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Abstract: Acute myeloid leukemia (AML) is a devastating disease characterized by exten-
sive inter-patient and intra-patient heterogeneity. Despite the introduction of intensive
chemotherapy in the 1970s as the standard treatment, the development of mechanism-based
targeted therapies since 2017 has been broadening the therapeutic landscape. However,
both chemotherapy and targeted therapies continue to face the challenges of primary and
secondary resistance. This review summarizes the mechanisms underlying resistance
to chemotherapy and targeted therapies in AML and discusses the opportunities and
challenges brought by the transition from chemotherapy to precision medicine.
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1. Introduction

Acute myeloid leukemia (AML) is a clonal malignancy of hematopoietic stem/progenitor
cells caused by somatic mutations, characterized by uncontrolled proliferation and im-
paired differentiation of myeloid cells [1,2]. AML can develop at any age but predominantly
affects older adults, with the median age of diagnosis of 68 years; over two-thirds of pa-
tients are aged 55 and above [3]. Currently, the five-year survival rate for AML patients
is approximately 30-35% [4], whereas for those over 60 years old, the cure rate drops
to 5-15% [4,5].

Current management of AML relies on intensive chemotherapy (e.g., the “7 + 3” regimen,
which consists of 7-10 days of cytarabine and 3 days of daunorubicin), targeted agents, and
allogeneic hematopoietic stem cell transplantation (allo-HSCT). However, the traditional
“7 + 3” regimen shows limited efficacy, with complete remission (CR) rates of ~50% and
a two-year overall survival (OS) of 20% in intermediate-/adverse-risk patients, and its
tolerability is limited in older and less fit patients [6,7]. In contrast, CPX-351, a liposomal
formulation with a fixed 5:1 cytarabine: daunorubicin molar ratio, optimizes drug delivery
by prolonging bone marrow exposure (>24 h) and enhancing leukemic cell uptake [8]. It
received FDA approval in 2017 as the first AML-specific liposomal chemotherapeutic agent
for frontline therapy in secondary AML based on phase III trial results (NCT01696084).
This trial validated its superior efficacy compared to the “7 + 3” regimen in therapy-related
AML (t-AML, a high-risk subtype associated with prior cytotoxic therapy) and AML with
myelodysplasia-related changes (AML-MRC), demonstrating a 3.61-month median OS
improvement (9.56 vs. 5.95 months; one-sided p = 0.003) and an 18.8% increase in two-year
survival (31.1% vs. 12.3%) [9].
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Mechanistic studies have led to the approval of 10 novel targeted therapies by the
U.S. Food and Drug Administration (FDA) in the past 8 years (Table 1). These thera-
pies [10] include FMS-like tyrosine kinase 3 (FLT3) inhibitors (e.g., midostaurin, gilteritinib,
quizartinib), isocitrate dehydrogenase 1 (IDH1) inhibitors (e.g., ivosidenib, olutasidenib),
isocitrate dehydrogenase 2 (IDH2) inhibitor (enasidenib), hedgehog pathway inhibitor
(glasdegib), anti-CD33 antibody-drug conjugate (Gemtuzumab Ozogamicin, GO), menin
inhibitor (revumenib), and B-cell lymphoma 2 (BCL2) inhibitor (venetoclax). These targeted
therapies, either as monotherapies or in combination with chemotherapy, have significantly
improved survival outcomes [11].

Table 1. Several FDA-approved targeted therapies for AML.

Drug

Target

Date of

Approval Monotherapy Combination Patient Types

Midostaurin

FLT3

Standard cytarabine +
daunorubicin Newly diagnosed AML that is
induction + cytarabine FLT3-mutation-positive
consolidation

28 April 2017

Gilteritinib

FLT3

Adult patients who have relapsed
28 November 2018 Vv or refractory AML with an
FLT3 mutation

Quizartinib

FLT3

Standard cytarabine +
anthracycline
induction + cytarabine
consolidation

Adult patients with newly
diagnosed AML that is
FLT3 ITD-positive

20 July 2023

Ivosidenib

IDH1

Adult patients with relapsed or
20 July 2018 Vv refractory AML with a susceptible
IDHI mutation
Adult patients with newly
diagnosed AML who are >75 years
2 May 2019 Vv old or who have comorbidities that
preclude the use of intensive
induction chemotherapy

Olutasidenib

IDH1

Adult patients with relapsed or
1 December 2022 Vv refractory AML with a susceptible
IDHI mutation

Enasidenib

IDH2

Adult patients with relapsed or
1 August 2017 Vv refractory AML with an
IDH?2 mutation

Venetoclax

BCL2

Newly diagnosed AML in adults
Azacitidine or who are age 75 years or older, or
21 November 2018 decitabine or who have comorbidities that
low-dose cytarabine preclude the use of intensive
induction chemotherapy

Gemtuzumab
Ozogamicin

CD33

Newly diagnosed CD33-positive
AML in adults
Relapsed or refractory
1 September 2017 4 CD33—positiV§ AML in. adults and
in pediatric patients
2 years and older
Daunorub}cm * Newly diagnosed, de novo AML
cytarabine
Newly diagnosed CD33-positive
16 June 2020 Vv AML in adults and pediatric
patients 1 month and older
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Table 1. Cont.

Date of - .
Drug Target Approval Monotherapy Combination Patient Types
Adult patients who are >75 years
Glasdegib Hedgehog 21 November 2018 Low-dose cytarabine old or who have com01tb1d1t1§s that
pathway preclude the use of intensive
induction chemotherapy
Relapsed or refractory acute
Revumenib Menin 15 November 2024 Vv leukemia with a KMT24 gene

translocation in adult and pediatric
patients 1 year and older

Abbreviations: FLT3, FMS-like tyrosine kinase 3; ITD, internal tandem duplication; IDH1, isocitrate dehydrogenase
1; IDH2, isocitrate dehydrogenase 2; KMT2A, lysine methyltransferase 2A.

Beside targeted therapies, the recent approval of oral hypomethylating agents
(HMAs)—notably FDA /European Medicines Agency (EMA)-approved oral azacitidine
and EMA-approved oral decitabine [12]—has also expanded therapeutic options for AML.
These agents have emerged as pivotal components in combination regimens due to their
dual advantages: (i) ease of administration, (ii) synergistic activity with other therapies.
Clinically, these agents are prioritized for elderly or medically unfit patients ineligible
for intensive chemotherapy, typically combined with BCL-2 inhibitors (e.g., venetoclax)
or low-dose chemotherapy, with proven efficacy in improving clinical outcomes across
multiple trials [13].

Although targeted therapies offer reduced off-target effects compared to traditional
chemotherapy;, their specificity on a single target renders them vulnerable to the develop-
ment of resistance [14]. Consequently, relapse remains a major challenge in AML manage-
ment. This review summarizes the mechanisms driving resistance to chemotherapy and
targeted therapies, providing insights into strategies for optimizing treatment approaches.

