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Abstract

The development of targeted treatments, including inhibitors of BCL-2, FLT3, IDH1/2, and
menin, has significantly expanded the therapeutic landscape of acute myeloid leukemia
(AML), offering more personalized and molecularly driven treatment approaches. Despite
these advances, achieving durable responses represents a major challenge, limited by the
emergence of intrinsic and acquired resistance to targeted agents. This review summarizes
the current understanding of the cellular and molecular mechanisms underlying resistance
to targeted therapies in AML. Key mechanisms include acquired mutations that alter the
drug target, other co-occurring genetic and epigenetic alterations, activation of bypass
signaling pathways, and metabolic reprogramming. Furthermore, the role of clonal het-
erogeneity and the bone marrow microenvironment in the development of resistance is
increasingly recognized. In addition, we discuss emerging strategies aiming at overcoming
resistance, such as combination treatments and novel inhibitors designed to target resistant
clones. Finally, this review highlights the critical need for mechanism-driven therapeutic
design in order to achieve sustained responses and improve long-term outcomes in patients
with AML.
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1. Introduction
Recent advances in understanding the molecular and genetic landscape of AML have

enabled more refined prognostic assessment and have fundamentally reshaped its thera-
peutic approach [1,2]. The identification of recurrent genomic abnormalities implicated
in AML pathogenesis has facilitated the development of targeted agents, paving the way
for more personalized treatment strategies, particularly for patients ineligible for intensive
chemotherapy (IC) or those who relapse after standard therapy [2].

Targeted therapy is now a key component of AML treatment, guided by molecular
profiling at diagnosis. Currently approved targeted agents include inhibitors of B-cell
lymphoma 2 (BCL-2), fms-like tyrosine kinase 3 (FLT3), isocitrate dehydrogenase (IDH),
and, more recently, menin, while additional agents targeting other genomic alterations,
such as TP53 mutations, are currently under investigation [2,3]. Although targeted therapy
can yield meaningful clinical outcomes, its benefit is limited by the emergence of resistance,
with most patients ultimately developing refractoriness or experiencing relapse [4–7].

In this review, we summarize the currently approved targeted agents for AML treat-
ment and critically examine the molecular mechanisms underlying intrinsic or acquired
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resistance. In addition, we discuss emerging strategies aimed at overcoming resistance and
improving outcomes with targeted therapies.

2. BCL-2 Inhibitors
BCL-2 is a key anti-apoptotic protein, located in the outer mitochondrial membrane. It

regulates the mitochondrial apoptotic pathway by binding the pro-apoptotic BAX/BAK pro-
teins, subsequently precluding mitochondrial outer membrane permeabilization (MOMP)
and the release of cytochrome c, ultimately leading to the prevention of apoptosis [8,9].

BCL-2 is overexpressed in several B-cell malignancies, such as follicular lymphoma,
chronic lymphocytic leukemia (CLL), and diffuse large B-cell lymphoma, highlighting
the apoptosis dysregulation associated with these disorders [10–12]. Moreover, aber-
rant expression of BCL-2 has been found to confer resistance of AML cells to standard
chemotherapy [13].

Venetoclax (VCT/ABT-199/VEN) is an oral, highly selective BCL-2 inhibitor (BCL-2i)
that, mimicking the BH3 domain and binding the BCL-2 protein, induces the release of pro-
apoptotic proteins. VEN has been approved for treatment-naïve and relapsed/refractory
(R/R) CLL as well as for newly diagnosed (ND) AML in patients unfit for IC, in combination
with hypomethylating agents (HMAs) [14,15]. Efficacy of VEN combined with azacitidine
(AZA) has been established in pivotal clinical trials [16,17].

Despite the elevated BCL-2 expression in AML cells, the use of VEN as monotherapy
in AML has resulted in modest therapeutic outcomes, suggesting inherent resistance to
the drug [18]. Furthermore, the combination of AZA and VEN yielded no initial response
in 27% of AML patients, while the majority of initial responders eventually relapsed [17].
These findings imply the presence of both intrinsic and acquired resistance to VEN.

2.1. Mechanisms Contributing to Resistance to BCL-2 Inhibitors

Mechanisms underlying intrinsic or acquired resistance to VEN in AML are multifac-
torial, as shown in Figure 1, and can be broadly categorized as follows.

2.1.1. Shifts in Anti-Apoptotic BCL-2 Family Dependency

One of the most important factors contributing to altered susceptibility to BCL-2
inhibition is the upregulation of alternative anti-apoptotic BCL-2 family members, includ-
ing BCL-xL, myeloid cell leukemia 1 (MCL-1), and BCL-2-related protein A1 (BCL-2A1).
Preclinical studies have demonstrated elevated MCL-1 and BCL-xL and decreased BCL-2
levels in VEN-resistant AML cell lines [19,20]. Notably, restoration of VEN sensitivity
was observed by inhibiting MCL-1 and BCL-xL [19]. Importantly, a shorter duration of
VEN responses was recorded in patients with MCL-1 or BCL-xL dependence by using
BH3 profiling in a phase 2 study of AML patients treated with VEN monotherapy [18].
Similarly, upregulation of BCL-2A1 has been correlated with VEN resistance. Contrary to
lymphoproliferative disorders, where BCL-xL primarily contributes to VEN resistance [5],
MCL-1 seems to be the key contributor to VEN resistance in AML, since it is the most
highly expressed anti-apoptotic BCL-2 family member in AML cells [21]. Furthermore, the
blockade of MCL-1 in a murine AML model resulted in a significant reduction in leukemic
cells in vivo, while disease relapse occurred only in mice bearing cells that retained MCL-1
expression, thus further supporting the importance of MCL-1 dependency in AML [22].
Finally, acquired overexpression of MCL-1 has been observed in AML cells with chronic
exposure to VEN [19]. Collectively, this data suggests that resistance to VEN is primarily
mediated by the intrinsic dependency of AML cells on MCL-1 and/or other anti-apoptotic
proteins and is dynamically increased via further elevation of MCL-1.
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Figure 1. Mechanisms underlying resistance to venetoclax involving regulation of apoptosis, genetic
alterations and metabolic rewiring. This figure summarizes the major molecular and cellular mecha-
nisms contributing to the development of resistance to the BCL-2 inhibitor venetoclax (VEN). As seen
at the center, resistance emerges through compensatory upregulation of alternative anti-apoptotic
BCL-2 family members, including MCL-1, BCL-xL, and BCL-2A1, that prevent BAX/BAK activation,
mitochondrial outer membrane permeabilization (MOMP), and ultimately apoptosis. Reduced in-
tracellular drug availability due to ABCC1 upregulation (upper middle) further limits VEN efficacy.
Lineage differentiation state (upper left) also affects sensitivity to VEN. Monocytic differentiation
is correlated with downregulation of BCL-2 and upregulation of MCL-1. Moreover, it is frequently
associated with KRAS mutations as well as activation of inflammatory signaling (TNFα/IL-1/NFκB)
due to increased CEBPA expression, which further result in MCL-1 and BCL-2A1 upregulation. Simi-
larly, erythroid or megakaryocytic differentiation (middle left) is linked with upregulation of BCL-xL.
Genetic alterations, such as BAK, KRAS, PTPN, KIT, DNMT3A, GATA2, FLT3, and TP53 mutations
(upper right), also lead to altered anti-apoptotic protein expression and promote apoptotic escape.
TP53 mutations also impair the induction of pro-apoptotic proteins PUMA and NOXA, thereby
attenuating mitochondrial apoptosis, whereas FLT3 mutations further promote survival signaling
through activation of RAF-MEK-ERK and PI3K-AKT-Mtor (middle right). Metabolic rewiring (lower
left) supports resistance through sustained oxidative phosphorylation (OXPHOS), which is normally
inhibited by BCL-2 inhibition, driven by upregulation of fatty acid and amino acid metabolism, and
increased through NAD+ generation, carbon utilization induced by TP53 mutations, and intracellular
pH induced by Na+/H+ (NHE1) exchanger 1 activation. Finally, the upregulation of CLBP and
OPA-1 which modulates mitochondrial cristae and mitofusin-2 (MFN2) and subsequently regulates
mitochondrial autophagy (lower right) leads to alterations in mitochondrial integrity and impairment
of MOMP. Created in BioRender. Panagiotis T. Diamantopoulos. (2026). https://BioRender.com/.
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2.1.2. Lineage-Specific Anti-Apoptotic Dependencies

Recent studies have indicated that VEN exhibits significantly variable efficacy across
AML subtypes. In particular, AML with monocytic differentiation displays intrinsic re-
sistance to VEN treatment, whereas monocytic subclones also confer resistance to VEN
treatment. An ex vivo drug sensitivity testing on AML patient samples has shown a contin-
uous increase in VEN resistance from the undifferentiated AML (M0) to monocytic AML
(M5) [23]. Additionally, a higher expression of CD14 and CLEA7A, which is usually found
in M4/M5 AML, has been associated with VEN resistance [24].

These findings may be attributed to several factors. A progressive decline in BCL-2
expression, accompanied by a concurrent increase in MCL-1 expression, has been observed
from M0 to M5 [24,25]. Moreover, the presence of KRAS mutations and elevated BCL-2A1
expression, which confer resistance to VEN, has also been reported in M4/M5 AML [22,24].
Additionally, monocytic AML has a distinct transcriptomic profile and relies more on
MCL-1 than BCL-2 to mediate oxidative phosphorylation and survival [25]. It has been
shown that elevated levels of CCAAT enhancer-binding protein B (CEBPB) underlie VEN
resistance in monocytic AML [26]. CEBPB is highly expressed in monocytic AML cells
and induces upregulation of MCL-1, BCL-2A1, and the interleukin-1 (IL-1)/tumor necrosis
factor alpha (TNF-α)/NF-κB pathway members, whereas IL-1 and TNF-α specifically
increase CEBPB levels and protect M4/M5 from VEN, but not M0/M1 leukemia cells [26].
Hence, this CEBPB-IL-1/TNF-a monocyte differentiation positive feedback loop promotes
both intrinsic and extrinsic drug resistance in M4/M5 leukemia.

Sensitivity to VEN is strongly influenced by developmental heterogeneity within the
leukemic clone [25]. Distinct genetic subclones can coexist at variable differentiation stages,
with monocytic differentiation intrinsically contributing to VEN resistance. Analyses of
patient samples have revealed that VEN successfully eliminated primitive leukemia stem
cell (LSC) populations but allowed the expansion of resistant monocytic subclones while
retaining MCL-1 dependency [25]. Finally, the co-existence of primitive and monocytic LSC
populations within individual patients may drive intrinsic and acquired resistance.

Resistance to VEN has also been reported in AML with erythroid or megakaryocytic
differentiation, since those cells depend mostly on BCL-xL, rather than BCL-2 [27]. Studies
in cell lines and animal models have shown diminished efficacy of BCL-2i, while BCL-xL
inhibition has yielded promising efficacy [27].

2.1.3. Metabolic Reprogramming and Mitochondrial Integrity

Alterations in mitochondrial metabolism, as well as other metabolic adaptations,
have emerged as important mechanisms underlying the development of VEN resistance.
Mitochondria are essential for regulating cellular respiration and apoptosis, while BCL-2
family members have been found to regulate enzymes of various mitochondrial metabolic
pathways [28].

AML cells are highly dependent on oxidative phosphorylation (OXPHOS) for energy
production [28]. Interestingly, BCL-2 supports OXPHOS, particularly in quiescent LSCs [28].
VEN, combined with AZA, has been shown to target LSC metabolism by decreasing
amino acid uptake in these cells and by inhibiting electron transfer complex (ETC) II
activity [29]. Interestingly, VEN-induced metabolic reprogramming is independent of
BCL-2 inhibition [30]. However, AML cells frequently undergo metabolic reprogramming
by shifting to energy generation from alternative metabolic pathways, which results in
resistance [31–33].

