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Abstract

Acute myeloid leukaemia (AML) remains a challenging haematological 
malignancy, with most patients developing resistance to standard-of-
care (SOC) treatments. This resistance is often attributed to the 
overexpression of anti-apoptotic BCL-2 family proteins, which regulate 
the intrinsic apoptotic pathway by inhibiting pro-apoptotic effector 
proteins such as BAX and BAK. AML cells exploit this imbalance to 
evade apoptosis and sustain survival, necessitating the development 
of novel therapeutic strategies. BH3 mimetics are small-molecule 
inhibitors targeting the pro-survival BCL-2 family proteins and have 
emerged as promising agents in patients with AML who are unable to 
receive high-intensity induction chemotherapy. Co-treatment with the 
BCL-2-specific inhibitor venetoclax and various SOC therapies has been 
proven effective, with several combinations now approved by the US 
Food and Drug Administration for adults with AML who are ≥75 years 
of age and/or are ineligible for intensive induction chemotherapy, on 
the basis of improved response rates and survival outcomes compared 
with the previous SOC. In this Review, we highlight the transformative 
potential of BH3 mimetics in AML therapy, including ongoing studies 
investigating novel combination regimens and efforts to further refine 
treatment strategies, with the ultimate goal of improving outcomes for 
patients with AML.
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with haematological malignancies such as acute myeloid leukaemia 
(AML). This dependence has led to earnest efforts to understand 
whether these proteins can be targeted to eradicate cancer cells. 
The BH3 mimetic venetoclax is thus far the only US Food and Drug 
Administration (FDA)-approved BCL-2 inhibitor, initially for patients 
with chronic lymphocytic leukaemia (CLL)19,20 and later for those with 
AML21. Beyond the FDA-approved combinations of venetoclax with 
hypomethylating agents (HMAs) or low-dose cytarabine (LDAC), other 
venetoclax-based regimens are currently under clinical investigation. 
Meanwhile, a wide variety of other BH3 mimetics have emerged as 
promising candidates.

In this Review, we highlight the therapeutic potential of inhibiting 
pro-survival BCL-2 family members in adult patients with AML and 
explore the promise of BH3 mimetic-based therapeutic regimens. 
We also aim to provide a focused and up-to-date overview of the cur-
rent landscape and future directions of BH3 mimetics in the clinical 
management of AML.

Regulation of apoptosis by BCL-2 family proteins
The BCL-2 family proteins are defined by the presence of BCL-2 
homology (BH) domains and can be divided into groups based on 
their structure and function22,23. The pro-apoptotic group includes 
proteins with one to three BH domains. This group comprises two 
distinct categories: (1) multidomain proteins, named BCL-2 homolo-
gous antagonist killer (BAK) and BCL-2-associated X protein (BAX)18, 
which consist of three BH domains (BH1–BH3) and a C-terminal trans-
membrane domain (TMD) warranting associations with intracellular 
membranes including the mitochondrial outer membrane (MOM), 
the endoplasmic reticulum (ER) and nuclear membranes24–26; and (2) 
BH3-only proteins, which include only one BH domain (BH3), such as 
BCL-2 associated death promoter (BAD), BCL-2-interacting mediator 
of cell death (BIM), BH3-interacting domain death agonist (BID), BCL-2- 
interacting killer (BIK), p53-upregulated modulator of apoptosis 
(PUMA), phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1 
or NOXA), BCL-2-modifying factor (BMF) and Harakiri (HRK)18. Activa-
tion of this second group depends on several heterogeneous stress 
signals, including antigen receptor signalling, cytokine deprivation, 
DNA damage, anoikis, activation of oncogenes, chemotherapy and 
exposure to ultraviolet light and/or γ-rays27. The anti-apoptotic group 
includes proteins containing three to four BH domains and comprises 
the four-domain (BH1–BH4) and C-terminal TMD-containing pro-
teins BCL-2, B cell lymphoma-extra large (BCL-xL), B cell lymphoma-w 
(BCL-w) and BCL-2-related gene expressed in fetal liver-1 (BFL-1), 
as well as the three domain-containing (BH1–BH3 domains) and 
C-terminal TMD-containing protein myeloid cell leukaemia-1 (MCL-1)23 
(Supplementary Information).