2. Chemotherapy Resistance Mechanisms

Chemotherapy can induce complete remission (CR) in most AML patients; however,
approximately two-thirds of these patients relapse within 18 months due to drug resistance,
which significantly limits treatment efficacy [15]. Chemotherapy resistance is associated
with a range of factors, including both genetic and non-genetic mechanisms such as epi-
genetic changes, cellular states (here we discuss leukemia stem cells (LSCs)), metabolic
reprogramming, and alterations in the bone marrow microenvironment [16] (Figure 1).

2.1. Gene Mutations and Clonal Heterogeneity

Clonal heterogeneity is a key contributor to chemotherapy resistance and relapse in
AML. Pediatric AML, which exhibits lower genetic heterogeneity than adult AML, has a
significantly higher five-year survival rate (~68% vs. <30%) [17]. Single-cell sequencing
and deep genomic analysis have revealed that AML follows a dynamic clonal evolution
model, where early mutations are present in most cancer cells and are referred to as
clonal mutations, whereas late mutations are confined to subpopulations of cancer cells,
termed subclonal mutations [18]. Relapse occurs when chemotherapy fails to eradicate
dominant clones or rare subclones [19,20]. A recent study indicates that resistant clones may
preexist before treatment and drive relapse without acquiring additional mutations [21].
Interestingly, chemotherapy stress not only shapes the clonal evolution of cancer cells but
also promotes the expansion of hematopoietic stem/progenitor cells (HSPCs) harboring
age-related TP53 heterozygous mutations, predisposing patients to t-AML [22].
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Figure 1. Chemotherapy resistance mechanisms in AML, divided into three main categories: genetic
mutations, leukemia stem cells (LSCs), and the bone marrow microenvironment (BMM). Genetic
mutations (e.g., MLL, FLT3-ITD, DNMT3A) alter cell proliferation, apoptosis, and survival signaling,
contributing to resistance. LSCs, with their self-renewal and drug resistance properties, serve as a
key source of resistance. The BMM exacerbates resistance through immune evasion, cell signaling,
and nutrient support mechanisms. 1: upregulation; |: downregulation.

During AML progression, mutations in epigenetics regulators (e.g., DNA methylation-
related genes DNMT3A, TET2, and IDH1/2), RNA splicing factors (e.g., SRSF2, U2AF1, and
SF3B1), and chromatin modifiers (e.g., ASXL1, EZH2, and BCOR) often occur early [18],
affecting self-renewal and differentiation, whereas mutations in signaling pathway genes
(e.g., NRAS, KRAS, KIT, PTPN11, and FLT3) arise later [18]. As somatic mutations can
be readily assessed with current techniques, the latest clinical prognostic standards for
AML (ELN 2022) [23] primarily rely on genetic profiling, which remains vital for predicting
chemotherapy response. Certain mutations are closely associated with chemotherapy
(Table 2). Some of them are also associated with poorer survival in elderly AML patients
treated with intensive chemotherapy [24].

Tumor protein (TP53) mutations are one of the worst poor prognosis markers of AML,
often found coexisting with complex karyotypes, disrupting DNA damage repair and
apoptosis, thus rendering AML cells resistant to chemotherapy-induced apoptosis [25]. The
enhanced genomic instability induced by the TP53 mutation accelerates the generation and
expansion of resistant clones [22]. Mutant TP53 also synergizes with oncogenic NRAS to
induce systemic inflammation by downregulating GATA-binding protein 2 (GATA2), which
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downregulates inflammatory gene expression. Inflammation is involved in chemoresistance
and further worsens outcomes [26]. Additionally, elderly patients with AML have an
increased probability of RAS pathway activation when compared with their younger

counterparts [27]. RAS mutant clones were shown to be selected by chemotherapy [10].

Table 2. Mutations inducing chemotherapy resistance.

Mutation Resistance Mechanisms Clinical Impact
Disrupts DNA dar.n.age repair apd apoptos1s pathways. . Poor prognosis marker.
Induces genomic instability, accelerating resistant clone expansion. . .
TP53 . : . . Associated with complex karyotypes.
Synergizes with NRAS to promote inflammation Worse outcomes in elderly pationts
via GATA2 downregulation. yP '
Mutant clones selected under chemotherapy pressure. Higher activation frequency in elderly
RAS . . . . . . AML patients.
Synergizes with TP53 to induce inflammation and chemoresistance. Contri
ontributes to poor outcomes.
Fusion proteins (e‘g.,'MLL-AF9) activate HOXA9 / MEIS1 via Prevalent in ~23% of t-AML.
MLL DOT1L-mediated H3K79 hypermethylation. Drives relapse through survival
Upregulates EMT-related genes (SNAIL, TWIST), p . & .
o . pathway activation.
enhancing invasiveness.
Drives clonal expansion with increased allele burden at relapse. Independent prognostic factor for
FLT3-ITD Persists post-chemotherapy, dominating relapse chemotherapy failure.
P Py, g relapse. Strongly associated with poor survival.
Neomorphic production of (R)-2-HG inhibits x-KG-dependent enzymes Early acquisition and stable retention
IDH1/2 (TET2, Jumonji demethylases), causing epigenetic dysregulation. during progression.
Promotes leukemic stem cell survival. Drives relapse and chemoresistance.
Causes global hypomethylation and focal promoter hypermethylation.
R882H mutation i:;gﬁéiig cljizs/el;]s?cgll tgathway, reducing Higher relapse rates and reduced OS.
DNMT3A Synergizes with NPM1c/FLT3-ITD to upregulate anti-apoptotic genes R882H associated with Poor outcomes in
. . . younger patients.
and disrupt chromatin remodeling.
Promotes TWIST1 expression, facilitating extramedullary infiltration.
Truncation mutations disrupt PRC2-mediated H3K27 methylation, Associated with poor prognosis
ASXL1 sustaining LSCs in an undifferentiated state. and chemoresistance.

Synergizes with CEBPA mutations to suppress ribosome biogenesis,
DNA damage response, and immune activation.

Accelerates AML progression in synergy
with other mutations.

Rearrangements of lysine methyltransferase 2A (KMT2A, also known as mixed lineage
leukemia (MLL)) are prevalent in about 23% of t-AML, which is characterized by hetero-
geneity and chemotherapy resistance [22]. The fusion proteins (e.g., MLL-AF9) typically
activate the HOXA9 and MEIS1 genes through DOT1L-mediated abnormal H3K79 histone
methylation [28,29]. MLL rearrangements also enhance cell invasiveness by upregulating
EMT-related genes, such as Snail family transcriptional repressor (SNAIL) and Twist family
bHLH transcription factor 1 (TWIST) [30]. These signature genes activated by MLL fusion
prevent AML cells from chemotherapy-induced cell death and contribute to disease relapse.

FMS-like tyrosine kinase 3 with internal tandem duplication (FLT3-ITD) mutation is
a key driver of acute leukemia progression [31], strongly associated with poor survival
and chemotherapy resistance [32]. Its acquisition at relapse is an independent prognostic
factor for chemotherapy failure [31,33]. In most patients with FLT3-ITD at diagnosis, the
mutation persists at relapse, with an increased allele burden, suggesting clonal expansion
of the FLT3-ITD subclone that dominates relapse [31].