A shift towards fatty acid metabolism and upregulation of fatty acid oxidation (FAO)
has been observed in patients resistant to VEN [31]. These alterations occur as a com-
pensatory adaptation in relapsed disease [31]. Furthermore, MCL-1, which is frequently
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upregulated in VEN-resistant cells, directly interacts with very long-chain acyl-CoA de-
hydrogenase (VLCAD), which is an enzyme of the mitochondrial fatty acid β-oxidation
pathway [32]. Knockdown of VLCAD has resulted in restoration of sensitivity to VEN,
while similar results have also been observed upon MCL-1 inhibition [31]. Inhibition of
fatty acid mitochondrial transporters CPT1A and CPT1C has also led to overcoming VEN
resistance [31].

Elevated levels of nicotinamide and subsequently increased levels of nicotinamide
adenine dinucleotide (NAD+) have been found in relapsed LSCs [33]. In particular, LSCs
rely on increased NAD+ levels, which activate both amino acid metabolism and FAO,
to raise the flux of amino acids and fatty acids into the tricarboxylic acid (TCA) cycle
and eventually sustain OXPHOS [33]. Finally, overexpression of the ATP-binding cassette
transporter 1 (ABCC1) and enhanced glutathione metabolism mediate VEN resistance by
reducing intracellular VEN levels, thereby limiting its cytotoxicity [34].

Metabolomic studies have revealed that activation of the RAS/MAPK pathway in-
duces upregulation of MCL-1 and increases FAO and amino acid metabolism, thereby
providing alternative fuels to sustain OXPHOS [35]. Hence, activation of the RAS/MAPK
pathway augments the metabolic plasticity of leukemic cells, thus mediating VEN resis-
tance. Similarly, activation of the PI3K-AKT-mTOR pathway has been shown to regulate
metabolic flux that contributes to VEN resistance [36]. In more detail, redox-mediated
AKT activation stabilizes MCL-1, contributing to resistance [37]. Finally, a recent study
has indicated that Na+/H+ exchanger 1 (NHE1) activation confers resistance to VEN
by increasing intracellular pH and activating PI3K/Akt, ultimately leading to MCL-1
upregulation [38].

The efficacy of VEN indirectly relies on its ability to induce MOMP; hence, mechanisms
that maintain mitochondrial structural integrity, such as regulation of cristae architecture
and/or their interaction with other organelles, also play a central role in VEN adaptive
resistance. Mitochondrial reprogramming has also been recognized as a factor of VEN
resistance in lymphoid malignancies [39]. Caseinolytic peptidase B protein homolog (CLBP)
is an ATPase associated with diverse cellular activities (AAA+ ATPase), serving as a protein
chaperone. It modulates mitochondrial cristae morphology, possibly by interacting with
optic atrophy protein type 1 (OPA-1) and preventing its proteolytic cleavage [40]. OPA-1 is
a protein located in the inner mitochondrial membrane undergoing constitutive proteolytic
processing, which is essential for preserving mitochondrial cristae. VEN-resistant AML
cells upregulate OPA-1, rendering the mitochondrial cristae tighter, thus evading apopto-
sis [40]. Furthermore, CLBP is highly expressed in AML cells and is further upregulated
upon acquisition of VEN resistance. Importantly, depletion of CLPB re-sensitizes cells
to VEN [40]. Further research has shown that elevated levels of mitofusin-2 (MFN2), a
regulator of mitochondrial autophagy (mitophagy), have been correlated with VEN re-
sistance [41]. Interestingly, resistance to BCL-2 inhibition is accompanied by enhanced
mitochondria–endoplasmic reticulum interactions and enhanced mitophagy flux [41].

2.1.4. Genetic Alterations

Genetic alterations are also implicated in the development of resistance to BCL-2i.
A recent classification has stratified AML patients treated with AZA and VEN into three
prognostic groups, which are primarily defined by the presence or absence of FLT3-internal
tandem duplication (FLT3-ITD), K/NRAS, and TP53 mutations [1].

Genomic instability is more prominent in CLL patients who frequently bear BCL2
mutations, such as Gly101Val, which confer resistance to VEN treatment [42]. Notably,
BCL2 mutations have not been reported in AML. However, acquired inactivating missense
or frameshift/nonsense BAX mutations are a novel mechanism of adaptive resistance, since
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they have been observed in 17% of AML patients who relapsed after receiving VEN-based
regimens [43].

Mutations in TP53 can be found in 5–10% of de novo AML patients, and multiple clin-
ical trials have associated TP53 abnormalities with resistance to VEN treatment [3,44,45].
Previous studies have demonstrated that TP53-mutated AML patients display inferior
responses and relapse early after VEN treatment, despite occasional initial remissions [46].
In detail, loss of TP53 elevates the apoptotic threshold, rather than abrogating sensitivity
to VEN, allowing leukemic cells to even at optimal drug exposure [47,48]. Moreover, sev-
eral pro-apoptotic genes involved in the mitochondrial apoptosis pathway, including the
BH3-only proteins PUMA and NOXA and the effector proteins BAK and BAX, are tran-
scriptionally regulated by TP53 [49]. In TP53-knockout AML cells, the reduced expression
and delayed activation of BAX and BAK impair MOMP, thus attenuating VEN-induced
apoptosis [47,48]. Besides its direct apoptotic defects, inactivation of TP53 prompts mi-
tochondrial and metabolic adaptations, including altered mitophagy, increased reactive
oxygen species, and reprogrammed carbon utilization with increased nucleotide biosyn-
thesis [48]. Finally, loss of TP53 has also been correlated with an increased BCL-xL/BCL-2
ratio, further decreasing VEN efficacy [48].

Mutations in activating kinase genes, including FLT3-ITD and KRAS/PTPN1, have
also been associated with VEN resistance [50]. FLT3-ITD mutations enhance survival by
activating various intracellular signaling pathways, including PI3K-Akt, RAS-MAPK, and
STAT5, thereby leading to increased expression of BCL-xL and MCL-1 [51,52]. Previous
research has shown that AML cells harboring KRAS mutations have low BCL-2 and BAX
levels and high MCL-1 and BCL-2A1 levels [24]. It has also been suggested that KRAS
mutations depend only on MCL-1 to drive VEN resistance, while PTPN1 mutations are
partially dependent on MCL-1 and BCL-xL [24]. Finally, besides mutations in activating
kinases, several other mutations, such as in KIT, DNMT3A, and GATA2, have also been
implicated [53,54].

Interestingly, several genetic alterations have been linked to heightened sensitivity
to VEN. Mutations in IDH1 and IDH2 lead to the accumulation of the oncometabolite
2-hydroxyglutarate (2-HG), which impairs mitochondrial respiration and lowers the apop-
totic threshold by increasing cellular dependency on BCL-2 [55]. Moreover, mutations in
spliceosome components, including SRSF2, U2AF1, SF3B1, and ZRSR2, also favor BCL-2
reliance through alterations in the splicing and expression of apoptosis-related genes [56].
Additionally, ASXL1 mutations induce BCL-2 overexpression by increasing chromatin
accessibility to its promoter, driven by defective PRC2-mediated repression [57]. Finally,
NPM1 mutations have been associated with enhanced responses to VEN [50]. Although
the exact mechanism remains unknown, increased VEN sensitivity may be explained by
the fact that NPM1 mutations induce the overexpression of homeobox genes associated
with sensitivity to BCL-2 inhibition in AML cells [58,59].

2.2. Strategies to Overcome Venetoclax Resistance

An improved understanding of the mechanisms underlying venetoclax resistance
over recent years has led to the development of several strategies aimed at overcoming
these challenges. Key strategies incorporating venetoclax-based combination regimens are
summarized in Table 1 and discussed below.

2.2.1. Targeting MCL-1 and Other Apoptotic Proteins

Given that altered apoptotic protein expression is a key mechanism of venetoclax
resistance, combining venetoclax with inhibitors targeting other BCL-2 family members
represents a rational therapeutic strategy. The clinical use of navitoclax, an early BH3
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mimetic that also targets BCL-xL in addition to BCL-2, has been confined due to on-target
thrombocytopenia, since platelet survival relies on BCL-xL [60]. However, a phase 1 clinical
trial combining navitoclax with VEN and DEC in AML patients previously treated with
VEN is ongoing [61]. Interestingly, AZD4320, a novel dual BCL-2/BCL-xL inhibitor, has
proven its efficacy in patient-derived AML and VEN-resistant xenograft models with
only limited platelet toxicity [62]. Unfortunately, AZD0466, a drug–dendrimer conjugate
exerting dual BCL-2/BCL-xL inhibition, has failed to elicit significant responses in a phase
1/2 trial in AML (NCT04865419) [63]. Notably, lisaftoclax (APG-2575), a novel BCL-2i,
combined with AZA has displayed encouraging efficacy in R/R AML, including patients
refractory to VEN [64].

a. Direct MCL-1 inhibitors

As discussed earlier, MCL-1 is an attractive target prompting the development of
direct MCL-1 inhibitors [22]. S63845 was the first MCL-1 inhibitor to be developed and
has proved its efficacy in vitro and in xenograft mouse models [65,66]. S63845 successfully
eliminates AML cells but also induces profound myelosuppression, thus deterring its
entry into clinical trials [65,66]. S64315 (MIK655), another MCL-1 inhibitor, has progressed
into a phase 1/2 clinical trial in combination with AZA for AML (NCT04629443) [67].
MIK655 was also investigated in R/R AML in combination with VOB560, a novel BCL-2i,
and despite the reported encouraging results, recruitment was halted [68]. After prov-
ing their in vitro efficacy, AMG-176 (tapotoclax) and AMG-397 (murizatoclax) entered
phase 1 clinical trials either as monotherapy (NCT02675452) or as combined treatment
(NCT05209152, NCT03797261, NCT03465540) for patients with R/R AML, but were prema-
turely terminated due to increased cardiotoxicity, which was considered an on-target effect
of MCL-1 inhibition [69]. Likewise, increased cardiac toxicity was observed with AZD5991,
which has shown promising efficacy when combined with VEN in mouse xenograft stud-
ies of human AML [70]. This resulted in early suspension of a clinical trial of AZD5991
in combination with VEN in R/R AML (NCT03218683) [71]. Another selective MCL-1
inhibitor with proven in vitro and in vivo efficacy is PRT1419 and is being investigated
in clinical trials (NCT05107856, NCT04543305). Overall, these results suggest that while
direct MCL-1 inhibitors are highly promising, careful attention to dose-limiting toxici-
ties, particularly myelosuppression and cardiotoxicity, is essential to enable successful
clinical development.

b. Indirect MCL-1 inhibition

Several agents that indirectly induce downregulation of MCL-1 have been investigated
in AML patients. The combination of HMAs with VEN has been based on the synergistic
effects exerted by these agents [29,72]. Although the exact synergistic mechanisms remain
unknown, it has been demonstrated that AZA downregulates MCL-1 and upregulates
pro-apoptotic proteins, such as NOXA and PUMA, thereby shifting leukemic cell survival
reliance towards BCL-2 and ultimately sensitizing cells to VEN-mediated apoptosis [72].

Cyclin-dependent kinase (CDK) inhibition, and mostly CDK9 inhibition, leads to
reduced transcription and, consequently, expression of MCL-1 [73]. Alvocidib, a multiple
CDK inhibitor, has proven its efficacy in preclinical AML studies, while synergy with VEN
has also been observed [74]. However, the combination of alvocidib with VEN in R/R AML
(NCT03441555) has failed to provide a meaningful clinical benefit [75]. Dinaciclib, a more se-
lective and potent CDK9 inhibitor, is currently being investigated in combination with VEN
in R/R AML (NCT03484520). Other CDK inhibitors evaluated in clinical trials in combina-
tion with VEN include voruciclib (NCT03547115), fadraciclib (NCT05168904), AZD4573
(NCT03263637), RVU120 (NCT06191263/RIVER-81), and QHRD107 (NCT06532058).
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Pevonedistat (PEV), a NEDD8-activating enzyme inhibitor, leads to enhanced NOXA
expression and subsequent increased MCL-1 degradation [76]. The combination of PEV,
AZA, and VEN has yielded an overall response rate (ORR) of 46.7% in R/R AML [77], while
the addition of PEV to AZA and VEN in ND AML failed to show a clinical benefit [78].
Selinexor, an exportin 1 inhibitor that also leads to reduced MCL-1 levels, has been explored
in AML patients in combination with HMAs and VEN [79]. Preliminary data from the
use of triplet DEC/VEN/selinexor in ND and R/R AML patients have shown a complete
response (CR) rate of 55.5% [80]. A phase 1b trial of VEN and selinexor in R/R AML has
demonstrated modest responses with an ORR of 21% [81]. A trial of the second-generation
eltanexor combined with VEN in R/R AML is underway (NCT06399640).