Apoptosis is initiated through two well-characterized pathways: 
the extrinsic and intrinsic pathways9–14 (Fig. 1). In the intrinsic apoptotic 
pathway, the BCL-2 family proteins have been proposed to regulate 
BAX/BAK activation via the direct or indirect activation model, or a 
combination of both28,29 (Fig. 2). In the direct activation model, the BH3-
only proteins are classified into two groups: (1) activators (such as BIM, 
BID and PUMA), which can directly activate BAX/BAK but are seques-
tered by pro-survival BCL-2 family proteins (such as MCL-1 and BCL-2); 
and (2) sensitizers (such as BAD, NOXA and HRK), which suppress the 
pro-survival proteins and, in turn, release the activators to activate 
BAX/BAK. In the indirect activation model, BAX/BAK are constitutively 
active but are sequestered by the pro-survival proteins; in response 
to a death stimulus, BH3-only proteins (such as BAD, NOXA and HRK) 

Key points

	• Resistance to standard treatments for acute myeloid leukaemia (AML) 
is often attributed to the overexpression of anti-apoptotic BCL-2 family 
proteins, which inhibit apoptosis and sustain cancer cell survival, 
posing a major therapeutic challenge.

	• BH3 mimetics, which target pro-survival BCL-2 proteins, have 
demonstrated substantial anticancer activity, effectively overcoming 
resistance in patients with AML and improving therapeutic outcomes, 
especially when combined with hypomethylating agents or low-dose 
cytarabine.

	• Venetoclax, a potent BCL-2-specific BH3 mimetic, has revolutionized 
the management of patients with AML owing to improved efficacy 
when combined with standard therapies, leading to US Food and Drug 
Administration approval of this agent for specific groups of patients 
with AML.

	• Innovative sequential or combinatorial approaches targeting BCL-xL 
and MCL-1 dependencies will be crucial to addressing the current 
challenges, including thrombocytopenia and the limited ability to 
target resistant BCL-2 family proteins.

	• Techniques such as BH3 profiling, mitochondrial profiling and gene 
and/or protein expression profiling are transforming the management 
of patients with AML by enabling precise, personalized therapies 
and enhancing the optimization of therapeutic regimens, leading to 
improved patient outcomes.

	• The future treatment of patients with AML lies in developing novel 
drug combinations, optimizing BH3 mimetic dosages, mitigating 
adverse effects and exploring dual-action therapies.

Introduction
Homeostasis relies on a balance between cell division and cell death1. 
Among the different types of cell death (including autophagy, pyrop-
tosis, necroptosis and ferroptosis)2, apoptosis is the most widely 
investigated and understood form of programmed cell death3,4. 
Caspase-dependent apoptosis is also the most commonly occur-
ring regulated cell death pathway in eukaryotic cells5, having critical 
roles in development, homeostasis6 and other important processses, 
including immune responses7. Apoptotic cells undergo a series of 
morphological changes such as membrane blebbing and nucleus 
shrinkage, as well as loss of mitochondrial function, cleavage of intra-
cellular structures and DNA fragmentation8. Caspase-dependent 
apoptosis is a tightly regulated process occurring via two distinct 
signalling pathways with specific initiation steps: (1) the extrinsic 
apoptotic signalling, or death receptor signalling pathway, which is 
activated via binding of death receptors at the cell membrane; and (2) 
the intrinsic apoptotic signalling, or mitochondrial apoptotic path-
way, directed by the B cell lymphoma-2 (BCL-2) family of proteins9–14. 
These two signalling axes interconnect and culminate in activation of 
the executioner caspases before finally leading to cell death. Evasion 
of apoptosis is a notorious hallmark of cancer15,16. Proteins of the BCL-2 
family have a crucial role in regulating apoptosis17,18, and aberrant 
overexpression of pro-survival BCL-2 family members is associated 
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inhibit the pro-survival proteins and release the sequestered BAX/BAK. 
However, whether the BH3-only proteins can directly induce BAX/BAK 
activation remains a subject of ongoing debate. One study provided 
evidence demonstrating that BAX/BAK activation can occur in the 
absence of all known BH3-only proteins30. This study outlined a mem-
brane (lipid)-mediated spontaneous model in which the MOM activates 
BAX/BAK. In this model, the BH3-only proteins function only to inhibit 
the pro-survival BCL-2 family members; subsequently, BAX/BAK associ-
ate with the MOM via free diffusion. This membrane association then 
induces the spontaneous activation and oligomerization of BAX/BAK.