In addition to FLT3-ITD, IDH1/2 mutations also play a critical role in chemoresis-
tance. IDH1/2 mutations confer neomorphic activity that enables the production of (R)-2-
hydroxyglutarate (R-2-HG), an oncometabolite that accumulates to supraphysiological lev-
els. R-2-HG competitively inhibits «-ketoglutarate (x-KG)-dependent dioxygenases, includ-



Int. J. Mol. Sci. 2025, 26, 4005

6 of 26

ing TET2 and Jumonji domain-containing histone demethylases, resulting in widespread
epigenetic dysregulation and promoting leukemic transformation [34]. Acquired early in
leukemogenesis, IDH1/2 mutations are stably retained throughout disease progression,
contributing to chemoresistance by enabling the survival of leukemic stem cells and driving
disease relapse [35].

DNA hypomethylation is juxtaposed with focal promoter hypermethylation, alter-
ations strongly associated with increased relapse rates and reduced OS rates [36]. These
mutations disrupt normal hematopoietic stem cell (HSC) differentiation, promoting trans-
formation into chemotherapy-resistant LSCs that underlie disease persistence and recur-
rence [37]. Cells carrying DNA methyltransferase 3 alpha (DNMT3A) mutations demon-
strate resistance to conventional chemotherapy [38]. The R§82H mutation, in particular,
may decrease daunorubicin sensitivity by activating the nuclear factor erythroid 2-related
factor 2 (NRF2)/NAD(P)H quinone dehydrogenase 1 (NQO1) pathway, which regulates
cell proliferation and apoptosis [39]. Furthermore, the R882 mutation synergizes with nucle-
ophosmin 1 mutated cytoplasmic (NPM1c) and FLT3-ITD mutations to enhance resistance
by upregulating anti-apoptotic genes and disrupting chromatin remodeling [40]. Addi-
tionally, DNMT3A mutations promote Twist family bHLH transcription factor 1 (TWIST1)
expression, facilitating extramedullary infiltration of AML cells, thereby compromising
treatment efficacy [38]. The clinical impact of DNMT3A mutations exhibits age-related
heterogeneity, with the R882 variant conferring particularly adverse outcomes in younger
patients [41], while the functional consequences of non-hotspot mutations remain an active
area of investigation.

Likewise, additional sex comb-like 1 (ASXL1) mutations are associated with chemother-
apy resistance and poor prognosis [42]. ASXLI truncation mutations disrupt Polycomb
Repressive Complex 2 (PRC2)-mediated H3K27 methylation, leading to DNA and histone
demethylation, which sustains the undifferentiated and proliferative state of LSCs [43]. Fur-
thermore, ASXL1 mutations can synergistically accelerate AML progression, especially in
the presence of other mutations. For example, in the presence of CCAAT /enhancer-binding
protein alpha (CEBPA) mutations, the ASXL1-G643W variant accelerates AML progression
and chemotherapy resistance by downregulating key leukemia-related pathways, includ-
ing ribosome biosynthesis, regulation of DNA damage response via p53 mediators, and
immune activation [42].

Comparative genomics and epigenomics studies on paired AML samples at diagnosis
and relapse revealed that genetic and epigenetic alterations typically progress following in-
dependent kinetics only with some intermediate situations [16,44]. Certain mutations (e.g.,
DNMT3A R882H) not only drive the clonal evolution of AML but also enhance chemore-
sistance by modulating chromatin accessibility [39]. While mutant clonal heterogeneity
alone does not necessarily correlate with prognosis, increased epigenetic heterogeneity
may portend a poorer outcome [44]. As only a few genetic events are conclusively tied to
relapse, the importance of non-genetic mechanisms is drawing growing attention.

2.2. Leukemia Stem Cells (LSCs) and Multidimensional Networks

LSCs reside at the apex of the AML's hierarchy structure and share features with HSCs,
including self-renewal and a quiescent cell cycle [45]. These properties make LSCs a major
non-genetic source of resistance and relapse [37]. Indeed, LSC-associated signature genes
are substantially enriched in post-chemotherapy relapse samples [46]. Many of them are
directly involved in chemo-resistance [47].

For instance, CD32 and CD25 regulate LSC quiescence and resistance [48], while neural
cell adhesion molecule 1 (NCAM1/CD56) supports LSC survival via MAPK [49]. LSCs
exhibit strong bone marrow repopulation potential and drug resistance, enabling them
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to rapidly expel chemotherapeutic agents via ATP-binding cassette subfamily B member
1 (ABCB1)-mediated efflux, thereby diminishing the effectiveness of treatment [50,51]. This
drug efflux capacity plays a crucial role in chemotherapy resistance and minimal residual
disease in AML [51]. Notably, in pediatric AML, ATP-binding cassette subfamily A member
3 (ABCA3) overexpression in LSC also contributes to chemotherapy resistance [52,53].
Furthermore, studies have shown that drug transporters, when expressed on cells with
stem cell-like phenotypes, can confer drug resistance, thereby facilitating the selection and
expansion of these cells during treatment [54]. Thus, characterization of LSC markers could
offer potential targets to overcome chemoresistance [55].

Unlike more mature, glycolysis-dependent AML blasts, quiescent LSCs demand less
energy and rely on mitochondrial oxidative phosphorylation (OXPHOS) with low reactive
oxygen species (ROS) levels, a property utilized as a sorting marker to isolate LSCs from
blasts [56-58]. AML cells fueled by OXPHOS often resist chemotherapy [59]. Metabolism
pathways are intimately linked to drug resistance. For example, the loss of growth arrest
and DNA-damage-inducible 45 alpha (GADD45A) increases resistance to ferroptosis by
reducing ROS levels [60]. Moreover, circFAM193B interacts with arginine methyltransferase
(PRMT®6) to enhance H3R2me2a modification, thus activating the transcription of lipid
peroxidation factor (ALOX15). It is downregulated in LSCs to maintain the balance of
metabolism and redox under chemotherapy and supports survival [61]. In newly diagnosed
AML, LSCs primarily utilize amino acid metabolism, but in relapse, they shift to fatty
acid metabolism to compensate for OXPHOS and meet elevated energy demands [57].
Mitochondrial fission 1 (FIS1) is also upregulated in LSCs, promoting mitophagy to preserve
stemness [58] and associating with poor outcome [62].

Multiple signaling pathways regulate LSC function [63]. PI3K/AKT activation pro-
motes LSC drug resistance by elevating miR-126 [64], and phosphoinositide 3-kinase
gamma (PI3Ky)-AKT signaling promotes nuclear factor erythroid 2-related factor 2 (NRF2)
nuclear accumulation, which induces 6-phosphogluconate dehydrogenase (PGD) and the
pentose phosphate pathway, thereby maintaining LSC stemness [65]. Additionally, the
maintenance of LSCs has been shown to be dependent on Hedgehog (HH) signaling [66].
Hedgehog-glioma-associated oncogene homolog (HH-GLI) pathway dysregulation can
modify cell proliferation and survival by lowering GLI3 [67].

Elucidating LSC biology has helped illuminate AML’s non-genetic chemo-resistance
mechanisms. Targeting the specialized metabolic, epigenetic, and signaling features of
LSCs in combination with chemotherapy may significantly improve therapeutic efficacy.