Combined inhibition of the BCL-2/MAPK pathway to induce MCL-1 degradation
with MEK or MDM2 inhibitors represents another attractive option [82,83]. Unfortunately,
a phase 1b trial of cobimetinib, a MEK1/2 inhibitor, combined with VEN in R/R AML
patients has reported composite complete response (cCR) rates of 15.6% [84]. However,
encouraging results have been reported in R/R AML with the combination of the MDM2
inhibitor idasanutlin with VEN, with cCR rates of 34.3% overall and 20% among patients
with TP53 mutations [85]. Trials with other MDM2 inhibitors, such as siremadlin and
KRT-232, are currently being conducted (NCT03940352, NCT03041688).

Moreover, 225Ac-lintuzumab, which targets CD33, has shown activity in VEN-resistant
cells through MCL-1 suppression [86], and is currently being investigated in combination
with VEN (NCT03867682). Lastly, several promising novel agents have demonstrated
significant efficacy in preclinical models but have not yet entered clinical trials; these
agents include the anticancer quinolone (R)-WAC-224, which leads to caspase 3-mediated
cleavage of MCL-1 [87,88], the sphingosine kinase 1 inhibitor MP-A08, which induces
ceramide accumulation and integrated stress response (ISR) activation, ultimately leading
to increased NOXA and NOXA-dependent MCL-1 degradation, and the antibiotic tedizolid,
which, in combination with VEN, enhances ISR and leads to reduced OXPHOS [89–91].

Taken together, these studies indicate that indirect MCL-1 targeting can sensitize
cells to VEN, but clinical efficacy remains variable and requires careful optimization
of combinations.

2.2.2. Metabolism-Targeting Strategies

Emerging therapeutic strategies aiming to alter the metabolism of leukemic cells
may help overcome VEN resistance. As previously described, acquired VEN resistance is
mediated by OXPHOS and sustained by FAO [30–33]. Preclinical studies have shown that
combining OXPHOS inhibition enhances VEN activity [31,91].

Inhibition of STAT3, which regulates mitochondrial respiration, prompts reduced
OXPHOS and is effective in overcoming resistance in preclinical models [91]. OPB-111077,
a STAT3 inhibitor, has been investigated in combination with VEN and DEC in both ND
and R/R AML, with preliminary results showing an ORR of 25% [92]. A phase 1 study
exploring the safety and efficacy of danvatirsen, a selective antisense oligonucleotide
inhibitor of STAT3 in combination with VEN in R/R AML, is ongoing (NCT05986240) [93].
Furthermore, the inhibition of Janus Kinase 2 (JAK2), which lies upstream of STAT3, with
ruxolitinib combined with VEN with or without AZA in R/R AML patients has shown that
this combination is safe, achieving a clinical benefit rate of 63% [94].

MicroRNA 126 (miR-126) maintains LSC function by promoting BCL-2-dependent
FAO and OXPHOS, whereas its inhibition disrupts mitochondrial metabolism and triggers
apoptosis [95]. Preclinical studies have shown synergy of miRisten, a CpG-conjugated
anti-miR-126 oligonucleotide, with VEN, enabling the entry of miRisten into a clinical trial
(NCT07025564) [95]. Pitavastatin, an inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A
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(HMG-CoA), has been proven to be effective in counteracting VEN resistance, mostly by
depleting geranylgeranyl pyrophosphate, ultimately resulting in apoptosis [96]. A phase 1
study of pitavastatin combined with VEN in AML patients (NCT04512105) has recently
been completed and awaits results.

In addition, targeting NAD+ through inhibition of nicotinamide phosphoribosyl-
transferase (NAMPT), which is crucial for NAD+ biosynthesis, ultimately resulting in
mitochondrial dysfunction, is another attractive option. KPT-9274, a NAMPT inhibitor, has
shown promising efficacy and synergy with VEN in preclinical models [97]. A phase
1 study of KPT-9274 in R/R AML (NCT04914845) is currently ongoing. Finally, the
combination of metformin, an antidiabetic biguanide that inhibits ETC I and OXPHOS,
with VEN and cytarabine has displayed preliminary efficacy, particularly in patients with
R/R AML [98].

Collectively, these findings suggest that targeting leukemic cell metabolism represents
a promising strategy to overcome VEN resistance, with several approaches now entering
early-phase clinical trials to evaluate safety and preliminary efficacy.

2.2.3. Targeting Genetic and Epigenetic Mechanisms

Targeting epigenetic mechanisms with novel agents is also an appealing strategy
to tackle VEN resistance. Oral decitabine/cedazuridine (DEC-C) has recently been ap-
proved for the treatment of myelodysplastic neoplasms [97]. Multiple clinical trials are
evaluating DEC-C with VEN alone or in triplet combinations. Notably, frequent weekly
lower-dose DEC combined with VEN achieved superior outcomes compared with standard
HMA/VEN dosing, with activity in TP53-mutated disease, suggesting that sustained DNA
methyltransferase 1 inhibition may help overcome VEN resistance [99,100].

Inhibition of lysine-specific demethylase 1 (LSD1), an enzyme implicated in methyl
group removal from histone proteins, represents another emerging strategy [101]. Iadadem-
stat, a novel LSD1 inhibitor, enhances blast differentiation and reduces LSC self-renewal by
increasing histone H3 lysine 4 dimethylation (H3K4me2) levels, particularly in KMT2A-
rearranged AML [102]. Data from preclinical studies have shown synergy with BCL-2i [102],
and clinical trials are currently evaluating its use in combination with AZA and VEN in
AML (NCT06357182, NCT06514261).

Additionally, chidamide, a selective histone deacetylase (HDAC) inhibitor that also
induces MCL-1 downregulation, has shown promising efficacy when combined with AZA
and VEN in overcoming resistance in AML [103]. Several clinical trials are currently
investigating chidamide both in ND and R/R AML.

Tackling specific genetic alterations may also help circumvent VEN resistance. RAS
inhibition with trametinib, an oral MEK inhibitor, has been shown to have preclinical
synergy with VEN. However, a phase 2 trial of AZA/VEN/trametinib in heavily pretreated
R/R AML has demonstrated only modest activity with a CR rate of 25% [104]. Finally,
the combination of VEN with IDH inhibitors in patients with IDH-mutated (IDHmut) R/R
AML has significantly improved outcomes, as will be discussed below.

Taken together, this data indicates that targeting genetic and epigenetic mechanisms
can resensitize AML cells to VEN, with several early-phase clinical trials now exploring
combinations in both genetically defined and high-risk patient groups.
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Table 1. Therapeutic strategies used to overcome resistance to venetoclax in acute myeloid leukemia.

Strategy Agent/Combination
Study Phase
or Preclinical

Model
Population Clinical Trial

Identifier * Results Ref.

Strategies to overcome resistance to VEN
Direct MCL-1 inhibition

Direct MCL-1
inhibitors

S64315 (MIK655) + AZA 1/2
ND AML

ineligible for IC
R/R AML

NCT04629443 No results posted

S64315 (MIK655) + VOB560
(novel BCLi)

1b R/R AML NCT04702425 CR in 2/29 patients [68]

Tapotoclax
(AMG-176) 1 R/R AML NCT02675452 Terminated

Tapotoclax
(AMG-176) + VEN 1b R/R AML NCT03797261 Terminated due to

increased cardiotoxicity

Murizatoclax
(AMG-397) 1 R/R AML NCT03465540 Terminated

AZD5991 +/− VEN 1/1b/2a, 3 R/R AML NCT03218683
Terminated due to
elevated laboratory

troponin and low ORR
[71]

PRT1419 1 R/R AML NCT05107856 Terminated

PRT1419 1 R/R AML NCT04543305 No results posted
Indirect MCL-1 inhibition

CDK
inhibitors

Alvocidib + VEN 1b R/R AML NCT03441555 CR + CRi 11.4% [75]

Dinaciclib + VEN 1b R/R AML NCT03484520 Terminated

Voruciclib + VEN 1 R/R AML NCT03547115 Unknown status

Fadraciclib + VEN 1/2 R/R AML NCT05168904 Suspended

AZD4573 1 R/R AML NCT03263637 Completed-no results
posted

RVU120 2 R/R AML NCT06191263 Recruiting

QHRD107 + AZA + VEN 2a R/R AML NCT06532058 Recruiting

NEDD8-
activating
enzyme
inhibitor

Pevonedistat + AZA + VEN 1 R/R AML NCT04172844 ORR: 46.7% [77]

Pevonedistat + AZA + VEN 2 ND AML NCT04266795 CR: 45%
cCR: 77% [78]

XPO1
inhibitor

Selinexor + VEN + DEC NA ** ND AML
R/R AML CR: 55.5% [81]

Selinexor + VEN 1b R/R AML NCT03955783 ORR: 21% [82]

Eltanexor + VEN 1b R/R AML NCT06399640 Recruiting

Combined
MAPK/BCL-
2 inhibition

Cobimetinib (MEK
1/2 inhibitor) + VEN 1b R/R AML NCT02670044 cCR:15.6% [84]

Idasanutlin (MDM2
inhibitor) + VEN 1b R/R AML NCT02670044 cCR: 34.3% [85]

KRT-232
(AMG-232) + VEN + DEC 1b ND AML

R/R AML NCT03041688 Active—no results
posted

Anti-CD33 225Ac-lintuzumab + VEN 1/2 R/R AML NCT03867682 Unknown status
Metabolism targeting therapies

STAT3
inhibitors

OPB-111077 + VEN + DEC 1b ND AML
R/R AML NCT03197714 ORR: 25% [92]

Danvatirsen + VEN 1 R/R AML NCT05986240 Recruiting

Ruxolitinib + VEN +/− AZA 1 R/R AML NCT03874052 CBR: 63% [94]

microRNAs miRisten 1 R/R AML NCT07025564 Recruiting

HMG-CoA
inhibitors Pitavastatin + VEN 1 ND AML NCT04512105 Completed-no results

posted

NAMPT
inhibitors

KPT-9274 1 R/R AML NCT04512105 Active—no results
posted

Metformin + VEN + cytarabine 2 R/R AML
ND AML NCT06537843 cCR:83% in R/R AML

cCR: 69% in ND AML [98]
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Table 1. Cont.

Strategy Agent/Combination
Study Phase
or Preclinical

Model
Population Clinical Trial

Identifier * Results Ref.

Epigenetic targeting

DEC-C

DEC-C + VEN 1/2

AML not
previously treated

with HMA
and/or VEN

NCT04657081
Active—no results

posted

DEC-C + VEN 1/2 High risk AML NCT04817241 Active—no results
posted

DEC-C + VEN 2 R/R AML NCT04975919 Active—no results
posted

DEC-C + VEN 2 R/R AML
ND AML NCT04746235 Active—no results

posted

LSD1
inhibitor Iadademstat + AZA + VEN 1 ND AML NCT06514261 Recruiting

HDAC
Chidamide + AZA + VEN NA ** ND AML NCT06386302 Recruiting

Chidamide + AZA + VEN 2 R/R AML NCT05305859 Recruiting

RAS
inhibition

Trametinib + AZA + VEN 2 R/R AML NCT04487106 CR: 25% [104]

Novel BCL-2
inhibitors

Navitoclax + VEN + DEC 1 R/R AML NCT05222984 CRh/CRi: 20%

Lisaftoclax (APG-2575) + AZA 1b/2 R/R AML NCT04964518
ORR: 29.2% in VEN

refractory AML
[64]

* clinicaltrials.gov. ** Multicenter Randomized. VEN, venetoclax; MCL-1, myeloid cell leukemia-1; AZA, azaciti-
dine; ND, newly diagnosed; AML, acute myeloid leukemia; IC, intensive chemotherapy; R/R, relapsed/refractory;
BCLi, BCL-2 INHIBITOR; CR, complete response; ORR, overall response rate; CDK, cyclin-dependent kinase; CRi,
complete response with incomplete hematologic recovery; NEDD8, neural precursor cell expressed developmen-
tally downregulated protein 8; cCR, composite complete response; XPO1, exportin 1; DEC, decitabine; BCL-2,
B-cell lymphoma 2; MDM2, mouse double minute 2; STAT3, signal transducer and activator of transcription
3; CBR, complete best response; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; NAMPT, nicotinamide
phosphoribosyltransferase; HMA, hypomethylating agents; DEC-C, oral cedazuridine/decitabine; LSD1, lysine-
specific histone demethylase 1A; HDAC, histone deacetylase; CRh, complete response with partial hematologic
recovery; NA, not applicable.