Classification of AML
AML is a heterogeneous disease in terms of morphology, the underlying 
molecular genetic/cytogenetic abnormalities, immunophenotypes, 
response to treatment and patient outcomes. AML is characterized by 
an increase in immature myeloid blasts in the bone marrow, extramed-
ullary tissues and blood. The growth of these blast cells outpaces that 
of haematopoiesis, resulting in vulnerability to infection, bleeding, 
fever and anaemia. Over the past years, a better understanding of AML, 
accompanied by remarkable improvements in measurement technol-
ogy, resulting in a wide array of instruments and techniques used to 

analyse and quantify biological processes, biochemical reactions and 
biomolecules, and the approval of novel therapies have revamped the 
diagnosis, prognosis and therapeutic landscape31.

AML is classified according to the World Health Organization 
(WHO), International Consensus Classification (ICC) and European 
Leukaemia Network (ELN) criteria32–34. The WHO 2022 classification 
divides AML into AML-defining genetic abnormalities (DGAs) and AML 
defined by differentiation33,35. This classification also broadens the 
number of different KMT2A and MECOM rearrangements33. AML with 
myelodysplasia-related changes (AML-MR) now incorporates somatic 
mutations (such as those in ASXL1, EZH2 and SF3B1), replacing the 
previous morphological dysplasia-based criteria33. The latest WHO clas-
sification also removed the blast cut-off for all AML-DGAs apart from 
AML with BCR–ABL1, AML with CEBPA mutations and AML-MR, while 
the 20% blast cut-off is still in place for AML defined by differentiation 
in order to discriminate from myelodysplastic syndrome (MDS)33,35. 
The ICC builds on the WHO classification but also introduces several 
notable distinctions36. The blast threshold for AML-DGAs is lowered 
to 10% rather than entirely removed, whereas MDS/AML is introduced 
as a new category for patients with 10–19% blasts lacking in DGAs36. 
Unlike that provided by the WHO, the ICC classification recognizes 
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Fig. 1 | The extrinsic and intrinsic apoptotic pathways. The extrinsic apoptotic 
pathway is initiated by the binding of cell surface death receptors with death 
ligands, whereas the intrinsic pathway is activated by internal cellular stress. 
On induction of apoptosis via the extrinsic pathway, the BH3-only protein 
BH3-interacting domain death agonist (BID) is cleaved by caspase-8 and caspase-10 
 to give rise to truncated BH3-interacting domain death agonist (tBID). tBID 
facilitates BAX/BAK activation within the intrinsic apoptotic pathway, therefore 
serving as a critical link between the two apoptotic signalling cascades. On 
activation, BAX/BAK undergo oligomerization, leading to mitochondrial outer 

membrane permeabilization (MOMP). The efflux of mitochondrial proteins 
as a result of MOMP, namely cytochrome c and second mitochondria-derived 
activator of caspases (SMAC), promotes caspase activation, thereby facilitating 
the execution of apoptosis. APAF1, apoptotic protease-activating factor 1; 
DISC, death-inducing signalling complex; FADD, FAS-associated death domain 
protein; FASL, Fas ligand; TNF, tumour necrosis factor; TRADD, tumour necrosis 
factor receptor type 1-associated death domain protein; TRAIL, TNF-related 
apoptosis-inducing ligand; XIAP, X-linked inhibitor of apoptosis protein.
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AML with mutated TP53 as a distinct entity36. The latest ICC classifi-
cation narrows the criteria for KMT2A and MECOM rearrangements 
by specifying partner genes36 and separates AML-MR into two sub-
groups: myelodysplasia-related mutations and myelodysplasia-related 
cytogenetic abnormalities36. Notably, single-gene mutations or fusions 
take precedence over myelodysplasia-related mutations and cytoge-
netic abnormalities when classifying AML36. The ELN 2022 guidelines, 
meanwhile, focus on risk stratification, grouping AML into favourable, 
intermediate and adverse risk categories based on the presence of 
certain molecular markers37. Within the favourable CEBPA-mutated 
risk group, the ELN 2022 guidelines only include bZIP in-frame mutated 
CEBPA, despite the 2017 iteration of these guidelines also considering 
biallelic CEBPA mutations37. The ELN 2022 guidelines also add other 
MECOM-rearrangements and myelodysplasia-related-defining muta-
tions to the category of adverse risk-defining genetic abnormalities37. 