2.3. Bone Marrow Niche and Stromal Components

The bone marrow microenvironment (BMM), consisting of stromal and hematopoietic
cell interaction, is crucial for maintaining the survival and function of hematopoietic
cells. This specialized milieu is known as the niche. HSCs primarily self-renew within the
bone marrow (BM) niche, while other blood cells use the spleen or lymph nodes as their
niche. Similar to the preference of quiescent HSCs for the endosteal BM niche, LSCs at
the leukemia initiating stage rely on wingless-type MMTYV integration site family (WNT)
signaling to engraft in the endosteal region of BM and then tend to colonize the central BM
niche as the disease worsens [68]. HSCs and LSCs located in the endosteal niche often show
more chemoresistance [69]. The BMM grants a ‘safe haven’ for LSCs, protecting them from
chemotherapy via providing survival and proliferative signals, and enabling the following
selection for secondary genetic mutations [70,71]. AML cells, in turn, manipulate the BM
niche to favor their own survival. For instance, AML blasts release BMP6, which induces
ID1 expression in BMM cells, especially mesenchymal stem cells (MSCs). ID1 then interacts
with ring finger protein 4 (RNF4), an E3 ubiquitin ligase, curtails specificity protein 1 (SP1)
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ubiquitination, and increases the expression and secretion of angiopoietin-like protein
7 (ANGPTL?), thus advancing AML [72]. Here, we discuss the roles of specific BMM
stromal cell populations such as MSCs, osteoblasts, and osteoclasts in chemoresistance.

2.3.1. Mesenchymal Stem Cells (MSCs)

Abnormal proliferation of myeloid cells, malignant or otherwise, can cause the over-
production of proinflammatory cytokines like IL-6 and TNFe [73,74]. In myelodysplastic
syndromes (MDSs), upregulated pro-inflammatory cytokines appear in bone marrow
MSCs [75]. MDS cells can reprogram MSCs in the niche, activating cytokine production
that propagates disease [76]. Co-culture experiments indicate that MSCs respond to AML
cells by increasing the expression of IL-6, CCL2, and vascular cell adhesion molecule-
1 (VCAM-1). In an autocrine manner, VCAM-1 can activate NF-«B via its receptor, very
late antigen-4 (VLA-4, o431 integrin), to promote AML cells survival and confer chemore-
sistance on them [77]. High levels of VLA-4 on AML cells can also lessen chemotherapy
sensitivity by binding fibronectin in the bone marrow [78,79]. MSC-derived VCAM-1"s
role in AML still needs deeper investigation. Moreover, AML cells form connexin-43
(CX43)-based gap junctions with MSCs, and this physical connection can reprogram MSC
into AML-MSC via altering its transcriptomes and secretomes in a pro-leukemia direction.
Interrupting AML-MSCs crosstalk with lercanidipine can heighten the efficacy of both
chemotherapy and targeted agents [80].

Interestingly, not all AML-MSC-mediated effects are pro-tumor. Knockout of Lama4,
a key cell matrix adhesion molecule upregulated in mice AML-MSCs [81], impairs
hematopoiesis recovery accompanied by alterations in the BM niche after irradiation.
Unexpectedly, inhibiting or silencing Lama4 in human and mouse MSCs promotes AML
progression and chemoresistance, underscoring the complex effects of MSC remodeling
in AML [82].

2.3.2. Osteoblasts and Osteoclasts

As critical components of the HSC niche, both osteoblasts and osteoclasts play essen-
tial roles in maintaining normal hematopoiesis [83]. Notably, expression of a constitutively
active B-catenin mutant in osteoblasts has been shown to shift HSC differentiation to-
ward the myeloid lineage and promote AML development. Meanwhile, transplantation
of wild-type bone marrow into lethally irradiated mice expressing the 3-catenin mutant
was observed to induce AML [84]. These findings indicate osteoclasts as a niche compo-
nent for both LSCs and HSCs and suggest their potential involvement in chemoresistance.
The osteoblast-secreted factor osteopontin (OPN), which normally maintains HSC quies-
cence, is frequently overexpressed in AML bone marrow and correlates with poor clinical
outcomes [85]. While its putative role in chemoresistance warrants further investigation,
emerging evidence suggests complex bidirectional interactions between AML cells and
factors secreted by osteoblasts. AML cells also exploit peripheral serotonin signaling path-
ways to alter osteoblast function, forming a self-reinforcing cycle that sustains leukemic
proliferation [86]. Mechanistically, AML-derived kynurenine (Kyn) acts as an oncometabo-
lite and 5-hydroxytryptamine receptor 1B (HTR1B), which is a Gi-coupled receptor ligand
on osteoblasts, triggering the secretion of serum amyloid A (SAA). SAA then activates
indoleamine 2,3-dioxygenase 1 (IDO1), the rate-limiting enzyme for kynurenine synthe-
sis, redirecting tryptophan metabolism toward the kynurenine pathway. This positive
feedback loop amplifies Kyn production, thereby promoting AML progression [86]. Fur-
thermore, SAAl-mediated IDO1 upregulation has been demonstrated to accelerate AML
progression through immune evasion and tolerance [87]. Notably, clinically relevant stud-
ies reveal a characteristic reduction in osteoblast numbers within patient bone marrow
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and preservation of osteoblast populations appear to impede leukemia progression [88].
These paradoxical findings highlight the need to elucidate the precise mechanisms through
which AML cells interact with and reprogram osteoclasts to establish a pro-leukemic and
chemo-resistant microenvironment.

Preclinical AML models have revealed that Tscl deficiency in osteoclasts triggers
substantial interleukin-34 (IL-34) secretion. IL-34 then inhibits the Ras-ERK1/2 signaling
pathway via binding to the myeloid receptor 2 (TREM2) on AML cells, promoting their
differentiation and thus suppressing AML progression [89]. Conversely, ablation of IL-34 in
mouse models accelerates AML pathogenesis [89]. While preclinical evidence suggests
therapeutic potential for IL-34-mediated regulation, its clinical efficacy and translational
applicability necessitate rigorous validation in human trials.

2.4. Optimized Chemotherapy Strategies

The clinical utility of cytarabine and daunorubicin as backbone agents in AML therapy
is frequently undermined by complex resistance mechanisms. This therapeutic challenge
has driven the development of fludarabine-based combination strategies, where the fluori-
nated purine analog fludarabine enhances cytarabine efficacy through dual mechanisms: in-
tracellular Ara-CTP accumulation and DNA repair inhibition [90]. The FLAG regimen (flu-
darabine, cytarabine, G-CSF) has demonstrated particular efficacy in relapsed/refractory
AML, showing favorable response rates and tolerability profiles, especially in BM transplan-
tation candidates [91]. Further refinement through idarubicin incorporation (FLAG-Ida)
has established this as a standard induction approach for younger high-risk AML and MDS
patients, achieving superior CR rates with reduced relapse incidence [92].