3. FLT3 Inhibitors
FLT3 is a receptor tyrosine kinase involved in the regulation of cell proliferation,

differentiation, and survival through the activation of intracellular signaling pathways
upon the binding of the FLT3 ligand (FL) [105]. Activating mutations of FLT3 are among
the most frequent genetic abnormalities in AML, occurring in up to 30% of patients [106].
These can be either internal tandem duplications (FLT3-ITD) in the juxtamembrane domain
or point mutations in the tyrosine kinase domain (FLT3-TKD) [106–108]; their presence has
long been recognized to confer poor prognosis [109].

Targeting FLT3 has become an important component of AML treatment, and several
first- and second-generation FLT3 inhibitors (FLT3i) have been developed [110,111]. Based
on their mechanism of action, FLT3i can be further divided into type 1 inhibitors which
enter into the ATP-binding site following receptor activation and type 2 inhibitors that
interact with the receptor in its inactive conformation [110]. Subsequently, type 1 inhibitors,
such as midostaurin, gilteritinib, crenolanib, and lestaurtinib, are active against both FLT3-
ITD and FLT3-TKD mutations, whereas type 2 inhibitors, such as quizartinib and sorafenib,
are only active against FLT3-ITD mutations [110]. Although FLT3i have significantly
improved outcomes in FLT3mut AML, a substantial proportion of patients fail to respond or
relapse [112–117], indicating that resistance, both intrinsic and acquired, remains a major
challenge in these patients.
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3.1. Mechanisms Underlying Resistance to FLT3i
3.1.1. Bone Marrow Microenvironment-Mediated Resistance

The bone marrow (BM) stromal microenvironment plays a pivotal role in promoting
resistance to FLT3i. Elevated FL levels, particularly observed in relapsed AML patients,
represent a key driver of primary resistance by preserving persistent activation of the
FLT3/MAPK pathway, thus sustaining leukemic cell survival [118]. A preclinical model has
demonstrated that exogenous FL diminishes the efficacy of FLT3i, including lestaurtinib,
midostaurin, and sorafenib [14]. Moreover, high FL levels have been associated with
increased activation of STAT1, STAT3, and STAT5 signaling pathways, thereby promoting
survival and contributing to resistance [119,120]. Collectively, these findings highlight
FL-driven signaling as a potent mechanism of resistance.

Several other microenvironment-derived factors have been linked to the development
of resistance to FLT3i. Activation of the fibroblast growth factor 2 (FGF2)/FGF receptor 1
(FGFR1) axis has been shown to stimulate sustained MAPK signaling in FLT3-ITD AML
cells [121]. Other studies have reported an increased FGF2 expression at relapse of FLT3mut

AML [121]. Importantly, a direct link has been demonstrated between the activation of the
FGF2/FGFR1 axis, high levels of FL, and resistance to quizartinib [122,123]. Taken together,
these findings suggest that both FGF2 and FLT3 signaling converge on the MAPK/AKT
pathway, whose constitutive activation might be the final common node of resistance.
Lastly, another study in FLT3-ITD AML cells has demonstrated that a pro-inflammatory
microenvironment confers resistance to FLT3i and is primarily mediated by interferon γ

(IFN-γ), which activates STAT1, ultimately leading to upregulation of anexelekto (AXL),
a member of receptor tyrosine kinases (RTKs), and enhances cell survival despite FLT3
inhibition [124].

Upregulation of chemokines, such as CXC motif chemokine ligand 12 (CXCL12), as
well as the elevated expression of its receptor CXCR4 on leukemic cells, has also been
shown to promote proliferation, thereby contributing to resistance [125]. Moreover, blasts
with higher levels of CXCR4 have reduced sensitivity to FLT3i [126]. The interference
between FL and CXCL12 leads to abnormal phosphorylation of the p42/p44/MAPK/AKT
pathway [127]. Finally, cytochrome P450 3A4 (CYP3A4), an enzyme highly expressed in BM
mesenchymal stromal cells, has also been recognized as a mediator of resistance to FLT3i. In
detail, stromal CYP3A4 activity has been associated with resistance to sorafenib, quizartinib,
and gilteritinib in FLT3mut AML, whereas use of clarithromycin, a strong CYP3A4 inhibitor,
has restored sensitivity [128].

3.1.2. Transcriptional Heterogeneity and Transcription Factor-Driven Mechanisms
of Resistance

Recent studies have highlighted that pre-existing intrinsic transcriptional heterogene-
ity might be an important contributing factor to the early occurrence of resistance [129].
Single-cell transcriptional profiling has revealed the presence of pre-existing resistant sub-
populations characterized by distinct gene expression profiles associated with resistance
to FLT3i, including upregulation of G1 to S phase transition 1 (GSPT1) [129]. Notably, the
targeting of GSPT1 resensitized cells to FLT3i and also exhibited strong synergy with FLT3i
both in vitro and in xenograft FLT3mut AML models [129]. Finally, the transcription factor
(TF) OCT4 has been shown to enhance abnormal FLT3 signaling through transcriptional
activation of TF NANOG, thus leading to resistance [130]. Importantly, FLT3 inhibition has
resulted in upregulation of OCT4 and NANOG in FLT3mut AML cells, thus suggesting that
these TFs might not only be responsible for intrinsic resistance to FLT3i but also serve as
adaptive mechanisms to overcome FLT3i [130].
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3.1.3. FLT3 Mutations

In detail, these mutations are more commonly found within the TKD, particularly at
residues D835 and Y842 of the activation loop (A-loop), thus maintaining the TK domain in
its active form and ultimately impeding binding of type 2 inhibitors, since they bind FLT3
only in its inactive conformation [131–133]. Secondary D835 mutations, such as D835Y,
D835V, and D835F, are found in up to one-third of AML patients with acquired resistance
to quizartinib and sorafenib, and have been correlated with inferior OS [131–133]. Of
note, multiple coexisting TKD mutations have been reported, thus indicating polyclonal
resistance [131].

Other less frequently reported mutations include the TKD N676K and N841K muta-
tions as well as the extracellular domain mutation K429E, which have been associated with
resistance to specific inhibitors, such as midostaurin and crenolanib, respectively [134,135].
Notably, crenolanib appears less likely to induce A-loop mutations and retains activity
against many D835 variants, thereby rendering it a potent inhibitor in these cases [134,135].
Finally, the F691L gatekeeper mutation has been associated with universal resistance to
nearly all FLT3i [136,137]. Therefore, identifying these mutation patterns in patients treated
with FLT3i at relapse is very important, since switching between inhibitor types may help
circumvent resistance.

3.1.4. Activation of Alternative Signaling Pathways Bypassing FLT3 Inhibition and
Other Mechanisms

Beyond on-target resistance, secondary off-target resistance can also arise, and is
frequently driven by acquired activating mutations in downstream signaling pathways
that bypass dependence on FLT3 signaling. Mutations in the RAS/MAPK pathway genes,
including NRAS, KRAS, and CBL, have been reported in patients with resistance to gilteri-
tinib [138,139]. Furthermore, mutations in epigenetic regulators, such as IDH1, IDH2, and
ten-eleven translocation 2 (TET2), have also been reported in association with resistance
to gilteritinib and crenolanib [135,136]. Importantly, the loss of original FLT3 mutations
along with the acquisition of new ones has been documented in some patients at relapse,
suggesting that resistance may emerge through clonal switching [138].

Resistance to FLT3i has also been associated with upregulation of the JAK/STAT
pathway. Specifically, JAK mutations such as V617F, S703I, R724H, and A573V have been
identified in 46% of patients who developed resistance to midostaurin and quizartinib [140].
In addition, suppression of Src homology region 2 domain-containing phosphatases (SHP1)
and SHP2, which are negative regulators of the JAK pathway, has been observed in cases
of FLT3-TKD [141]. Furthermore, epigenetic silencing of suppressors of cytokine signaling
(SOCS) 1 and SOCS2 has been reported [141]. Collectively, these alterations lead to amplifi-
cation of STAT5-driven survival signaling and contribute to resistance [140,141]. Moreover,
growth arrest-specific factor 6 (GAS6)-mediated upregulation of AXL induces activation of
the PI3K/AKT, RAS/MAPK, and STAT pathways and has been correlated with resistance
to midostaurin and quizartinib [142]. Upregulation of the proto-oncogene serine/threonine
protein kinase family PIM, whose expression is strongly induced by FLT3-ITD, leads to
increased MCL-1 expression and has also been linked to resistance. [143]. Additionally,
FLT3i induces histone deacetylase 8 (HDAC8) upregulation through activation of FOXO1
and FOXO3, which subsequently leads to p53 inactivation, sustaining survival despite
FLT3 inhibition [144]. Lastly, other secondary off-target resistance mechanisms include
spleen tyrosine kinase (SYK) activation, enhanced drug efflux via P-glycoprotein, and
upregulation of tescalcin type 1 Na+/H+ exchange channel (TESC) protein [145–147].
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3.2. Strategies to Overcome FLT3 Inhibitor Resistance
3.2.1. Switching FLT3 Inhibitor Type

Switching between type 1 and type 2 FLT3i may help overcome resistance, given
that cells resistant to type 2 inhibitors due to TKD mutations may retain sensitivity to
type 1 inhibitors. Other strategies aiming to tackle the resistance to FLT3i include the
use of novel FLT3i and the employment of combination treatments targeting parallel or
downstream signaling pathways or other adaptive resistance mechanisms. Several agents
have been explored in preclinical settings; only a few have proceeded in clinical trials.
Table 2 summarizes important investigational agents used to tackle resistance to FLT3i.

3.2.2. Novel FLT3i

In recent years, several novel FLT3i have been developed with demonstrated efficacy,
mostly in preclinical models. Sitravatinib is a novel FLT3i with both in vitro and in vivo
efficacy in FLT3-ITD AML, even in the presence of cytokines, by inhibiting ERK and AKT
more potently [148]. Sitravatinib has also displayed synergy with VEN in preclinical models
by reducing MCL-1 expression and inhibiting MAPK and AKT pathways [149]. Remarkably,
sitravatinib has also exhibited a potent inhibitory effect on the F691L gatekeeper mutation,
which confers resistance to all other FLT3i [148].

Activity against F691L has also been demonstrated with ningetinib, another novel
FLT3i, with efficacy against TKD mutations, such as D835Y/V and Y842C, by inhibiting
FLT3 and its downstream pathways, including AKT, ERK, and STAT5 [150]. FF-10101 is
an FLT3i that irreversibly binds to C695 residue and has exhibited activity against F691L
and D835 mutations [151]. Importantly, FF-10101 has been shown to circumvent BM
microenvironment-associated resistance by reducing the release of growth factors in the
niche [151]. A phase 1 study of FF-10101 in R/R AML has demonstrated cCR rates of 10%
and ORRs of 12.5% with responses in patients progressing on other FLT3i [152]. Other
recently developed FLT3i with proven efficacy in preclinical models include CCM-405,
CCM-445, and LT-171-861 [153,154].

3.2.3. Combined Approaches: Targeting Signaling Pathways and Bone
Marrow Microenvironment

Combining FLT3i with agents inhibiting compensatory signaling pathways, such as
MEK-ERK and PI3K/AKT, represents another promising approach. Combined target-
ing of FLT3 and AXL, whose upregulation has been shown to confer resistance, offers
the possibility to improve treatment outcomes [142]. Among AXL inhibitors, TP-0903,
CTS2016, DAXL-88, and DAXL-88-MMAE have displayed both in vivo and in vitro activity
in FLT3mut AML resistant to FLT3i and have also exerted synergy with FLT3i. Synergistic ef-
fects of CTS2016 combined with AZA and VEN have also been documented. Tamnorzatinib
(ONO-7475), a dual AXL/Mer inhibitor, has also displayed synergy with VEN in FLT3-ITD
AML in preclinical models [155–157]. However, a phase 1/2 clinical trial (NCT03176277)
evaluating tamnorzatinib in R/R AML, including FLT3mut patients, as both monotherapy
or combined with VEN, failed to show benefit and was prematurely terminated [158].