These systems integrate molecular, morphological and cytogenetic 
insights to better classify the heterogeneity of AML and facilitate a 
more personalized treatment approach.

Risk stratification in AML is largely based on the findings of con-
ventional karyotyping, whereas the targeted investigation of specific 
recurrent genetic anomalies involves fluorescence in situ hybridization 
analysis and PCR with reverse transcription (RT-PCR)31,38,39. AML can be 
further stratified using next-generation sequencing with molecular 
profiling based on the presence or absence of mutations associated 
with its onset, including alterations in genes encoding tumour sup-
pressors, master haematopoietic transcription factors, epigenetic 
regulators and cell signalling pathways40,41. Upstream of the intrinsic 
apoptotic pathway, genomic inactivation of TP53 is present in approxi-
mately 10–15% of AMLs42. Notably, alterations in TP53 in AML are related 
to definitive biological and/or genomic characteristics, including 
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in which mitochondrial outer membrane permeabilization (MOMP) is induced 
and pores are formed on the mitochondrial outer membrane (MOM). These 

changes result in cytochrome c and second mitochondria-derived activator of 
caspases (SMAC) efflux, triggering caspase activation and ultimately inducing 
apoptosis. APAF1, apoptotic protease-activating factor 1; XIAP, X-linked inhibitor 
of apoptosis protein.
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augmented genomic instability and complex karyotypes, which are 
associated with an inferior prognosis43. Consequently, patients with 
AML harbouring TP53 mutations and/or chromosomal aneuploidy are 
identified as separate prognostic subgroups44. Likewise, TP53 altera-
tions are infrequent in AML without a complex karyotype, although 
inactivation of p53 is necessary for transformation45. Genes involved in 
apoptosis, such as CDKN2A and ATM, are rarely altered in AML. Similarly,  
MDM2 amplifications are also less common in AML, although overexpres-
sion is associated with wild-type TP53 status and loss of p21WAF1/CIP1  
expression, supporting the implication that such alterations enable 
evasion of apoptosis42. Moreover, genes encoding proteins located 
downstream of the intrinsic apoptotic pathway are also rarely altered 
in AML. This lack of alterations might reflect deregulated expression 
induced by alterations in genes encoding epigenetic regulators, lead-
ing to deregulated apoptotic signalling pathways without relevant 
genetic alterations as seen in AML45. BCL-2 is overexpressed in 71% of 
patients with AML (varying from 34% to 87% depending on specific 
characteristics) and is associated with resistance to chemotherapy 
and/or targeted therapies46,47. MCL-1 and BCL-xL overexpression also 
have important roles in the pathogenesis of AML48. The cytogenetic 
and molecular alterations detected during the diagnostic process have 
implications for prognosis and, importantly, have been used to subtype 
patients with AML into favourable, intermediate or adverse prognostic 
risk categories37,49. Importantly, the effectiveness of targeted therapies 
depends on the presence of specific genomic lesions as well as the 
fitness and age of the patients.

Overexpression of pro-survival BCL-2 family proteins
BCL-2 is expressed by CD34+ AML progenitor cells and promyelocytes, 
but not by their corresponding non-malignant cells; thus, first-line 
induction chemotherapy leads to the selective survival of leukaemic 
CD34+ cells with high levels of BCL-2 expression47. Accordingly, the 
presence of BCL-2 overexpression in CD34+ AML cells is associated 
with an inferior prognosis and resistance to chemotherapy50. BCL-2 
expression is also required for disease maintenance in mouse models 
of leukaemia51,52. BCL-2 expression is upregulated both in patients with 
newly diagnosed AML (84%) and in those with relapsed AML (95%). High 
levels of BCL-2 expression are correlated with an inferior prognosis, 
with lower complete remission (CR) rates, shorter survival durations 
and resistance to chemotherapy53–55. Patients with high levels of BCL-2 
expression are also reported to have an increased number of peripheral 
blasts, and are associated with CD34 and CD117 positivity46,56,57. Among 
French–American–British (FAB) subtypes, BCL2 overexpression is 
associated with FAB-M0/M1, whereas a lack of expression is associated 
with FAB-M5 (ref. 46). Several BCL-2 family proteins are implicated in 
the genesis of AML58. On induction chemotherapy, BCL-2, BCL-xL and 
BAD proteins are upregulated in most AML stem and progenitor cell 
populations, compared with non-malignant haematopoietic stem and 
progenitor cells59,60. The MCL-1 protein, which is often highly expressed 
in patients with AML, is associated with higher relapse rates61 and the 
survival of cancer stem cells, particularly those harbouring internal tan-
dem duplication (ITD) of FLT3 (encoding FMS-like tyrosine kinase 3)62. 
 In line with this observation, MCL-1 depletion results in the death of 
AML cells and extends the survival of mouse models of AML, whereas 
overexpression of BCL-2 or MCL-1 prevents AML cell death61,63,64. Data 
from several studies highlight that AML cells are often addicted to 
either BCL-2, MCL-1 or both genes, and that this characteristic depends 
on the genomic landscape of the disease in each patient at the time 
of diagnosis63,65.

