679 14 of 25

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

References
1. Darwin, C. On the Origin of Species; John Murray: London, UK, 1861; Chapter XIV.
2. Till, J.E.; Mcculloch, E.A.; Siminovitch, L. A stochastic model of stem cell proliferation, based on the growth of spleen colony-

forming cells. Proc. Natl. Acad. Sci. USA 1964, 51, 29–36. [CrossRef] [PubMed] [PubMed Central]
3. Reya, T.; Morrison, S.J.; Clarke, M.F.; Weissman, I.L. Stem cells, cancer, and cancer stem cells. Nature 2001, 414, 105–111. [CrossRef]

[PubMed]
4. Lapidot, T.; Sirard, C.; Vormoor, J.; Murdoch, B.; Hoang, T.; Caceres-Cortes, J.; Minden, M.; Paterson, B.; Caligiuri, M.A.; Dick, J.E.

A cell initiating human acute myeloid leukaemia after transplantation into SCID mice. Nature 1994, 367, 645–648. [CrossRef]
[PubMed]

5. Tan, B.T.; Park, C.Y.; Ailles, L.E.; Weissman, I.L. The cancer stem cell hypothesis: A work in progress. Lab Investig. J. Tech Methods
Pathol. 2006, 86, 1203–1207. [CrossRef] [PubMed]

6. Shultz, L.D.; Ishikawa, F.; Greiner, D.L. Humanized mice in translational biomedical research. Nat. Rev. Immunol. 2007, 7, 118–130.
[CrossRef] [PubMed]

7. Sarry, J.E.; Murphy, K.; Perry, R.; Sanchez, P.V.; Secreto, A.; Keefer, C.; Swider, C.R.; Strzelecki, A.-C.; Cavelier, C.; Récher, C.; et al.
Human acute myelogenous leukemia stem cells are rare and heterogeneous when assayed in NOD/SCID/IL2Rγc-deficient mice.
J. Clin. Investig. 2011, 121, 384–395. [CrossRef] [PubMed] [PubMed Central]

8. Junttila, M.R.; de Sauvage, F.J. Influence of tumour micro-environment heterogeneity on therapeutic response. Nature 2013, 501,
346–354. [CrossRef] [PubMed]

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

10. Morrison, S.J.; Scadden, D.T. The bone marrow niche for haematopoietic stem cells. Nature 2014, 505, 327–334. [CrossRef]
[PubMed]

11. Ladikou, E.E.; Sivaloganathan, H.; Pepper, A.; Chevassut, T. Acute Myeloid Leukaemia in Its Niche: The Bone Marrow
Microenvironment in Acute Myeloid Leukaemia. Curr. Oncol. Rep. 2020, 22, 27. [CrossRef] [PubMed]

12. Rashidi, A.; Uy, G.L. Targeting the Microenvironment in Acute Myeloid Leukemia. Curr. Hematol. Malig. Rep. 2015, 10, 126–131.
[CrossRef] [PubMed]

13. Wang, A.; Zhong, H. Roles of the bone marrow niche in hematopoiesis, leukemogenesis, and chemotherapy resistance in acute
myeloid leukemia. Hematology 2018, 23, 729–739. [CrossRef] [PubMed]

14. Kolosova, A.; Mould, I.; Pepper, C.; Mitchell, S.; Pepper, A.; Ladikou, E.; Simoes, F. Exploring the Bone Marrow Microenvironment
as a Therapeutic Barrier and Targetable Source of Crosstalk in Acute Myeloid Leukemia. Blood Lymphat. Cancer 2026, 16, 511758.
[CrossRef] [PubMed]

15. Barrett, A.J. Understanding and harnessing the graft-versus-leukaemia effect. Br. J. Haematol. 2008, 142, 877–888. [CrossRef]
[PubMed]

16. Barrett, A.J.; Battiwalla, M. Relapse after allogeneic stem cell transplantation. Expert Rev. Hematol. 2010, 3, 429–441. [CrossRef]
[PubMed] [PubMed Central]

17. Kato, M.; Yamashita, T.; Suzuki, R.; Matsumoto, K.; Nishimori, H.; Takahashi, S.; Iwato, K.; Nakaseko, C.; Kondo, T.; Imada,
K.; et al. Donor cell-derived hematological malignancy: A survey by the Japan Society for Hematopoietic Cell Transplantation.
Leukemia 2016, 30, 1742–1745. [CrossRef] [PubMed]