Molecular subtype-specific therapeutic strategies show particular promise in core-
binding factor AML (CBF-AML), which is characterized by frequent co-occurring mutations
in FLT3, c-KIT, RAS, and other genes that confer adverse prognosis [10]. Importantly, the
FLAG-GO regimen (fludarabine/cytarabine/gemtuzumab ozogamicin) not only leverages
CD33-targeted synergy to improve clinical outcomes [93], but also appears to mitigate
the poor prognostic impact of high-risk molecular markers, including c-KIT mutations
(VAF > 25%), TET2 mutations, and FLT3-ITD, that typically predict inferior survival under
conventional “7 + 3” chemotherapy [10]. This suggests FLAG-GO’s enhanced antileukemic
activity may overcome the detrimental effects of these molecular aberrations. The unique
mechanistic profile of cladribine, inducing mitochondrial-mediated cell death in both prolif-
erating and quiescent populations, further supports its inclusion in regimens like cladribine,
cytarabine, and granulocyte colony-stimulating factor (CLAG) [94]. Ongoing investigation
into the chemoresistance-overcoming properties of these optimized combinations will be
crucial for advancing precision therapy paradigms in AML.

3. Targeted Therapy and Resistance Mechanisms

For decades, frontline AML treatment followed a one-size-fits-all strategy of cytarabine
combined with anthracycline (“7 + 3” regimen) [95]. Since 2012, hypomethylating agents
(HMAs) like azacitidine and decitabine have emerged as alternatives for patients unfit for
intensive chemotherapy [96]. With the growing understanding of AML biology, precision
medicine is ushering in a new era of AML treatment, shifting from chemotherapy toward
targeted therapies tailored to the genetic features of an individual patient. Over the
past 8 years, the FDA has approved 10 inhibitors targeting different drivers (e.g., BCL2,
FLT3, IDH1/IDH?2, and Menin) of AML. These agents are currently integrated into clinical
practice across multiple settings, as adjuncts of chemotherapy in first-line treatment, salvage
therapy for refractory or relapsed disease, and maintenance therapy during remission. Their
introduction has necessitated revisions to traditional clinical risk stratification systems. A
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notable example is the reclassification of FLT3-ITD mutations by the European LeukemiaNet
(ELN) guidelines. The FLT3-targeting multi-tyrosine kinase inhibitor (TKI) midostaurin has
demonstrated benefit in FLT3-ITD patients regardless of variant allelic frequency (VAF),
prompting the ELN to categorize all FLT3-ITD mutations as of intermediate risk irrespective
of VAF or co-existing NPM1 mutations in 2022 [23].

This evolving landscape suggests that further updates to risk stratification are likely im-
minent. While targeted drugs have significantly improved survival and response rates, they
share a fundamental limitation with conventional chemotherapy: the imposing of selective
pressure on malignant clones, driving inevitable evolution of resistance through resistant
clone expansion, epigenetic plasticity, metabolic reprogramming, and microenvironment-
mediated protection. Notably, unique on/off-target mutations create an additional dimen-
sion of resistance in targeted therapy.

3.1. Mutation-Specific Inhibitors
3.1.1. EMS-like Tyrosine Kinase 3 (FLT3) Inhibitors

FLT3, a type 3 receptor tyrosine kinase (RTK) belonging to the FMS-like tyrosine kinase
family, is widely expressed on AML blasts. FLT3-activating mutations (typically ITD in
25% of AML cases and tyrosine kinase domain (TKD) point mutations in ~5%) result in
constitutively activated FLT3 signaling independent of ligand binding, representing one of
the most prevalent driver mutations in AML with an overall incidence of ~30%. Among
these mutations, FLT3-ITD in the juxtamembrane domain disrupts autoinhibitory steric
hindrance [97], while FLT3-TKD stabilizes the active kinase conformation [98].

First-generation FLT3 inhibitors (e.g., midostaurin, sorafenib, lestaurtinib), as broad-
spectrum tyrosine kinase inhibitors (TKIs), exhibit limited and transient antileukemic
activity when administered as monotherapy. However, early reports [99] and the RATIFY
trial [100] demonstrated synergy between midostaurin and standard induction chemother-
apy, leading to its FDA approval in 2017 as a first-line therapy for FLT3-ITD/TKD AML.
Despite this advancement, resistance and relapse remain major challenges. Early in vitro
studies using the FLT3-ITD-expressing BA/F3 cell line treated with mutagen revealed
that, unlike other FLT3i (e.g., Sorafenib, SU5614), midostaurin resistance mutations specif-
ically localize to the tyrosine kinase domain 1 (TK1) at position N676 [101]. Clinically,
the N676 missense mutation was identified in relapsed AML patients post midostaurin
treatment and this mutation is sufficient to confer resistance to midostaurin in vitro [102].
Beyond this secondary on-target mutation, AML cells can evade FLT3 inhibition through
compensatory activation of alternative pathways (e.g., JAK/STAT, PI3K/AKT, MAPK),
particularly in cases with co-occurring JAK mutations [103]. Analysis of paired samples
from the RATIFY trial cohort (1 = 54 relapsed /refractory FLT3-ITD patients) revealed diver-
gent clonal evolution pattens: 54% retained FLT3-ITD mutations at progression, whereas
46% became FLT3-ITD-negative, suggesting selection of FLT3-independent clones under
midostaurin pressure. Notably, among mutation-persistent cases, only 11% developed
novel on-target FLT3 mutations, with the N676 variant detected in merely two patients
at low VAF (<5%) [104]. These findings collectively indicate that off-target mechanisms,
rather than secondary FLT3 mutations, drive midostaurin resistance in most cases.

Second-generation FLT3i (e.g., gilteritinib, quizartinib, crenolanib) demonstrate en-
hanced selectivity and potency against FLT3, achieving clinically meaningful monotherapy
responses [105]. In the ADMIRAL trial [106], gilteritinib improved CR rates and OS, earn-
ing FDA approval in 2018 for relapsed/refractory FLT3-mutant AML as monotherapy.
Resistance to gilteritinib manifests through temporally distinct mechanisms: early resis-
tance involves bone marrow stromal cell-derived factors (FGF2, FLT3 ligand) that induce
aurora kinase B (AURKB)-dependent cell cycle arrest and lipid metabolic reprogramming
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in surviving leukemic cells [107], while late resistance correlates with the expansion of
pre-existing NRAS/KRAS mutant subclones and persistent metabolic adaptations [108].
Notably, NRAS mutations alone are insufficient to confer immediate resistance, highlight-
ing the essential role of non-genetic mechanisms such as epigenetic remodeling and the
microenvironment in FLT3 inhibitor resistance [107].

Emerging evidence reveals that FLT3 signaling activates transcription factor C/EBP«
to promote fatty acid (FA) biosynthesis and desaturation, thereby maintaining lipid home-
ostasis and conferring adaptation to redox stress in FLT3-mutant AML. This lipid re-
dox stress vulnerability renders FLT3-mutant cells” susceptibility to ferroptosis inducers
upon FLT3 inhibition. The following studies demonstrate synergistic effects between
FLT3 inhibitors and ferroptosis inducers both in vitro and in vivo, suggesting a novel
therapeutic strategy to enhance sensitivity or overcome resistance to gilteritinib in FLT3-
mutant AML [109].