An improved understanding of intrinsic apoptosis has led to the 
development of novel small molecules (protein–protein interaction 
inhibitors) that mimic the BH3 domain found in pro-apoptotic BCL-2 
family proteins. These BH3 mimetics are designed to mimic the action 
of pro-apoptotic BH3-only proteins (such as BAD or BID) by binding 
with the BH3-binding domains of anti-apoptotic proteins (such as 
BCL-2) with consequent displacement of native BH3-only proteins and 
activation of apoptosis60.

BH3 mimetics
Various different methodologies have been implemented in an attempt 
to reveal the anti-apoptotic dependencies of haematological malignan-
cies, contributing to the development of BH3 mimetics24,66. This new 
class of small-molecule antagonists of the anti-apoptotic BCL-2 proteins 
mimics the action of BH3-only proteins. Biochemically, BH3 mimetics 
exert their inhibitory functions by binding to the hydrophobic clefts 
of anti-apoptotic BCL-2 proteins at the BH3-binding groove, leading 
to activation of intrinsic apoptosis67. The small molecule ABT-737 is 
a BH3 mimetic designed to inhibit BCL-2, BCL-w and BCL-xL68. Owing 
to insufficient oral bioavailability of ABT-737, an orally bioavailable 
inhibitor targeting the same group of pro-survival BCL-2 family pro-
teins, navitoclax, was subsequently developed69. This compound has 
shown promising activity as monotherapy in patients with relapsed 
and/or refractory CLL with a partial response rate of 35%, albeit with 
grade 3–4 thrombocytopenia in 28% of patients, reflecting the essential 
role of BCL-xL in platelet survival70. Preclinical data also demonstrate 
that BCL-xL inhibition can induce transient thrombocytopathy, poten-
tially compromising the haemostatic functions of platelets71. These 
clinically serious adverse events related to BCL-xL inhibition have 
since been resolved by the development of the highly BCL-2-specific 
inhibitor venetoclax, with a reduced risk of thrombocytopenia72,73. 
The FDA approved venetoclax for patients with 17p-deleted CLL in 
2016 (ref. 19), in combination with rituximab in patients with CLL or 
small lymphocytic lymphoma (SLL) with or without 17p deletions who 
had received at least one prior line of therapy in 2018 (ref. 74), in com-
bination with obinutuzumab for patients with previously untreated 
CLL/SLL in 2019 (ref. 20), and in combination with HMAs or LDAC for 
adults with newly diagnosed AML who either are ≥75 years of age or 
have comorbidities precluding intensive induction chemotherapy in 
2020 (ref. 21). Nonetheless, resistance to venetoclax has emerged as a 
near-universal phenomenon in patients with AML. Approximately 30%  
of patients fail to respond to venetoclax-based regimens, and almost 
all responders will eventually have disease relapse75. Even if BCL-2 is 
not the principal pro-survival BCL-2 family member in AML, alterna-
tive BH3 mimetics might be considered for future clinical studies  
(Supplementary Information). BH3 mimetics are also being investi-
gated in preclinical studies involving models of various advanced-stage 
solid tumours (Supplementary Information).