18. Engel, N.; Rovo, A.; Badoglio, M.; Labopin, M.; Basak, G.W.; Beguin, Y.; Guyotat, D.; Ljungman, P.; Nagler, A.; Schattenberg,
A.; et al. European experience and risk factor analysis of donor cell-derived leukaemias/MDS following haematopoietic cell
transplantation. Leukemia 2019, 33, 508–517. [CrossRef] [PubMed]

19. Yanada, M.; Konuma, T.; Yamasaki, S.; Kondo, T.; Fukuda, T.; Shingai, N.; Sawa, M.; Ozawa, Y.; Tanaka, M.; Uchida, N.; et al.
Relapse of acute myeloid leukemia after allogeneic hematopoietic cell transplantation: Clinical features and outcomes. Bone
Marrow Transplant. 2021, 56, 1126–1133. [CrossRef] [PubMed]

20. Williams, L.; Doucette, K.; Karp, J.E.; Lai, C. Genetics of donor cell leukemia in acute myelogenous leukemia and myelodysplastic
syndrome. Bone Marrow Transpl. 2021, 56, 1535–1549. [CrossRef] [PubMed]

21. Yasuda, T.; Ueno, T.; Fukumura, K.; Yamato, A.; Ando, M.; Yamaguchi, H.; Soda, M.; Kawazu, M.; Sai, E.; Yamashita, Y.; et al.
Leukemic evolution of donor-derived cells harboring IDH2 and DNMT3A mutations after allogeneic stem cell transplantation.
Leukemia 2014, 28, 426–428. [CrossRef] [PubMed]

22. Gondek, L.P.; Zheng, G.; Ghiaur, G.; DeZern, A.E.; Matsui, W.; Yegnasubramanian, S.; Lin, M.-T.; Levis, M.; Eshleman, J.R.;
Varadhan, R.; et al. Donor cell leukemia arising from clonal hematopoiesis after bone marrow transplantation. Leukemia 2016, 30,
1916–1920. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.3390/biomedicines14081679

https://doi.org/10.1073/pnas.51.1.29
https://www.ncbi.nlm.nih.gov/pubmed/14104600
https://pmc.ncbi.nlm.nih.gov/articles/PMC300599
https://doi.org/10.1038/35102167
https://www.ncbi.nlm.nih.gov/pubmed/11689955
https://doi.org/10.1038/367645a0
https://www.ncbi.nlm.nih.gov/pubmed/7509044
https://doi.org/10.1038/labinvest.3700488
https://www.ncbi.nlm.nih.gov/pubmed/17075578
https://doi.org/10.1038/nri2017
https://www.ncbi.nlm.nih.gov/pubmed/17259968
https://doi.org/10.1172/JCI41495
https://www.ncbi.nlm.nih.gov/pubmed/21157036
https://pmc.ncbi.nlm.nih.gov/articles/PMC3007135
https://doi.org/10.1038/nature12626
https://www.ncbi.nlm.nih.gov/pubmed/24048067
https://doi.org/10.1038/s41580-019-0103-9
https://www.ncbi.nlm.nih.gov/pubmed/30745579
https://pmc.ncbi.nlm.nih.gov/articles/PMC6483843
https://doi.org/10.1038/nature12984
https://www.ncbi.nlm.nih.gov/pubmed/24429631
https://doi.org/10.1007/s11912-020-0885-0
https://www.ncbi.nlm.nih.gov/pubmed/32048054
https://doi.org/10.1007/s11899-015-0255-4
https://www.ncbi.nlm.nih.gov/pubmed/25921388
https://doi.org/10.1080/10245332.2018.1486064
https://www.ncbi.nlm.nih.gov/pubmed/29902132
https://doi.org/10.2147/BLCTT.S511758
https://www.ncbi.nlm.nih.gov/pubmed/42199454
https://doi.org/10.1111/j.1365-2141.2008.07260.x
https://www.ncbi.nlm.nih.gov/pubmed/18564358
https://doi.org/10.1586/ehm.10.32
https://www.ncbi.nlm.nih.gov/pubmed/21083034
https://pmc.ncbi.nlm.nih.gov/articles/PMC3426446
https://doi.org/10.1038/leu.2016.23
https://www.ncbi.nlm.nih.gov/pubmed/26867671
https://doi.org/10.1038/s41375-018-0218-6
https://www.ncbi.nlm.nih.gov/pubmed/30050122
https://doi.org/10.1038/s41409-020-01163-z
https://www.ncbi.nlm.nih.gov/pubmed/33268829
https://doi.org/10.1038/s41409-021-01214-z
https://www.ncbi.nlm.nih.gov/pubmed/33686252
https://doi.org/10.1038/leu.2013.278
https://www.ncbi.nlm.nih.gov/pubmed/24067491
https://doi.org/10.1038/leu.2016.63
https://www.ncbi.nlm.nih.gov/pubmed/26975880
https://pmc.ncbi.nlm.nih.gov/articles/PMC5014666
https://doi.org/10.3390/biomedicines14081679