Dual JAK2 and FLT3 inhibition also represents an attractive option in resistant cases,
since evidence suggests that JAK2 inhibitors can mitigate FLT3i resistance [159]. Pacritinib,
a dual JAK2/FLT3 inhibitor, can overcome resistance, based on in vitro and in vivo studies,
and has also demonstrated preliminary activity against FLT3-ITD AML in a phase 1 study in
combination with chemotherapy or decitabine [160]. Similar results have been documented
with the use of other inhibitors in preclinical models, such as momelotinib and compound
11r, a dual JAK2/FLT3 inhibitor [159,161].
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Concomitant inhibition of MEK-ERK1/2 and FLT3 has also been explored. Trametinib
has shown potency in overcoming resistance to FLT3i, while also displaying synergy with
midostaurin [162]. Targeting of aberrant RAS/MAPK signaling has also been investigated.
In particular, the RAS(ON) multi-selective inhibitor daraxonrasib (RMC-7977) has dis-
played significant efficacy in AML cell lines and has resensitized cells to gilteritinib, while
inhibiting the outgrowth of gilteritinib-resistant RAS-mutant clones [163].

Targeting the CXCL12/CXCR4 axis represents another option. Investigational CXCR4
antagonists, such as LY2510924 and GMI-1359, have exhibited potency in circumvent-
ing resistance to FLT3i, which is mostly mediated by disrupting the BM microenviron-
ment [164,165]. Dual inhibition of MDM2 and FLT3-ITD with milademetan and quizartinib
showed efficacy in preclinical studies and in a phase 1 study, with reported CR with
incomplete hematologic recovery rates of 40% [166].

Finally, in vitro studies of CDK4/6 inhibitors, such as palbociclib and abemaci-
clib, have demonstrated efficacy in overcoming resistance to FLT3i [167,168]. A clinical
trial of palbociclib with sorafenib, decitabine, or dexamethasone is currently ongoing
(NCT03132454), whereas a phase 1/2 trial of palbociclib and CPX-351 in patients with
AML has reported CR rates of 62.5% in R/R AML patients, including patients with FLT3
mutations [169].

Collectively, these studies highlight that combination strategies targeting FLT3 along
with compensatory signaling pathways hold promise to overcome resistance, though
translation to clinical benefit has been variable, underscoring the need for careful selection
of combinations and patient populations in ongoing and future clinical trials.

Table 2. Therapeutic strategies used to overcome resistance to FLT3 inhibitors in acute myeloid leukemia.

Strategy Agent/Combination
Study Phase or

Preclinical
Model

Population Clinical Trial
Identifier * Results Ref.

Strategies to overcome resistance to FLT3i
FLT3 inhibition

Novel FLT3i
Ningetinib 1b R/R FLT3mut

AML
NCT03125876 Terminated

FF-10101 1
R/R AML with

FLT3mut patients NCT03194685
cCR: 10%

ORR: 12.5% [152]

Combined FLT3 and signaling pathways inhibition

AXL inhibitors
Tamnorzatinib

(ONO-7475) +/−
VEN

1/2 R/R AML with
FLT3mut patients NCT03176277

CRi: 7.1% in
VEN-resistant cohort

MLS: 7.1% in
VEN-resistant cohort

[158]

JAK2 inhibitors

Pacritinib +

a cytarabine
and/or
daunorubicin

b DEC

1 R/R AML with
FLT3mut patients NCT02323607 CR: 40% in cohort A

CR: 0% in cohort B
[160]

MEK-ERK
inhibitors

Trametinib CL and PS FLT3mut AML NA Synergistic effect with
midostaurin [162]

Daraxonrasib
(RMC-7977) CL AML NA Restoration of

sensitivity to FLT3i [163]

CXCR4 inhibitors GMI-1359 PDX FLT3mut AML NA
Enhanced

antileukemia effect of
sorafenib

[164]

MDM2 inhibitors Milademetan +
Quizartinib 1 ND and R/R

FLT3-ITD AML NCT03552029 CRi: 40% [166]
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Table 2. Cont.

Strategy Agent/Combination
Study Phase or

Preclinical
Model

Population Clinical Trial
Identifier * Results Ref.

CDK4/6
inhibitors

Palbociclib +
Sorafenib, DEC or

dexamethasone
1 R/R AML NCT03132454 Active—no results

posted

Palbociclib +
CPX-351 1/2 ND and R/R

AML NCT03844997
CR: 62.5% in R/R
AML, including
FLT3mut patients

[169]

Multi-kinase
inhibitors

Pexidartinib 1/2 R/R FLT3-ITD
AML NCT01349049 cCR: 11% [170]

Foretinib Mouse model and
PDX FLT3-ITD AML

Strong efficacy
including potent
activity against

secondary mutations
of FLT3-ITD

[171]

Tuspetinib +/− VEN 1/2 R/R AML NCT03850574

ORR: 23.1% in
FLT3-mutated

patients with prior
FLT3i treatment

[172]

Luxpetinib CL, PS AML

Greater potency than
other FLT3i, including

cases with FLT3
mutations

[173]

CCT241736 PDX and PS FLT3-ITD and
FLT3-TKD AML

Inhibition of tumor
growth, including

quizartinib-resistant
cases

[174]

Tirbanibulin
(KX2-391)

Mouse model and
PS

FLT3-ITD and
FLT3-TKD AML

Potent inhibitory
effects in FLT3mut

cells with resistant
mutations

[175]

PIM inhibitors
AZD1208 1a/1b R/R AML NCT01489722 Terminated due to

lack of efficacy [176]

SGI-1776 1 R/R AML NCT01239108 Terminated due to
safety issues

Epigenetic targeting

HDAC inhibitors

IHCH9033,
compound 22,

compound 25h,
decursin)

CL and PDX FLT3mut AML
Synergistic effects

when combined with
FLT3i

[144,177–
179]

Immunotherapeutic approaches

Anti-FLT3 CAR-T
cells

TAA05 Cell Injection 1 R/R AML NCT05445011 Recruiting

CI-135 CAR-T Cell 1 R/R AML NCT06760260 Recruiting

HG-CT-1 1 R/R AML NCT06786533 Recruiting

anti-FLT3 ×
anti-CD3 BiTEs

CLN-049 1 R/R AML NCT05143996 ORR: 57%

AMG 427 1 R/R AML NCT03541369 Terminated

* clinicaltrials.gov. VEN, venetoclax; newly diagnosed; AML, acute myeloid leukemia; R/R, relapsed/refractory;
CR, complete response; ORR, overall response rate; CDK, cyclin-dependent kinase; CRi, complete response with
incomplete hematologic recovery; cCR, composite complete response; DEC, decitabine; MDM2, mouse double
minute 2; FLT3, FMS-like tyrosine kinase 3; FLT3i, FLT3-inhibitor; FLT3mut, FLT3-mutated; AXL, anexelekto; MLS,
morphologic leukemia-free state; JAK2, Janus kinase 2; CL, cell lines; PS, patient samples; CXCR4, C-X-C chemokine
receptor type 4; PDX, patient-derived xenograft model; FLT3-ITD, FLT3-internal tandem duplication; FLT3-TKD,
FLT3-tyrosine kinase domain; CAR-T cells, chimeric antigen receptor-T cells; BiTE, bispecific T-cell engager.

3.2.4. Multi-Kinase and PIM Inhibitors

Several multi-kinase inhibitors have been investigated to overcome resistance to FLT3
inhibition. Pexidartinib, a type 1 FLT3i also targeting KIT and colony-stimulating factor-1
receptor, has displayed potent clinical activity and safety in a phase 1/2 clinical trial of FLT3-
ITD-mutant R/R AML patients, including those with F691 gatekeeper mutations [170].
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However, its efficacy was particularly influenced by mutations in the activation loop.
Foretinib is another multi-kinase inhibitor with promising efficacy in AML cell lines and
has demonstrated activity against secondary mutations that confer resistance to quizartinib
and gilteritinib [171]. Importantly, a phase 1/2 trial of tuspetinib, an oral multi-kinase
inhibitor, in R/R AML patients has shown ORRs of 23.1% in FLT3mut patients previously
treated with FLT3i [172]. Other investigational multi-kinase inhibitors include luxeptinib,
CCT241736, and KX2-39 [173–175]. Luxpetinib is a highly potent inhibitor of all FLT3 forms,
while it also targets additional kinases implicated in survival and resistance pathways [173].
CCT241736, a potent dual inhibitor of FLT3 and Aurora kinases, has exhibited efficacy
in samples from AML patients, including those resistant to quizartinib [174]. Finally,
KX2-391 (tirbanibulin) is an oral non-ATP-competitive inhibitor of Src kinase and tubulin
polymerization displaying preliminary activity against resistant FLT3-ITD AML [175].

The employment of PIM-inhibitors has also been explored but has been met with
unsatisfying results. AZD1208, a pan-PIM inhibitor, has demonstrated efficacy com-
bined with quizartinib in FLT3-ITD AML cells [176]. However, preliminary results of
a phase 1 study have indicated no benefit in AML [176]. Furthermore, a trial of an-
other pan-PIM inhibitor, SGI-1776, has been withdrawn due to safety issues regarding QT
prolongation (NCT01239108).

3.2.5. Epigenetic Targeting

HDAC inhibitors have been shown to effectively overcome resistance to FLT3i in AML
cells while also exerting synergistic effects with FLT3i [144]. IHCH9033 is a novel selective
class 1 HDAC inhibitor that suppresses DNA repair pathways in FLT3mut AML cells while
also stimulating the acetylation of HSP90, thereby resulting in FLT3 ubiquitination and
proteasomal degradation [177]. IHCH9033 has proved its efficacy in FLT3i-resistant cells
and displayed synergistic activity with quizartinib [177]. Similar results have been reported
in preclinical studies of compound 22, a selective HDAC8 inhibitor, and compound 25 h,
a dual FLT3 and HDAC inhibitor [144,178]. Decurcin, a pyranocoumarin, also leads to
proteasome-mediated FLT3-ITD degradation by increasing the expression of ubiquitin
conjugase UBE2L6 [179].

3.2.6. Immunotherapy Approaches and Other Investigational Agents

Lastly, several other investigational agents are currently being explored in preclinical
studies in resistant FLT3mut AML, including ceramide transfer protein (CERT) inhibitors,
the antipsychotic chlorpromazine, sphingosine-1-phosphate receptor modulators, heme
oxygenase 1 inhibitors, and NLRP3 inhibitors [180–184]. Furthermore, immunotherapeutic
agents have also been investigated, including FLT3 chimeric antigen receptor (CAR)-T
cells and FLT3-directed bispecific T-cell engager (BiTE), both of which have displayed
efficacy in preclinical AML models [185,186]. Several ongoing studies are evaluating the
efficacy of FLT3 chimeric antigen receptor (CAR)-T cells in R/R AML (NCT05445011,
NCT06760260, NCT06786533, NCT05023707). CLN-049, a novel anti-FLT3 × anti-CD3
BiTE, has displayed ORRs of 57% in a phase 1 study in heavily pretreated R/R AML
patients, thereby leading to fast-track designation by the FDA [187,188]. A study of another
anti-FLT3 x anti-CD3 BiTE, AMG 427 (NCT03541369), has been prematurely suspended.
Nevertheless, immunotherapeutic approaches are promising in R/R FLT3mut AML, even
though their clinical application remains in its early stages. These preclinical and clinical
studies suggest that novel immunotherapeutic approaches offer promising strategies to
overcome resistance in FLT3mut AML, though clinical validation remains in early stages.
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4. IDH Inhibitors
IDH1 and IDH2 are metabolic isoenzymes that play a central role in cellular

metabolism [189]. Under physiologic conditions, both enzymes catalyze the oxidative
decarboxylation of isocitrate to a-ketoglutarate (α-KG) and reduce NADP+ to NADPH in
the TCA cycle [190]. Furthermore, α-KG possesses antioxidant properties, and the produced
NADPH helps maintain cellular redox balance by reducing glutathione through glutathione
reductase [189]. Moreover, α-KG serves as a cofactor for a wide range of α-KG-dependent
dioxygenases, including TET, JmjC domain-containing histone demethylases (JmjC KDMs),
and propyl hydroxylases (PHD), which are involved in epigenetic modifications such as
DNA and histone demethylation, as well as hypoxia sensing [189–191].