Venetoclax for the treatment of AML
Anticancer activity of venetoclax. AML blasts are more sensitive 
to BH3 mimetics than non-malignant myeloid blasts or other tissues 
owing to an altered balance between pro-death and pro-survival pro-
teins. AML cells typically express higher levels of endogenous BH3-only 
proteins, which are counterbalanced by the expression of pro-survival 
proteins that neutralize the apoptotic signals arising from oncogene 
activation, priming them for apoptosis in response to venetoclax.76 
Conversely, non-malignant tissues have a decreased level of BH3-
only protein priming and, thus, greater tolerance of BH3 mimetics77. 

http://www.nature.com/nrclinonc


Nature Reviews Clinical Oncology

Review article

Venetoclax-mediated release of BCL-2 from sequestration by BIM and 
resulting in apoptosis is thought to be the dominant mechanism of 
action78 (Fig. 3). Unlike chemotherapy, venetoclax induces cell death 
both in dividing cells and in senescent cancer cells. This observation 
is supported by the ability of venetoclax to induce deep molecular 
remission, as indicated by data from minimal residual disease (MRD) 
evaluations in patients with AML79. However, venetoclax-induced 
apoptosis of leukaemic cells can result in clinically serious adverse 
effects such as tumour lysis syndrome, particularly in patients with 
a high disease burden80. Despite the potent antitumour activity of 
venetoclax in TP53-deleted and/or TP53-mutated cancer cells, clinical 
data indicate that p53-mediated tumour suppressor function is neces-
sary for sustained responses to venetoclax in patients across various 
leukaemias81. Accordingly, regimens combining venetoclax with HMAs 
are less effective in patients with TP53-mutated AML compared with 
those with TP53-wild-type disease82.

Non-canonical effects of venetoclax. Venetoclax has also 
demonstrated non-canonical anticancer activities. Indeed, 
venetoclax-mediated BCL-2 inhibition can directly reduce the extent 
of oxidative phosphorylation, especially in leukaemia stem cells (LSCs), 
resulting in their selective eradication83. In addition, co-inhibition of 

BCL-2 and mitochondrial complex I synergistically induces apoptosis 
and determines the extent of activity against AML cells reliant on this 
pathway as the primary source of energy. Furthermore, resistance to the 
mitochondrial complex I inhibitor IACS-010759 often involves retention 
of cytochrome c in mitochondria, an effect that can be abolished by 
venetoclax, leading to caspase-dependent apoptosis84. Interestingly, 
venetoclax-mediated metabolic reprogramming can occur independ-
ent of BCL-2 expression85. These off-target metabolic alterations can 
potentially regulate the cytotoxicity of venetoclax and might result in 
unexpected drug interactions86. High levels of reactive oxygen species 
(ROS) can be toxic, although intermediate levels can act as a source of 
signalling messengers capable of supporting T cell activation and dif-
ferentiation. Accordingly, venetoclax can also augment the cytotoxicity 
of T cells by promoting the overproduction of ROS, which are generated 
through the suppression of the respiratory chain supercomplexes. 
Indeed, therapeutic concentrations of venetoclax are able to enhance 
T cell effector function without a reduction in viability. Ex vivo T cells 
from patients receiving venetoclax also have increased levels of ROS. 
Exposure to ROS augments the localization of the transcription factor 
nuclear factor of activated T cells, thus promoting the expression of 
genes correlated with T cell activation and potentially explaining the 
role of increased ROS in augmented T cell activity86,87.
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Fig. 3 | Mechanisms of venetoclax-induced apoptosis. Venetoclax induces 
the release of pro-apoptotic BIM sequestered by the anti-apoptotic BCL-2 
protein, leading to apoptosis. a, In cancer cells primed for death, pro-apoptotic 
BH3-only proteins (such as NOXA, BIM and BAD) bind to and are sequestered 
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b, Venetoclax triggers apoptosis by displacing BIM from BCL-2, thus enabling 
BAX/BAK oligomerization, mitochondrial outer membrane permeabilization 
(MOMP), efflux of cytochrome c and second mitochondria-derived activator 
of caspases (SMAC) and consequent caspase activation. APAF1, apoptotic 
protease-activating factor 1; XIAP, X-linked inhibitor of apoptosis protein.
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The clinical development of venetoclax
Considerable progress has been made in the treatment of patients with 
AML over the past decade88. Preclinical studies testing venetoclax alone 
and in combination with various other therapies have been carried out 
since 1993, ultimately leading to successful large international phase III  
trials that provided improvements in patient care. These efforts 
have spurred further preclinical research into combinations of BH3 
mimetics with additional standard-of-care (SOC) therapies and succes-
sive promising trials24,89–91 (Fig. 4). Venetoclax has demonstrated the 
ability to kill target cells in various mouse xenograft models of AML, 
and especially in xenografts generated using AML cells harbouring MLL  
fusions, a large and diverse group of leukaemia drivers arising from the 
ample molecular heterogeneity of C-terminal fusion partners of MLL92, 
and in acute promyelocytic leukaemia cell lines93. Notably, venetoclax 
is also particularly active against AML cells and xenografts harbouring 
isocitrate dehydrogenase 1 and 2 (IDH1/IDH2) mutations94. Accord-
ingly, in a phase II trial testing venetoclax in patients with relapsed 
and/or refractory AML, patients without IDH1/IDH2 mutations 
receiving venetoclax had an overall response rate (ORR) of 19%, with  
4 of 12 patients with IDH1/IDH2-mutant disease having a CR95. Veneto-
clax is also particularly effective in patients with AML harbouring NPM1, 
TET2 and RUNX1 mutations96. Conversely, patients with TP53, FLT3, RAS 
or PTPN11 mutations have decreased sensitivity to venetoclax-based 
regimens97. Patients receiving the combination of venetoclax plus 
cytarabine and/or idarubicin have enhanced BCL-2 expression in the 
CD34+ compartment47,93.