Biomedicines 2026, 14, 1679 15 of 25

23. Frick, M.; Chan, W.; Arends, C.M.; Hablesreiter, R.; Halik, A.; Heuser, M.; Michonneau, D.; Blau, O.; Hoyer, K.; Christen, F.; et al.
Role of Donor Clonal Hematopoiesis in Allogeneic Hematopoietic Stem-Cell Transplantation. J. Clin. Oncol. Off. J. Am. Soc. Clin.
Oncol. 2019, 37, 375–385. [CrossRef] [PubMed]

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

25. Witkowski, M.T.; Kousteni, S.; Aifantis, I. Mapping and targeting of the leukemic microenvironment. J. Exp. Med. 2020,
217, e20190589. [CrossRef] [PubMed] [PubMed Central]

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

27. Colmone, A.; Amorim, M.; Pontier, A.L.; Wang, S.; Jablonski, E.; Sipkins, D.A. Leukemic cells create bone marrow niches that
disrupt the behavior of normal hematopoietic progenitor cells. Science 2008, 322, 1861–1865. [CrossRef] [PubMed]

28. Ishikawa, F.; Yoshida, S.; Saito, Y.; Hijikata, A.; Kitamura, H.; Tanaka, S.; Nakamura, R.; Tanaka, T.; Tomiyama, H.; Saito, N.; et al.
Chemotherapy-resistant human AML stem cells home to and engraft within the bone-marrow endosteal region. Nat. Biotechnol.
2007, 25, 1315–1321. [CrossRef] [PubMed]

29. Aldoss, I.; Clark, M.; Marcucci, G.; Forman, S.J. Donor derived leukemia in allogeneic transplantation. Leuk. Lymphoma 2021, 62,
2823–2830. [CrossRef] [PubMed]

30. Aldoss, I.; Song, J.Y.; Curtin, P.T.; Forman, S.J. Multiple donor-derived leukemias in a recipient of allogeneic hematopoietic cell
transplantation for myeloid malignancy. Blood Adv. 2020, 4, 4798–4801. [CrossRef] [PubMed] [PubMed Central]

31. Goulard, M.; Dosquet, C.; Bonnet, D. Role of the microenvironment in myeloid malignancies. Cell. Mol. Life Sci. CMLS 2018, 75,
1377–1391. [CrossRef] [PubMed] [PubMed Central]

32. Geyh, S.; Oz, S.; Cadeddu, R.P.; Fröbel, J.; Brückner, B.; Kündgen, A.; Fenk, R.; Bruns, I.; Zilkens, C.; Hermsen, D.; et al. Insufficient
stromal support in MDS results from molecular and functional deficits of mesenchymal stromal cells. Leukemia 2013, 27, 1841–1851.
[CrossRef] [PubMed]

33. Ferrer, R.A.; Wobus, M.; List, C.; Wehner, R.; Schönefeldt, C.; Brocard, B.; Mohr, B.; Rauner, M.; Schmitz, M.; Stiehler, M.; et al.
Mesenchymal stromal cells from patients with myelodyplastic syndrome display distinct functional alterations that are modulated
by lenalidomide. Haematologica 2013, 98, 1677–1685. [CrossRef] [PubMed] [PubMed Central]