Quizartinib, a type II FLT3i selective for FLT3-ITD, received FDA approval in July
2023 as a frontline treatment for FLT3-ITD AML in combination with “7 + 3” induction,
following a consolidation regimen in combination with cytarabine, and as maintenance
monotherapy after consolidation (excluding maintenance post allogeneic orthotopic trans-
plantation (allo-OT)). Distinct from gilteritinib and midostaurin, quizartinib resistance
typically arises through acquiring on-target FLT3 mutations. Relapsed patients receiving
quizartinib frequently gain mutations at the activation loop residue D835 or the ‘gatekeeper’
residue F691 on FLT3 (this could occur either on FLT3-ITD or FLT3 naive alleles). Both
residues are localized on the tyrosine kinase domain of FLT3, and their missense mutations
substantially reduce the binding affinity of quizartinib to FLT3 or confer compensatory
FLT3 signaling [110,111]. In other words, the acquisition of FLT3-TKD mutations confers
resistance to quizartinib in FLT3-ITD AML cells, as this agent exclusively targets FLT3-ITD.
Notably, it is possible quizartinib may select for preexisting TKD mutant clones in native
FLT3 alleles, but TKD mutant cells do not appear de novo to dominate at relapse.

Beyond target-specific mechanisms, the enhancer of zeste homolog 2 (EZH2), the
catalytic subunit of PRC2, shows loss-mediated resistance to both quizartinib and cytotoxic
agents, which is not neglectable [112]. Moreover, the bone marrow microenvironment
actively promotes resistance through cytokine-mediated signaling (e.g., FGF2, IL-3, GM-
CSF), which activates survival pathways that counteract FLT3 inhibition [113].

3.1.2. Isocitrate Dehydrogenase (IDH) Inhibitors

IDH1 and IDH2, which catalyze the conversion of isocitrate to x-ketoglutarate (o-KG)
in the tricarboxylic acid (TCA) cycle, are mutated in AML with reported incidence of
~20% [114]. IDH1 mutations predominantly occur at the R132 residue, whereas IDH2 muta-
tions localize to R140 or R172 [115]. These gain-of-function mutations confer neomorphic
activity to IDH enzymes, leading to the reduction of «-KG to 2-hydroxyglutarate (2-HG).
The resultant pathogenic accumulation of this oncometabolite competitively inhibits x-KG-
dependent ten-eleven translocation (TET) dioxygenases, disrupting epigenetic regulation
and ultimately impairing granulocytic differentiation [35].

IDH inhibitors (IDHi) selectively target mutant IDH enzymes, suppressing 2-HG
production to restore metabolic homeostasis and normalize epigenetic patterns, thereby
inducing AML cell differentiation while suppressing proliferation [116,117]. However,
therapeutic resistance develops through multiple mechanisms. Isoform switching, man-
ifested as IDH2 mutation emergence in IDHI-mutant patients (or vice versa) at relapse,
constitutes a mechanism of secondary resistance [118]. Additionally, acquired mutations in
the wild-type IDH allele that does not confer the neomorphic activity disrupt IDHi binding
at the IDH-dimer interface, representing another mechanism’s acquired resistance [119].
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Although IDHi can induce durable remission [120], primary resistance manifesting
as poor clinical response occurs in ~50% of cases [121]. Notably, co-occurring mutations
in RUNX1, CEBPA, GATA2, and NRAS show a significant association with reduced CR
rate [121,122]. Furthermore, primary resistance correlates with an increased mutation
burden and upregulated LSC signature genes [119,122]. Intriguingly, LSC signature genes
are not enriched in relapsed patients, indicating distinct mechanisms between primary
resistance and acquired resistance [121]. Importantly, clone selection of primary resistance-
associated mutations in RUNXI and RAS-RTK pathway genes also contribute to acquired
resistance and relapse [121].

AML cells with IDH mutations exhibit augmented mitochondrial oxidative metabolism,
primarily driven by CEBPx-mediated upregulation of fatty acid oxidation (FAO) [123].
Although IDHi treatment reduces 2-HG accumulation and CEBPx methylation, it fails
to completely normalize FAO and OXPHOS levels, thereby promoting metabolic adapta-
tion and resistance [123]. These findings suggest that combining metabolic modulators
such as OxPHOS inhibitors with IDHi may represent a promising strategy to enhance
therapeutic efficacy.

3.1.3. Menin Inhibitor

The MLL gene rearrangement, a recurrent driver event in AML, occurs on chromo-
some 11923 and encodes a histone methyltransferase essential for transcriptional regulation
and chromatin remodeling [124]. Present in 5-10% of AML cases [125], these rearrange-
ments generate fusion proteins (e.g., MLL-AFF1, MLL-AF9) that induce leukemogenesis
through dysregulated transcriptional programs. Revumenib, a potent Menin inhibitor
(Menin-i), selectively targets MLL-rearranged (MLL-r) and NPM1-mutated AML. Unlike
conventional targeted therapies that directly inhibit mutant oncoproteins (e.g., FLT3 or
IDH1/2 inhibitors), revumenib exerts its therapeutic effects by modulating epigenetic
regulatory mechanisms in leukemic cells rather than suppressing mutant proteins [126].

Resistance to Menin inhibition is frequently driven by acquired somatic MEN1 mu-
tations in MLL-r or NPM1c-mutated AML. These mutations induce recurrent amino acid
substitutions (e.g., M3271, G331R, T349M, 5160C) that confer cross-resistance to structurally
diverse Menin inhibitors, including revumenib [127]. Notably, while revumenib induces
myeloid differentiation in MLL-r AML—contrasting with its pro-apoptotic effects in acute
lymphoblastic leukemia (ALL)—intrinsic resistance persists in certain AML cell lines [128].

Emerging evidence suggests that resistance extends beyond single-gene alterations
to encompass dynamic chromatin complex adaptations. Menin inhibition triggers dissoci-
ation of the MLL1-Menin complex, enabling compensatory recruitment of the MLL3/4-
ubiquitously transcribed tetratricopeptide repeat on chromosome X (UTX) complex. This
transcriptional rewiring activates tumor suppressor genes through UTX’s non-catalytic
functions (e.g., co-factor recruitment, chromatin structural modulation) rather than its
demethylase activity. Consequently, functional impairments in UTX, MLL3, or MLL4 may
subvert therapeutic efficacy, representing a novel resistance axis [129].

The clinical application of revumenib requires careful consideration of fusion partner-
specific transcriptional networks in relapsed/refractory MLL-r AML [130]. For instance,
NUP98-rearranged AML subtypes (e.g., NUP98: KMT2A) lacking Menin-binding domains
exhibit inherent resistance. Co-occurring mutations (ASXL1, IDH1, BCORL1) further mod-
ulate sensitivity, while MEIS1/HOXA9 overexpression serves as a predictive biomarker for
response. In contrast, RUNX1:ETO fusions bypass Menin dependency and remain refractory
to inhibition [131,132]. Additionally, MLL fusion-driven transcriptional reprogramming to-
ward a granulocyte-monocyte progenitor (GMP)-like state contributes to secondary resistance.
Remarkably, even upon MLL fusion elimination in lineage-converted AML, persistent eleven-
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nineteen leukemia (ENL/MLLT1)-mediated activation of GMP-associated genes sustains
leukemic survival [133]. Further refinement of predictive biomarkers and mechanistic insights
into lineage-specific responses will be critical to optimize its clinical utility.