IDH1/2 mutations have been identified both in solid tumors and hematologic ma-
lignancies, including AML [192–194]. They can be found in 8–14% and 9–19% of AML
cases, respectively. R132H is the most frequent IDH1 variant, whereas R140Q and R172K
constitute the majority of IDH2 mutations, which may arise at different stages of leukemo-
genesis [192–194].

Importantly, IDH mutations result in neomorphic enzymatic activity and lead to
the conversion of a-KG into the oncometabolite 2-hydroxyglutarate (2-HG), which in-
hibits a-KG-dependent enzymes (e.g., TET and JmjC KDM), leading to DNA and histone
hypermethylation, impaired cellular differentiation and disruption of alkylated DNA re-
pair [195–197]. However, although these mutations promote oncogenic pathways, they
are not sufficient to initiate leukemogenesis and usually require additional driver muta-
tions [198,199]. Growing understanding of the contribution of IDH1/2 mutations to AML
pathogenesis has led to the development of IDH inhibitors (IDHi). These agents induce
stabilization of the open conformation of mutant IDH, leading to the loss of its catalytic
ability and subsequently prompting differentiation of blast cells [200,201]. Moreover, these
drugs result in a significant reduction of 2-HG [200,201].

Ivosidenib, an IDH1 inhibitor (IDH1i), is approved for the treatment of both ND and
R/R IDH1mut AML [202,203]. Olutasidenib, another IDH1i, has recently been approved
by the FDA for the treatment of R/R IDH1mut AML [204]. Similarly, enasidenib, an IDH2
inhibitor (IDH2i), is approved for the treatment of R/R IDH2mut AML [205]. Notably,
the combination of ivosidenib with AZA has also yielded excellent clinical outcomes in
ND IDH1-mutated AML, with reported CR and ORRs of 57% and 76%, respectively [206].
Nevertheless, some AML patients either fail to respond to IDHi or eventually relapse.

4.1. Mechanisms of Resistance to IDHi

Resistance to IDHi can be either intrinsic or acquired and represents a major ther-
apeutic barrier. Importantly, multiple resistance mechanisms may occur concurrently,
highlighting the complex nature of leukemic responses to IDH inhibition.

4.1.1. Mutations in RTK Signaling Pathways

Mutations in RTK pathway genes have been identified as a key contributor to primary
resistance to ivosidenib. The co-occurrence of IDH1 mutations with mutations in RTK
pathway genes, such as NRAS, KRAS, PTPN11, and FLT3, has been correlated with a lower
probability of achieving a response following ivosidenib treatment [207,208]. Importantly,
RTK pathway mutations also emerge at relapse in 35% of patients who have been previously
treated with ivosidenib and achieved CR, thus suggesting that these mutations also confer
acquired resistance to ivosidenib [208]. Likewise, mutations in NRAS, as well as in genes
implicated in the MAPK pathway, have also been associated with enasidenib failure [209].
The biological mechanisms through which these mutations drive resistance remain in-
completely understood; however, several explanations have been proposed. Activation
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of the RTK pathway may induce proliferation and survival signals that are strong enough
to bypass cellular dependence on 2-HG. Secondly, these mutations may help sustain a
differentiation block persisting even after treatment initiation with IDHi. Lastly, IDH1/2
mutations may activate components of RTK signaling, which may not be reversed by IDHi
in the presence of concurrent RTK pathway mutations [209].

4.1.2. Mutations in WT1 Driving Resistance Though TET2 Impairment

A recent study of IDHmut AML in a patient-derived xenograft model treated with
IDHi has demonstrated a significant association between Wilms’ Tumor 1 (WT1) gene
mutations and resistance to ivosidenib [210]. WT1 mutations result in impaired TET2
function, rendering leukemic cells independent of 2-HG-mediated TET2 suppression to
sustain their undifferentiated state [209,210]. However, the clinical relevance of WT1
mutations remains unclear. In a study of patients with IDH1mut R/R AML treated with
ivosidenib, a non-statistically significant trend toward lower composite CR rates was
observed in patients with WT1 mutations compared with WT1-wild-type patients [210].

4.1.3. Leukemia Stemness

Leukemia stemness represents another important mechanism of intrinsic resistance
to IDHi. A multipronged genomic analysis of specimens from IDHmut AML patients has
shown that gene promoters related to transcriptional regulation of leukemia stemness dis-
play a hypermethylation phenotype driven by the forkhead box protein C1 (FOXC1), CD99,
and DNMT3A, as well as by co-occurring mutations of transcription factors regulating
hematopoietic differentiation, such as RUNX1, CEBPA, and GATA2 [211]. Importantly,
this increased stemness has been associated with intrinsic IDHi resistance [210]. Finally,
IDH mutations promote a stem cell-like phenotype by disrupting the Wnt/β-catenin sig-
naling pathway in a 2-HG-dependent manner, thereby preventing cell differentiation and
maintaining LSCs [212,213].

4.1.4. Secondary Mutations and Additional Cytogenetic Lesions in Acquired Resistance

Besides the mutations in RTK pathway genes, secondary resistance may arise due to
other acquired mutations in several genes, including U2AF1, RUNX1, GATA2, BCL11A,
BCORL1, NFKB1, DDX1, DHX15, MTUS1, and DEAF1 [214]. Increased variant allele
frequency of CSF3R, FLT3, and CBL has also been shown to confer acquired resistance [214].
Moreover, monosomy 7 or partial deletion of chromosome 7 has been linked to increased
relapse after enasidenib treatment [214].

4.1.5. Isoform Switching

Isoform switching, either from mutant IDH1 to mutant IDH2 or vice versa, has been
identified as another important mechanism of acquired resistance in both solid tumors and
HMs [215]; however, its exact frequency remains unclear. Cells may acquire mutations in
the alternate IDH isoform, bypassing IDH inhibition and restoring 2-HG production [215].
A case series has reported two patients with R/R AML with IDH1-R132C mutation who
initially responded to ivosidenib but relapsed with the emergence of neomorphic mutation
IDH2-R140Q, along with increased 2-HG levels [215]. Conversely, a patient with the
IDH2-R132C mutation achieved remission with enasidenib but subsequently relapsed after
acquiring an IDH1-R132C mutation [215]. Importantly, he achieved a transient response
with a dual IDH inhibitor, thus suggesting that dual IDH inhibition may represent a
promising combination.
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4.1.6. Second-Site Dimer Interface IDH Mutations That Weaken Drug Binding

Acquired resistance to IDH2i may also occur due to second-site mutations at the
dimer interface [34]. In a previous report, resistance to enasidenib was associated with
the emergence of second-site IDH2 mutations Q316E and I319M that disrupt inhibitor
binding and restore 2-HG. Interestingly, these resistance mutations occurred in trans, with
the resistance-conferring variants arising in the IDH2 allele lacking the neomorphic R140Q
mutation [216]. This data has also been validated in molecular dynamics studies showing
that, when occurring in trans, these mutations confer resistance by weakening a multitude
of drug–protein interactions [217]. Secondary IDH1 mutations, such as S280F, that alter
inhibitor binding at the IDH1 dimer interface and lead to higher 2-HG production, have
also been reported in association with resistance to ivosidenib [218]. Intriguingly, certain
IDH1 mutations, such as R132, display poor response to standard IDH1i due to unique
structural features, including dihedral angle changes in the dimer interface and buried
surface area charges that reduce inhibitor affinity [219].

4.1.7. Metabolic Rewiring as a Mechanism of Secondary Resistance

Finally, secondary resistance to IDHi may stem from metabolic adaptations. IDHmut

AML cells display enhanced mitochondrial metabolism, including an increase in ETC I
activity and TCA cycle intermediates [220]. Despite IDH inhibition and reduction of 2-HG
production, these cells sustain high OXPHOS and FAO, which is primarily mediated by the
inhibition of Akt and the increased activity of peroxisome proliferator-activated receptor-γ
coactivator-1 (PGC1a), thereby maintaining energy production and survival [220]. Notably,
the combination of OXPHOS inhibitors with IDHi has improved outcomes in vivo [220].
Moreover, CD44 is upregulated in IDHmut AML cells and induces metabolic rewiring
by activating the pentose phosphate pathway, while also inhibiting glycolysis, to ensure
efficient NADPH generation for 2-HG production [221]. These metabolic alterations may
also promote resistance to IDHi [221].

4.2. Strategies to Overcome Resistance to IDHi

Considering the multifaceted mechanisms underlying IDHi resistance, therapeutic
strategies increasingly focus on combination approaches that simultaneously address
resistance pathways. Key strategies are summarized in Table 3.

4.2.1. Enhancing IDH Inhibition with Hypomethylating Agents and BCL-2 Blockade:
Doublet and Triplet Therapy Approaches

Combining HMAs with IDHi in IDHmut AML has become an area of active clinical in-
vestigation, with studies reporting a significant improvement in clinical outcomes [222,223].
Importantly, long-term results from the phase 3 AGILE study, which evaluated the addition
of ivosidenib to AZA in ND IDH1mut AML, have confirmed the combination’s efficacy, re-
porting a significantly improved OS in the combination arm compared to the AZA-placebo
arm [222]. Correspondingly, the combination of AZA and enasidenib has displayed en-
couraging results in patients with ND IDH2mut AML, with reported cCR rates of 66% [223].
Another phase 2 study of AZA and enasidenib in patients with both ND and R/R IDH2mut

AML has recorded a cCR rate of 100% and 58%, respectively. Notably, the combination of
AZA and ivosidenib was shown to induce responses in patients harboring NRAS, KRAS,
and PTPN11 co-mutations, which have been associated with IDH1i resistance [208].

These observations are supported by a biological rationale, explaining the synergistic
activity of HMAs and IDHi. HMAs act cooperatively with IDHi by inducing DNA hy-
pomethylation and re-expression of silenced tumor suppressor genes [224]. Preclinical
studies have demonstrated that this combination enhances leukemic cell differentiation and
depletion [224]. Furthermore, IDH inhibition promotes cycling of LSCs and upregulation
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of the pyrimidine salvage pathway, thereby leading to increased sensitivity to AZA [225].
Finally, the coadministration of AZA with IDH1i inhibits the MAPK/ERK and RB/E2F
pathways [226]. Collectively, the concurrent use of HMAs and IDHi addresses several
aspects of IDHi resistance, such as the hypermethylated phenotype and activation of other
signaling pathways, making it a particularly promising approach.

As previously mentioned, IDHmut AML increases dependence on BCL-2, thereby
augmenting sensitivity to VEN [55]. A phase 1b/2 study evaluating the combination of
VEN and enasidenib in IDH2mut AML patients reported a CR and ORR of 57% and 70%,
respectively [227]. Furthermore, administration of VEN with HMAs has yielded responses
in IDHmut AML patients [55]. Hence, the use of triplet therapy with HMA, VEN, and
IDHi represents another potent combination strategy. Several ongoing trials are currently
evaluating the safety and efficacy of doublet or triple regimens in both ND and R/R
IDHmut AML (NCT06611839, NCT05907057, NCT05756777, NCT07075016, NCT03471260,
NCT04774393, NCT03683433, NCT07304011, NCT06782542, NCT07153497). Preliminary
data from a phase 1b/2 study evaluating the triple combination of VEN and ivosidenib
with or without AZA in IDH1mut ND and R/R AML have reported cCR rates of 90% in the
triple combination arm versus 83% in those receiving VEN and ivosidenib, accompanied
by increased MRD-negativity rates [228]. Notably, patients with signaling mutations,
contributing to resistance, appeared to benefit from the triple regimen, although this result
did not reach statistical significance [228]. Consequently, these combinations represent a
particularly promising therapeutic approach, and forthcoming trial results will determine
how to integrate them in clinical practice.