34. Geyh, S.; Rodríguez-Paredes, M.; Jäger, P.; Koch, A.; Bormann, F.; Gutekunst, J.; Zilkens, C.; Germing, U.; Kobbe, G.; Lyko, F.; et al.
Transforming growth factor β1-mediated functional inhibition of mesenchymal stromal cells in myelodysplastic syndromes and
acute myeloid leukemia. Haematologica 2018, 103, 1462–1471. [CrossRef] [PubMed] [PubMed Central]

35. Santamaría, C.; Muntión, S.; Rosón, B.; Blanco, B.; López-Villar, O.; Carrancio, S.; Sanchez-Guijo, F.M.; Diez-Campelo, M.; Alvarez-
Fernandez, S.; Sarasquete, M.E.; et al. Impaired expression of DICER, DROSHA, SBDS and some microRNAs in mesenchymal
stromal cells from myelodysplastic syndrome patients. Haematologica 2012, 97, 1218–1224. [CrossRef] [PubMed] [PubMed Central]

36. Ozdogan, H.; Gur Dedeoglu, B.; Oztemur Islakoglu, Y.; Aydos, A.; Kose, S.; Atalay, A.; Yegin, Z.A.; Avcu, F.; Uckan Cetinkaya, D.;
Ilhan, O. DICER1 gene and miRNA dysregulation in mesenchymal stem cells of patients with myelodysplastic syndrome and
acute myeloblastic leukemia. Leuk. Res. 2017, 63, 62–71. [CrossRef] [PubMed]

37. Zhao, Y.; Wu, D.; Fei, C.; Guo, J.; Gu, S.; Zhu, Y.; Xu, F.; Zhang, Z.; Wu, L.; Li, X.; et al. Down-regulation of Dicer1 promotes
cellular senescence and decreases the differentiation and stem cell-supporting capacities of mesenchymal stromal cells in patients
with myelodysplastic syndrome. Haematologica 2015, 100, 194–204. [CrossRef] [PubMed] [PubMed Central]

38. Kode, A.; Manavalan, J.S.; Mosialou, I.; Bhagat, G.; Rathinam, C.V.; Luo, N.; Khiabanian, H.; Lee, A.; Murty, V.V.; Friedman,
R.; et al. Leukaemogenesis induced by an activating β-catenin mutation in osteoblasts. Nature 2014, 506, 240–244. [CrossRef]
[PubMed] [PubMed Central]

39. Kode, A.; Mosialou, I.; Manavalan, S.J.; Rathinam, C.V.; Friedman, R.A.; Teruya-Feldstein, J.; Bhagat, G.; Berman, E.; Kousteni, S.
FoxO1-dependent induction of acute myeloid leukemia by osteoblasts in mice. Leukemia 2016, 30, 1–13. [CrossRef] [PubMed]
[PubMed Central]

40. Bhagat, T.D.; Chen, S.; Bartenstein, M.; Barlowe, A.T.; Von Ahrens, D.; Choudhary, G.S.; Tivnan, P.; Amin, E.; Marcondes, A.M.;
Sanders, M.A.; et al. Epigenetically Aberrant Stroma in MDS Propagates Disease via Wnt/β-Catenin Activation. Cancer Res. 2017,
77, 4846–4857. [CrossRef] [PubMed] [PubMed Central]

41. Hu, Y.; Chen, Y.; Douglas, L.; Li, S. Beta-Catenin is essential for survival of leukemic stem cells insensitive to kinase inhibition in
mice with BCR-ABL-induced chronic myeloid leukemia. Leukemia 2009, 23, 109–116. [CrossRef] [PubMed]

42. Luis, T.C.; Naber, B.A.E.; Roozen, P.P.C.; Brugman, M.H.; de Haas, E.F.E.; Ghazvini, M.; Fibbe, W.E.; van Dongen, J.J.; Fodde,
R.; Staal, F.J. Canonical wnt signaling regulates hematopoiesis in a dosage-dependent fashion. Cell Stem Cell 2011, 9, 345–356.
[CrossRef] [PubMed]