3.2. Hedgehog (HH) Signaling Pathway Inhibitor—Glasdegib

The pathogenesis of AML involves dysregulated activation of oncogenic signaling
pathways, with recent studies highlighting the critical role of HH signaling in LSC self-
renewal. Central to this pathway is Smoothened (SMO), a transmembrane protein that
transduces HH signals. Pharmacologic SMO inhibition potently suppresses the leukemia-
initiating capacity of AML cells and synergizes with conventional chemotherapy [134].

Resistance to glasdegib in AML is primarily driven by functional loss of the GLI3
repressor (GLI3R), a tumor-suppressive isoform that epigenetically suppresses HH pathway
activity. In over 80% of AML cases, promoter hypermethylation silences GLI3 expression,
resulting in ligand- and SMO-independent activation of downstream signaling [135,136].
This epigenetic alteration explains the limited clinical efficacy of SMO inhibitors (SMOi) in
the majority of AML patients. Hypomethylating agents, such as decitabine, restore GLI3
expression, re-establishing pathway regulation and resensitizing SMOi-resistant leukemic
cells [137]. These findings position GLI3R as a potential biomarker for predicting SMOi
responsiveness and for pharmacodynamic monitoring during SMOi-based therapies.

Zebrafish models have revealed an alternative resistance mechanism mediated by
histone deacetylase 6 (HDACS6). Both HH pathway hyperactivation and HDAC6 overex-
pression drive pathological expansion of HSPCs, a phenotype that is selectively reversed
by HDACS6 inhibition rather than HH pathway blockade [138]. These findings position
HDACS as a tractable target to augment the efficacy of SMO-directed therapies.

3.3. Apoptosis-Targeted Therapy—Venetoclax

Escape from apoptosis is a hallmark of tumorigenesis and a major driver of drug resis-
tance. In AML, this process is frequently mediated by the upregulation of anti-apoptotic
Bcl-2 family proteins and dysfunction of the p53 pathway [139,140]. BCL2, a key anti-
apoptotic protein, inhibits the activation of pro-apoptotic BAX and BAK, thereby preserving
mitochondrial membrane integrity and blocking apoptosis [141]. In AML, BCL2 overex-
pression or mutations often co-occur with genetic alterations such as FLT3-ITD and NPM1
mutations, highlighting its synergistic role in leukemogenesis [142]. Venetoclax (ABT-199),
a highly selective BCL2 inhibitor, directly binds to BCL2, displacing pro-apoptotic proteins
and inducing apoptosis in malignant cells [139].

Despite its clinical efficacy, venetoclax-based therapies are not curative, and resistance
remains a significant challenge. A key resistance mechanism involves the upregulation of
alternative anti-apoptotic proteins, particularly MCL-1, which sequesters pro-apoptotic
factors like BIM and counteracts venetoclax-induced apoptosis [143]. MCL-1’s unique
metabolic and signaling properties further enhance its resistance to apoptosis [144,145]. Ad-
ditionally, p53 dysfunction, commonly observed in refractory AML, reduces mitochondrial
priming and impairs the apoptotic response to BCL2 inhibition [139,146]. Targeting p53 ac-
tivation in combination with venetoclax may therefore improve therapeutic outcomes [144].

Metabolic reprogramming also contributes to venetoclax resistance. Leukemia cells
can upregulate nicotinamide metabolism, altering the NAD+/NADH ratio to sustain
mitochondprial function and evade apoptosis [147]. Furthermore, LSCs exhibit increased
reliance on OXPHOS and adaptive mitochondrial dynamics, enabling them to survive
venetoclax treatment [148,149].

Dysregulated RNA splicing has recently been identified as a novel mechanism under-
lying venetoclax resistance. Aberrant splicing of apoptotic and survival genes generates
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splice variants that bypass apoptotic pathways, while upregulation of MAPK-related genes
exacerbates the resistance phenotype [150,151]. These findings underscore the complexity
of venetoclax resistance and highlight the need for multi-targeted therapeutic strategies.

3.4. Epigenetic Inhibitors—HMAs (Azacitidine and Decitabine)

DNA methyltransferases (DNMTs) catalyze the addition of methyl groups to cytosine
residues, playing a critical role in the epigenetic regulation of gene expression [152]. In
AML, overexpression or mutations of DNMT1, DNMT3A, and DNMT3B frequently re-
sult in aberrant methylation patterns, leading to dysregulation of key genes that drive
leukemogenesis [153]. Hypomethylating agents (HMAs), such as azacitidine (AzaC) and
decitabine (DAC), reverse pathological methylation, restore normal gene expression, and
induce differentiation or apoptosis in leukemic cells [154]. However, the long-term efficacy
of HMAs is often limited by the development of resistance.

Resistance to HMAs is driven by multiple mechanisms, especially in cellular muta-
tions and metabolic adaptations. For instance, AzaC treatment can induce P-glycoprotein
(P-gp) expression and efflux activity in AML cells. Although AzaC is not a direct -
gp substrate, this adaptation confers cross-resistance to other P-gp substrates and glu-
tathione S-transferase substrates [155]. Additionally, reduced activity or expression of
metabolic enzymes, such as uridine-cytidine kinase (UCK1/2) [156] and deoxycytidine
kinase (DCK) [157], impairs the activation of AzaC and DAC, while cytidine deaminase
(CDA) inactivates DAC by degrading its metabolites, shortening its half-life [158,159]. Up-
regulation of SAMHDI further contributes to resistance by regulating intracellular levels
of DAC-triphosphate (DAC-TP) [160]. Beyond intrinsic cellular mechanisms, the quality
and quantity of bone marrow-infiltrating T cells have also been implicated in modulating
treatment outcomes and patient resistance [161].

3.5. Immunotherapy

Immunotherapy has emerged as a pivotal treatment strategy for AML and other
hematologic malignancies (Figure 2). Among antibody-based approaches, CD33-targeted
therapy holds particular significance due to its clinical validation. CD33, a glycoprotein
highly expressed on myeloid progenitor cells, is detectable in approximately 90% of AML
cases [162]. The CD33-directed antibody-drug conjugate gemtuzumab ozogamicin (GO)—
a humanized monoclonal antibody conjugated to the cytotoxic calicheamicin—exemplifies
this strategy, selectively inducing apoptosis in CD33-expressing leukemic cells [163].

As the first FDA-approved immunotherapeutic agent in AML, GO has established
a critical proof-of-concept for antigen-targeted therapies. Nevertheless, its clinical effi-
cacy is constrained by intrinsic and acquired resistance mechanisms. Overexpression
of P-glycoprotein (P-gp) drives resistance in AML cell lines and primary cells, whereas
multidrug resistance protein 1 (MRP1) plays a subsidiary role [164,165]. Concurrently,
upregulation of anti-apoptotic proteins such as BCL-2 and BCL-xL attenuates GO-induced
cytotoxicity, further contributing to therapeutic failure [166].