Collectively, this data suggests that combining HMAs, IDHi, and VEN, either as
doublet or triplet regimens, offers a rational, biologically supported strategy to overcome
IDHi resistance and improve outcomes in both ND and R/R IDHmut AML, with ongoing
trials expected to further clarify the optimal combinations and patient selection.

4.2.2. Therapeutic Reinforcement: Integrating IDHi with Standard Chemotherapy

Combining IDHi with conventional chemotherapy may also help overcome resistance.
It has been shown that cladribine exerts hypomethylating effects and yields superior out-
comes in IDH2mut AML patients [229]. Moreover, coadministration of daunorubicin with
enasidenib was found to augment daunorubicin’s efficacy by inhibiting aldo-keto reductase
1C3 (AKR1C3), an enzyme that confers resistance to anthracyclines, while simultaneously
reducing the activity of drug efflux transporters such as ATP-binding cassette subfamily B
member 1 (ABCB1), ATP-binding cassette subfamily G member 2 (ABCG2), and ABCC1,
which expel chemotherapeutic agents from cells [230]. Several clinical trials evaluating the
combination of IDHi combined with conventional chemotherapeutic agents, both in ND
and R/R IDHmut AML, are currently ongoing (NCT02632708, NCT03825796, NCT03839771,
NCT04250051, NCT04493164). Preliminary results from a study of ivosidenib with IC in
ND IDH1mut AML suggest that this combination yields durable responses, with reported
CR rates of 70% and the presence of an acceptable safety profile [231].

4.2.3. Blocking All Escape Routes: Pan-IDHi

A strategy to tackle isoform switching of IDH is based on the concurrent blocking of
both IDH isoforms. Efficacy and safety of vorasidenib, a dual IDH1/IDH2 inhibitor, has
been assessed in a phase 1 study of patients with R/R AML after IDHi failure, but the agent
yielded suboptimal responses [232]. LY3410738 (crelosidenib) is another dual IDH1/IDH2
inhibitor that is currently being investigated in R/R IDHmut AML in a phase 1 study
(NCT04603001). Preliminary results suggest potent efficacy and sustained 2-HG inhibition,
even in patients with prior exposure to IDHi [233]. Finally, the dual IDH1/IDH2 inhibitor
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HMPL-306 (ranosidenib) tested in a phase 1 study of R/R IDHmut AML patients led to
cCR rates of 34.6% and 36.4% in IDH1mut and IDH2mut patients, respectively [234,235].
Importantly, among those achieving CR, MRD negativity rates were 77.8% and 50%, re-
spectively [235]. A phase 3 study of ranosidenib is currently ongoing (NCT06387069).
Collectively, these data suggest that dual inhibition of IDH may offer a potential benefit in
the treatment of R/R AML.

4.2.4. Active-Site Targeting and PROTACs to Counteract Secondary Mutations

Overcoming resistance due to acquired mutations at the interface of the IDH dimer
may be challenging. An approach to address this resistance mechanism is by employing
novel inhibitors that bind to the active sites of the enzyme. HMS-101 is a unique IDH1i that
binds to the active site of mutant IDH1 and has exhibited outstanding efficacy in preclinical
models [236]. Another strategy with potential efficacy is the use of proteolysis targeting
chimera (PROTAC) technology. PROTAC molecules can be designed to target proteins
in cancer cells, such as mutant IDH, and subsequently induce their degradation [237].
Interestingly, a recent preclinical study has demonstrated degradation of mutant IDH1 in
cells by employing a PROTAC-based approach that impairs STAT3 activation [238].

4.2.5. Targeting Adaptive Signaling Pathways

Emerging strategies also include targeting adaptive signaling pathways that confer
resistance to IDH inhibition. Considering the role of the RTK pathway in the development
of resistance, administration of RTK pathway inhibitors would likely be beneficial. Inhi-
bition of the mTOR pathway, which is highly activated in IDHmut cells, with mTORC1
inhibitors, such as rapamycin, was effective in cells bearing IDH1 mutations and reduced
the production of 2-HG [239]. Targeting the MAPK signaling pathway may also help
circumvent resistance to IDHi. Dual inhibition of IDH and MEK in mice bearing IDH2 and
NRAS mutations has led to a significant decrease in LSCs, providing the foundation for
further evaluation of this combination in clinical trials [240]. A phase 1 study evaluating
the combined use of enasidenib and cobimetinib in R/R AML patients with co-occurring
IDH2 and RAS mutations is underway [240]. Finally, SEL24/MEN1703 (dapolsertib), a
dual PIM and FLT3 inhibitor, has demonstrated modest single-agent activity in R/R AML
with IDH1mut and IDH2mut AML [241]. It is worth noting that responses were also ob-
served in patients previously exposed to IDHi [241]. Altogether, this data suggests that
co-targeting adaptive signaling pathways represents a rational strategy to circumvent resis-
tance, although clinical evidence remains preliminary and further studies are needed to
establish efficacy.

4.2.6. Targeting DNA Repair Defects with PARP Inhibitors

IDH mutations impair cells’ ability to repair double-stranded DNA breaks during ho-
mologous recombination through 2-HG-mediated suppression of key DNA repair enzymes.
These cells rely on poly(adenosine diphosphate-ribose) polymerase (PARP) enzymes to
preserve genomic stability. Olaparib, a PARP inhibitor, showed efficacy in a preclinical
study, even against blasts resistant to enasidenib [242]. This provided the rationale for the
design of a clinical trial evaluating olaparib in patients with R/R IDHmut AML, which is
currently ongoing (NCT03953898).

4.2.7. Exploiting Metabolic Vulnerabilities

Combination strategies targeting metabolic adaptations may also help circumvent
IDHi inhibitor resistance. Thus, OXPHOS inhibitors or CD44 targeting could be bene-
ficial [220,221], while targeting acetyl coenzyme A carboxylase 1 (ACC1) along with a
restriction of lipid intake may offer another therapeutic option [243]. Preclinical stud-
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ies have shown that IDH1mut AML cells exhibited limited ability to grow in lipid-poor
conditions and a dependency on ACC1, whose knockdown halted cell growth [243].

Table 3. Therapeutic strategies used to overcome resistance to IDH inhibitors in acute myeloid leukemia.

Strategy Agent/Combination Study Phase or
Preclinical Model Population Clinical Trial

Identifier * Results Ref.

Overcoming resistance to IDH inhibitors
Combination regimens

IDHi + HMAs

IVO + AZA 1/2 ND IDH1mut AML NCT06611839 Not yet recruiting

IVO + AZA 3b ND IDH1mut AML NCT05907057 Recruiting

IVO + Gilteritinib 1
R/R AML with

FLT3 + IDH
mutations

NCT05756777 Recruiting

IVO + AZA 3 ND IDH1mut AML NCT07075016 Recruiting

IVO + VEN +/− AZA 1/2
ND and R/R

IDH1mut AML NCT03471260 cCR: 90% [228]

IVO or ENA + DEC-C 1b/2 R/R IDHmut AML NCT04774393 Recruiting

ENA + AZA 2 R/R IDH2mut AML NCT03683433 Recruiting

Olutasitenib + AZA 2
R/R IDH1mut AML

after VEN-AZA NCT07304011 Recruiting

Olutasitenib + AZA + VEN 2 ND IDH1mut AML NCT06782542 Recruiting

Olutasitenib + DEC-C + VEN 2 ND IDH1mut AML NCT07153497 Not yet recruiting

IDHi +
chemotherapy

IVO or ENA + IC 1 ND IDHmut AML NCT02632708 CR: 70% [231]

ENA + CPX-351 2 R/R IDH2mut AML NCT03825796 Active, not
recruiting

IVO or ENA + IC 3 ND IDHmut AML NCT03839771 Active, not
recruiting

IVO + FLAG 1 R/R IDH1mut AML NCT04250051 Active, not
recruiting

IVO + CPX-351 2 ND IDH1mut AML
R/R IDH1mut AML NCT04493164 Recruiting

Pan-IDHi

Pan-IDHi

Vorasidenib 1 R/R IDHmut AML NCT02492737 MLS: 5.9%

Crelosidenib (LY3410738) 1 R/R IDHmut AML NCT04603001 Active, not
recruiting

Ranosidenib
(HMPL-306) 1 R/R IDHmut AML NCT04272957

cCR 34.6%
IDH1mut

cCR 36.4%
IDH2mut

[235]

Ranosidenib 3 R/R IDHmut AML NCT06387069 Recruiting
Active-site targeting

Active-site
targeting HMS-101

Mouse and PDX
model IDH1mut AML NA

Induction of
cellular

differentiation
[236]

Targeting signaling pathways

Targeting
signaling
pathways

mTORC1 inhibitors
(rapamycin) CL IDH1mut AML NA

proliferation
inhibition/

metabolic activity
alteration

[239]

ENA + cobimetinib 1 R/R IDH2mut +
RASmut AML NCT05441514 Active, not

recruiting

Dapolsertib
(SEL24/MEN1703) 1/2 ND and R/R

IDHmut AML NCT03008187 ORR: 9% [241]

PARP-
inhibitors Olaparib 2 R/R IDHmut AML NCT03953898

Active, not
recruiting. No
results posted
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Table 3. Cont.

Strategy Agent/Combination Study Phase or
Preclinical Model Population Clinical Trial

Identifier * Results Ref.

Targeting metabolic adaptations

Targeting
metabolic

adaptations

OXPHOS inhibitors PDX and PS IDH1mut AML Improvement of
IDHi efficacy [220]

CD44 inhibitors + IDHi Preclinical model IDHmut AML

Combination
enhances

leukemia cell
elimination

[221]

ACC1 inhibitors + VEN CL, PS IDHmut AML

Increase in
sensitivity of

IDH1mut AML to
VEN

[243]

* clinicaltrials.gov. VEN, venetoclax; AZA, azacitidine; ND, newly diagnosed; AML, acute myeloid leukemia; IC,
intensive chemotherapy; R/R, relapsed/refractory; CR, complete response; cCR, composite complete response;
HMA, hypomethylating agents; DEC-C, oral cedazuridine/decitabine; FLT3, FMS-like tyrosine kinase 3; MLS,
morphologic leukemia-free state; NA, not applicable; CL, cell lines; PDX, patient-derived xenograft model; IDH,
isocitrate dehydrogenase; IDHi, isocitrate dehydrogenase inhibitor; IVO, ivosidenib; ENA, enasidenib; FLAG,
fludarabine, high dose cytarabine, and granulocyte colony-stimulating factor; mTORC1, mechanistic target of
rapamycin complex 1; PARP, poly ADP ribose polymerase; OXPHOS, oxidative phosphorylation; ACC1, acetyl
CoA carboxylase 1.

5. Menin Inhibitors
Menin inhibitors (MENINi) have emerged as one of the most promising targeted

therapies for AML, particularly in genetically defined subgroups, such as patients with
lysine methyltransferase 2 A (KMT2A, also known as MLL) rearrangements (KMT2Ar)
and NPM1 mutations. AML with KMT2Ar or NPM1 mutations relies on the interaction
between KMT2A and the epigenetic factor menin to maintain leukemogenic transcriptional
programs [244]. By disrupting this interaction, MENINi reverse the aberrant activation of
HOX and MEIS1 genes, thereby inducing differentiation of leukemic cells and reducing
proliferation [244].

There are currently two MENINi approved for the treatment of AML. Revumenib is
approved for R/R AML with KMT2Ar or NPM1 mutations, whereas ziftomenib is approved
only for patients with NPM1-mutated R/R AML [245–247]. Furthermore, three other
MENINi, bleximenib, enzomenib, and DS-1594, are currently being evaluated in clinical
trials [245–250]. Preliminary results have shown that MENINi yield meaningful responses
in R/R AML patients with KMT2Ar and NPM1 mutations. Revumenib has demonstrated
ORRs of 63.2% and 46.9% in AML patients with KMT2Ar and NMP1 mutations, respectively,
including heavily pretreated patients [251,252]. Similar efficacy has been demonstrated
with ziftomenib, particularly in NPM1-mutated AML patients [253,254]. Nonetheless, a
subset of patients failed to respond, while others experienced relapse after achieving an
initial response, suggesting that resistance to MENINi may occur.