https://doi.org/10.3390/biomedicines14081679

https://doi.org/10.1200/JCO.2018.79.2184
https://www.ncbi.nlm.nih.gov/pubmed/30403573
https://doi.org/10.1182/blood-2017-12-784132
https://www.ncbi.nlm.nih.gov/pubmed/29487069
https://doi.org/10.1084/jem.20190589
https://www.ncbi.nlm.nih.gov/pubmed/31873722
https://pmc.ncbi.nlm.nih.gov/articles/PMC7041707
https://doi.org/10.1038/nature08851
https://www.ncbi.nlm.nih.gov/pubmed/20305640
https://pmc.ncbi.nlm.nih.gov/articles/PMC3422863
https://doi.org/10.1126/science.1164390
https://www.ncbi.nlm.nih.gov/pubmed/19095944
https://doi.org/10.1038/nbt1350
https://www.ncbi.nlm.nih.gov/pubmed/17952057
https://doi.org/10.1080/10428194.2021.1929966
https://www.ncbi.nlm.nih.gov/pubmed/34713775
https://doi.org/10.1182/bloodadvances.2020002803
https://www.ncbi.nlm.nih.gov/pubmed/33022063
https://pmc.ncbi.nlm.nih.gov/articles/PMC7556138
https://doi.org/10.1007/s00018-017-2725-4
https://www.ncbi.nlm.nih.gov/pubmed/29222645
https://pmc.ncbi.nlm.nih.gov/articles/PMC5852194
https://doi.org/10.1038/leu.2013.193
https://www.ncbi.nlm.nih.gov/pubmed/23797473
https://doi.org/10.3324/haematol.2013.083972
https://www.ncbi.nlm.nih.gov/pubmed/23716561
https://pmc.ncbi.nlm.nih.gov/articles/PMC3815166
https://doi.org/10.3324/haematol.2017.186734
https://www.ncbi.nlm.nih.gov/pubmed/29773599
https://pmc.ncbi.nlm.nih.gov/articles/PMC6119130
https://doi.org/10.3324/haematol.2011.054437
https://www.ncbi.nlm.nih.gov/pubmed/22371183
https://pmc.ncbi.nlm.nih.gov/articles/PMC3409820
https://doi.org/10.1016/j.leukres.2017.10.006
https://www.ncbi.nlm.nih.gov/pubmed/29102598
https://doi.org/10.3324/haematol.2014.109769
https://www.ncbi.nlm.nih.gov/pubmed/25361944
https://pmc.ncbi.nlm.nih.gov/articles/PMC4803146
https://doi.org/10.1038/nature12883
https://www.ncbi.nlm.nih.gov/pubmed/24429522
https://pmc.ncbi.nlm.nih.gov/articles/PMC4116754
https://doi.org/10.1038/leu.2015.161
https://www.ncbi.nlm.nih.gov/pubmed/26108693
https://pmc.ncbi.nlm.nih.gov/articles/PMC4691220
https://doi.org/10.1158/0008-5472.CAN-17-0282
https://www.ncbi.nlm.nih.gov/pubmed/28684528
https://pmc.ncbi.nlm.nih.gov/articles/PMC5600853
https://doi.org/10.1038/leu.2008.262
https://www.ncbi.nlm.nih.gov/pubmed/18818703
https://doi.org/10.1016/j.stem.2011.07.017
https://www.ncbi.nlm.nih.gov/pubmed/21982234
https://doi.org/10.3390/biomedicines14081679


Biomedicines 2026, 14, 1679 16 of 25

43. Stoddart, A.; Wang, J.; Fernald, A.A.; Davis, E.M.; Johnson, C.R.; Hu, C.; Cheng, J.X.; McNerney, M.E.; Le Beau, M.M. Cytotoxic
Therapy-Induced Effects on Both Hematopoietic and Marrow Stromal Cells Promotes Therapy-Related Myeloid Neoplasms.
Blood Cancer Discov. 2020, 1, 32–47. [CrossRef] [PubMed] [PubMed Central]

44. Kutyna, M.M.; Kok, C.H.; Lim, Y.; Tran, E.N.H.; Campbell, D.; Paton, S.; Thompson-Peach, C.; Lim, K.; Cakouros, D.; Arthur,
A.; et al. A senescence stress secretome is a hallmark of therapy-related myeloid neoplasm stromal tissue occurring soon after
cytotoxic exposure. Leukemia 2022, 36, 2678–2689. [CrossRef] [PubMed]
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