Genetic variations in CD33 also influence therapeutic outcomes. The germline CD33
single nucleotide polymorphism (SNP) rs12459419 is strongly associated with GO response.
Patients with the CC genotype exhibit a significantly lower relapse rate (26% vs. 49%,
p < 0.001) due to enhanced CD33-GO binding, whereas CT or TT genotypes are linked to
poorer responses and relative resistance [167]. These findings highlight the importance of
genotype-based personalized therapy in AML.

Beyond antibody-based approaches, immune checkpoint inhibitors (e.g., Programmed
cell death protein 1 (PD-1)/Programmed cell death ligand 1 (PD-L1), and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) inhibitors) have shown limited efficacy in
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relapsed /refractory AML, primarily due to immune evasion mechanisms such as PD-L1
upregulation and Treg-mediated immunosuppression [168,169]. Similarly, T-cell-based
immunotherapies face challenges including antigen loss, T-cell dysfunction, and tumor
microenvironment (TME) remodeling [170]. Personalized vaccines, though still in early
clinical trials, offer potential by inducing leukemia-specific T-cell expansion and reduc-
ing relapse risk [171]. However, antigenic heterogeneity and immune-editing mecha-
nisms may compromise vaccine efficacy [172], mirroring resistance patterns observed
in other immunotherapies.

Recent advances focus on modulating the immune microenvironment to enhance ther-
apeutic responses. Anti-CD47 monoclonal antibodies and tumor-associated macrophage
(TAM)-targeting strategies have shown promise in preclinical and clinical studies [173,174].
When combined with immunotherapy, targeted therapy, and novel drug delivery systems,
these approaches may significantly improve treatment outcomes and patient quality of life.
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Figure 2. Types and mechanisms of immunotherapy in AML. (a) Antibody—drug conjugates
(ADCs): CD33-targeted ADCs (e.g., GO) represent the clinically validated immunotherapeutic back-
bone in AML, utilizing monoclonal antibodies to deliver cytotoxic payloads (e.g., calicheamicin)
selectively to leukemic blasts. Next-generation ADCs targeting CD123, FLT3, and CLEC12A are in
clinical development, aiming to overcome antigenic heterogeneity and myeloid toxicity limitations.
(b) Immune checkpoint inhibition (ICI): Checkpoint blockade therapies targeting PD-1/PD-L1 or
CTLA-4 pathways aim to restore antitumor immunity by disrupting inhibitory interactions between
leukemic cells and immune effector cells. However, their efficacy is highly dependent on tumor
mutational burden and baseline T-cell infiltrates [175]. (c) Engineered cellular therapies: Chimeric
antigen receptor T-cell therapy (CAR-T) platforms, targeting surface antigens and TCR-T therapies
recognizing intracellular neoantigens, leverage genetically modified T-cells for AML-specific cytotox-
icity. Despite challenges from antigen escape and on-target/off-leukemia effects, early clinical data
show durable remissions in high-risk subsets [176]. (d) Emerging immunomodulatory strategies:
Monoclonal antibodies (mAbs), cancer vaccines, and immune modulators represent novel approaches
to amplify anti-AML immunity through distinct mechanisms. Most remain in preclinical or phase
I/1I testing with combinatorial potential.
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4. Integrative Perspectives and Future Directions

Among AML subtypes, acute promyelocytic leukemia (APL) historically represented
one of the most lethal forms. Prior to the advent of modern induction therapies, the CR rate
in APL remained critically low at approximately 13% [177]. The therapeutic landscape was
revolutionized by the clinical implementation of all-trans retinoic acid (ATRA) and arsenic
trioxide (ATO), which synergistically improved 5-year OS to over 90% in contemporary
cohorts [178]. This paradigm shift has established APL as the AML subtype with the most
favorable prognosis, providing critical insights for developing therapeutic strategies in
other AML variants. Given the inherent complexity of clinical heterogeneity and clonal
evolutionary dynamics, elucidating drug resistance mechanisms emerges as a cornerstone
for advancing novel therapeutic agents, repurposing existing modalities, and optimizing
combinatorial approaches.

Multi-omics analytical frameworks are redefining our capacity to decipher and cir-
cumvent AML resistance mechanisms. Single-cell multi-omics profiling has recently un-
veiled clonal dynamics in relapsed/refractory AML, identifying actionable targets such as
polo-like kinase 1 (PLK1) inhibition with volasertib for proliferative subclones and CD36-
neutralizing antibodies for metabolic adaptation [179]. Furthermore, phosphoproteomic sig-
natures coupled with kinase activity mapping have enabled prediction of chemoresistance
patterns, nominating AURKB kinase activation as a putative predictive biomarker [180].
In addition, the convergence of spatial transcriptomic mapping [181] and genome-scale
CRISPR screening [182] provides a powerful paradigm to deconvolute multidrug resis-
tance in AML, offering high-resolution insights into clonally heterogeneous drug evasion
strategies and therapeutically targetable compensatory signaling networks. These findings
bridge the gap between molecular discovery and clinical application, as evidenced by
the ongoing Beat AML Master Trial (NCT03013998), employing real-time drug sensitivity
testing to guide therapy [183].

The elucidation of prior resistance mechanisms has guided the development of novel
molecular targeted therapies, exemplified by the fourth-generation FLT3 inhibitor FF-
10101 that specifically overcomes FLT3 mutations (including quizartinib-resistant mu-
tations) [184]. Insights from vorasidenib’s success in targeting IDH1/2 mutations in
gliomas [185] suggest that similar dual-target inhibition strategies could address metabolic
adaptation-mediated resistance in AML. Building upon these molecular approaches, com-
bination therapies demonstrate enhanced efficacy through FLT3-MEK co-inhibition to
suppress compensatory bypass signaling and IDH inhibitor-venetoclax pairing to syner-
gistically induce metabolic stress [186]. Independently, bispecific antibodies (e.g., FLT3-
CD3 [187]) and CAR-T cell therapy [176] also emerge as alternative mechanisms to over-
come resistance in relapsed and refractory patients. These therapeutic advances are further
substantiated through clinical implementation strategies encompassing circulating tu-
mor DNA (ctDNA)-guided sequential treatment optimization, augmented by approaches
employing epigenetic modulation and microenvironmental remodeling (e.g., the C-X-C
chemokine receptor type 4 (CXCR4) antagonist plerixafor) to counteract protective resis-
tance mechanisms.

The development of a technology-integrated precision medicine system has emerged
as a promising direction based on current research progress, with its core framework focus-
ing on establishing a functional precision medicine platform [188]. This platform seeks to
integrate multi-omics data via intelligent diagnostic systems while incorporating emerging
technologies including epigenetic editing and metabolic reprogramming to investigate dy-
namic treatment optimization. Such a system would prioritize phenotype-specific targeted
therapeutic strategies and potentially accelerate the development of breakthrough therapies
such as immunogenomics-based approaches. The gradual implementation of personalized
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treatment algorithms may create new opportunities for achieving more sustained remis-
sion in AML patients. This research paradigm—connecting mechanistic understanding,
technological integration, and clinical translation—could represent a critical transition in
AML treatment evolution from empirical approaches to precision medicine.
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