5.1. Mechanisms That Underlie Menin Inhibitor Resistance
5.1.1. MEN1 Mutations

Resistance to MENINi most commonly arises through acquired mutations in the
multiple endocrine neoplasia type 1 (MEN1) gene encoding menin that usually evolve
under selective pressure from MENINi [255,256]. These mutations are somatic point
mutations occurring at the menin–inhibitor interface, most frequently at residues M327,
G331, S160, and T349, and disrupt MENINi binding by generating a steric clash [255,256].
However, they do not impair menin–KMT2a interaction, thereby preserving leukemogenic
transcriptional programs and conferring clinical resistance [255]. These findings have also
been confirmed in structural studies [256]. Importantly, while these mutations have been
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found in up to 39% of relapsed patients after prior revumenib treatment, they appear to
occur less frequently with zifotmenib, which retains efficacy against some MEN1 mutations,
such as G331R and T349, but not others, such as M327I [253,257].

5.1.2. Epigenetic and Transcriptional Reprogramming

Resistance to MENINi may also arise independently of MEN1 mutations and is poten-
tially mediated by epigenetic mechanisms and transcriptional reprogramming. Epigenetic
reactivation of noncanonical menin targets, including MYC, due to loss of polycomb repres-
sive complex 1.1 (PRC1.1) subunits, such as polycomb group ring finger 1 (PCGF1) and
BCL-6 corepressor (BCOR), represents another mechanism of MENINi resistance [258]. Of
note, loss of PRC1.1 has been found to eliminate the monocytic differentiation signature in
human and mouse KMT2AR-AML models, making cells sensitive to MYC and/or BCL-2
inhibition and thereby providing a rationale for combination strategies [258]. Furthermore,
disrupting menin–KMT2a interaction may activate other transcriptional programs within
the cell, including noncanonical lineage programs induced by the MLL3/4-UTX complex
that contribute to treatment resistance [259,260].

A patient-derived xenograft model has shown that resistant cells retain suppressed ex-
pression of MESI1, and despite the successful displacement of the menin–KMT2a complex
from chromatin, leukemia persists [261]. It is noteworthy that these cells lost their depen-
dency on menin but remained dependent on the KMT2A fusion protein, thus indicating
that displacing menin alone may not be sufficient to prevent the epigenetic reprogramming
underlying resistance. Remarkably, inhibition of KAT6A has been shown to overcome
this resistance, suggesting that KAT6A might also be implicated in driving non-genetic
resistance [261].

5.1.3. Co-Occurring Mutations

Finally, co-occurring mutations may contribute to the development of MENINi re-
sistance. In particular, FLT3-ITD and WT1 mutations have both been associated with
resistance to MENINi in AML patients [262], with specific WT1 isoforms correlating with
HOX overexpression [263]. However, how these mutations confer resistance remains un-
known. Intriguingly, a preclinical study has demonstrated that TP53 mutations do not
mediate MENINi resistance, contrary to the contributing role of these mutations to the
development of resistance to other targeted AML treatments [264].

In summary, resistance to MENINi represents a major arising challenge primarily
mediated by MEN1 mutations, as well as epigenetic and transcriptional mechanisms.
However, while studies have begun to unravel potential mechanisms, further research is
needed to define the exact molecular pathways driving resistance.

5.2. Strategies to Overcome Resistance to Menin Inhibitors

Strategies aimed at overcoming resistance to MENINi are currently under active in-
vestigation. Most approaches remain at the preclinical stage and focus on identifying
resistance-associated adaptations and rational combinations to improve treatment durabil-
ity. Although these findings provide important biological insights, their clinical relevance
needs to be validated in prospective clinical trials. Key strategies are summarized in Table 4.

5.2.1. Targeting Resistance Driven by MEN1 Mutations

In order to address resistance due to MEN1 mutations, next-generation MENINi are
under development. CHM-029 is a novel pan-MENINi designed to overcome resistant
mutations with robust efficacy in preclinical AML models and retained potency against all
known resistant mutations [265]. Interestingly, first-in-human clinical trials of CHM-029 are
expected in the near future [265]. Moreover, switching to a different MENINi with activity
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against a specific MEN1 mutation may be effective. For instance, in contrast to revumenib,
ziftomenib retains activity against some MEN1 mutations [266]. Hence, assessment of
MEN1 mutational status in patients who fail to respond or relapse is essential. Notably,
switching to a different MENINi was shown to yield responses even in the absence of MEN1
mutations in selected cases, thus highlighting that MENINi switching may be particularly
promising in resistant patients [262].

5.2.2. Combination Treatment with Venetoclax and Hypomethylating Agents

Combinational strategies can also be employed to circumvent resistance. The syner-
gistic effects of MENINi and VEN have been demonstrated in AML models with KMT2Ar
and NPM1 mutations [266,267]. In particular, combined treatment with DS-1594b and
VEN has resulted in enhanced differentiation, profoundly reduced leukemic burden, and
prolonged survival compared to DS-1594b monotherapy [266]. Similar results have been
observed with the combined use of another MENINi, SNDX-50469 (SNDX), and VEN [266].
Combination with HMAs may also provide benefit since MENINi disrupt leukemogenic
transcriptional programs and HMAs further promote differentiation and cytotoxicity. Sev-
eral ongoing clinical trials are evaluating the incorporation of MENINi into doublet and
triplet regimens with VEN and HMAs in patients with both ND and R/R KMT2Ar or
NPM1-mutated AML, as seen in Table 1. Preliminary results suggest outstanding efficacy
of the triplet combination of ziftomenib with VEN and AZA, particularly in patients with
R/R NPM1-mutated AML, with reported cCR rates of 80% [268]. Similar results have been
observed in patients with ND KMT2Ar or NPM1-mutated AML treated with revumenib,
VEN, and AZA [269]. Overall, these findings indicate that combining MENINi with VEN
and AZA is a highly promising strategy. However, clinical data is still emerging and longer
follow-up is needed to confirm the durability and safety of these combinations.

5.2.3. Targeting MYC and Chromatin Remodeling

Preclinical data have also shown that MYC targeting can sensitize cells to MENINi [268,270].
Thus, dual targeting of the MYC/GSTP1 axis and menin with GT19715 and SNDX, respectively,
has resulted in synergistic cytotoxicity in KMT2Ar AML models and has successfully overcome
resistance [270]. Inhibiting chromatin remodeling complexes via inhibition of BRG1/BRM
ATPases with FHD-286 has also been shown to downregulate key oncogenic transcriptional
networks, including those driven by MYC, providing a rationale for combination regimens [271].
Similarly, significant MYC downregulation and enhanced apoptosis have been observed both
in vivo and in vitro, with epigenetic targeting of KDM4C, a histone demethylase, using a
combination of MI-503, a MENINi, and SD70, a KDM4C inhibitor [272].

5.2.4. Epigenetic Co-Targeting and Emerging Agents

Several investigational agents have also shown synergy when combined with MENINi.
Inhibition of LSD1 with iadademstat combined with a MENINi has exerted synergy and
restored differentiation in KMT2Ar-AML preclinical models [273]. Inhibition of inosine
monophosphate dehydrogenase 2 (IMPDH2), which reduces guanine nucleotides and
rRNA transcription leading to reduced menin expression and subsequently impaired for-
mation and chromatic binding of the KMT2A-fusion complex, has also displayed synergy
with MENINi [274]. Other strategies with potent efficacy in preclinical models include
combining MENINi with DOT1L inhibitors (pinometostat), KAT6/KAT7 acetyltransferase
inhibitors, and retinoid acid receptor alpha (RARA) agonists [275–277]. Finally, novel treat-
ments such as PROTACs targeting menin are currently in preclinical development [278].
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Table 4. Therapeutic strategies used to overcome resistance to menin inhibitors in acute myeloid leukemia.

Strategy Agent/Combination Study Phase or
Preclinical Model Population Clinical Trial

Identifier * Results Ref.

Overcoming resistance to MENINi

Novel MENINi CHM-029 Preclinical model AML Strong efficacy [265]

Combination
regimens

Revumenib + VEN 1/2 ND NPM1mut or
KMT2Ar AML NCT06284486 Recruiting

Revumenib + AZA + VEN 3 ND NPM1mut or
KMT2Ar AML NCT06652438 Recruiting

Revumenib + DEC-C + VEN 1/2
ND or R/R
NPM1mut or

KMT2Ar AML
NCT05360160 Recruiting

Ziftomenib + AZA + VEN 1 R/R NPM1mut

AML NCT03013998 cCR: 80% [268]

Ziftomenib + AZA + VEN 3 ND NPM1mut or
KMT2Ar AML NCT07007312 Recruiting

MYC targeting GT19715 + MENINi CL KMT2Ar AML Highly
synergistic effects [270]

Chromatin
remodeling
inhibition

FHD-286 + VEN or DEC CL and PDX NPM1mut or
KMT2Ar AML

Tumor burden
reduction and

synergy
[271]

Histone
demethylases KDM4C + MENINi CL KMT2Ar AML Synergistic effects [272]

Inhibition of
LSD1

LSD1 inhibitor + MENINi PDX KMT2Ar AML
Marked reduction

in leukemic
burden

[273]

IMPDH2i + MENINi CL and PDX KMT2Ar AML Synergistic effects [274]

DOT1L Pinometostat + revumenib CL KMT2Ar AML Modest responses [275]

Other agents

KAT6/KAT7 acetyltransferase
inhibitors + MENINi CL KMT2Ar AML

Represses
oncogenic

transcription and
overcomes
resistance

[276]

RARA agonists + revumenib CL KMT2Ar and
NPM1mut AML

Synergistic
induction of

differentiation or
apoptosis

[277]

* clinicaltrials.gov. VEN, venetoclax; AZA, azacitidine; ND, newly diagnosed; AML, acute myeloid leukemia; R/R,
relapsed/refractory; cCR, composite complete response; DEC, decitabine; DEC-C, oral cedazuridine/decitabine;
LSD1; lysine-specific histone demethylase 1A; CL, cell lines; PDX, patient-derived xenograft model; MENINi,
menin inhibitor; NPM1mut, nucleophosmin-mutated; KMT2Ar, histone–lysine N-methyltransferase 2A rearranged;
KDM4C, lysine demethylase 4C; IMPDH2i, inosine-5′-monophosphate dehydrogenase 2 inhibitor; DOT1L,
disruptor of telomeric silencing 1-Like; RARA, retinoid acid receptor alpha.

6. Conclusions
The development of novel treatments targeting BCL-2, FLT3, IDH1/2, and menin has

reshaped the treatment landscape of AML, demonstrating that certain types of leukemia
can be durably controlled through pathway-directed inhibition. However, the emergence of
both intrinsic and acquired resistance remains a major limitation concerning the long-term
efficacy of these agents. Several mechanisms, such as lineage plasticity, acquired mutations,
activation of bypass signaling pathways, epigenetic alterations, and metabolic rewiring, are
implicated in the development of resistance, underscoring the biological heterogeneity and
dynamic adaptability of AML and highlighting that inhibition with single agents rarely
leads to disease cure.

Despite these challenges, employment of targeted agents in AML treatment has been
met with clinical success. The utilization of combination regimens and earlier deployment
of these agents in treatment-naïve settings may improve outcomes. As the mechanisms
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underlying resistance become better defined, precision-guided and adaptive therapeutic
strategies may improve clinical outcomes.

7. Future Directions
Overcoming treatment resistance in AML will require integration of mechanistic biol-

ogy with innovative treatment approaches. Combination regimens targeting cooperating
vulnerabilities, such as the concurrent use of VEN with IDHi or MENINi, have already
shown encouraging results and should be investigated rigorously across molecular sub-
types. Targeting the BM microenvironment, chromatin remodeling, and epigenetic targeting
emerge as promising approaches. The integration of targeted agents with immune-based
approaches may also offer opportunities to overcome resistance via the multi-axis blockade
of leukemic survival. MRD-driven adaptive therapy switching combined with single-cell
monitoring and other emerging disease surveillance technologies are near-term testable
priorities that will enable the early detection of resistant subpopulations at subclinical
levels, thereby allowing timely, pre-emptive treatment modification and supporting clinical
decision making. Leveraging these approaches will probably help to produce durable
remissions in AML and ultimately eliminate resistant disease.
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