Most patients with AML treated with venetoclax will ultimately 
experience disease relapse; therefore, developing and evaluating novel 
combination strategies is essential. Indeed, novel venetoclax-based 
therapies specifically for patients with relapsed and/or refractory AML 
following venetoclax plus an HMA remain scarce98. Current preclinical 
studies are investigating novel approaches that might overcome the 
diminished sensitivity of AML cells to venetoclax, such as regimens 
involving MCL-1, FLT3, MEK1/2 and mitochondrial complex inhibitors97. 
Further research into BH3-mimetic therapies for patients with AML 
is uncovering innovative treatment approaches with the potential to 
improve efficacy and overcome resistance. Given that MCL-1 is a vital 
survival protein in AML cells with resistance to BCL-2 inhibition, MCL-1 
inhibitors are emerging as a key strategy to counteract venetoclax 
resistance78,99,100. Other preclinical studies are attempting to develop 
novel drug delivery systems, such as nanoparticle-based drug delivery, 
which aims to improve the effectiveness of BH3-mimetics99. Among the 
most noteworthy developments is DT2216, a BCL-xL-specific degrader 
developed using proteolysis-targeting chimaera (PROTAC) technol-
ogy. By selectively degrading BCL-xL, DT2216 induces apoptosis in 
AML cells and particularly those reliant on this anti-apoptotic pro-
tein, demonstrating durable antileukaemic effects in most models of 
post-myeloproliferative neoplasm AML101. These innovations, along 
with novel combination regimens, hold immense potential to over-
come the limitations of current therapies and offer the potential for 
more effective, personalized treatments for patients with AML. These 
innovations have been described in detail elsewhere101.

Mechanisms of resistance to venetoclax
Despite high initial response rates among patients with AML receiv-
ing venetoclax-based combination therapies, long-term follow-up 
data indicate that most patients will have disease relapse102. Several 
mechanisms can contribute to resistance to venetoclax in patients 
with AML (Fig. 5).

Upregulation of non-BCL-2 pro-survival proteins. AML cells can 
become resistant to the pro-apoptotic effects of venetoclax by upreg-
ulating the expression of non-BCL-2 anti-apoptotic proteins (such as 
MCL-1, BCL-xL and BFL-1), which maintain binding to BIM proteins, 
thereby contributing to resistance to venetoclax78,103 (Fig. 6). AML cell 
lines that acquire resistance to venetoclax typically have upregula-
tion of MCL-1 and/or BCL-xL with reduced dependency on BCL-2104,105. 
In a phase II open-label, single-arm, multicentre trial patients with 
MCL-1 or BCL-xL-dependent AML with disease relapse on at least one 
previous line of therapy had less-durable responses to venetoclax95. 
In line with this observation, there is growing research interest in the 
development of MCL-1 inhibitors, which have shown synergy with 
BCL-2 inhibitors in venetoclax-resistant AML cell lines and xenograft 
models105,106. Some of these agents have also been tested in clinical 
trials100,107,108.

Conversely, the clinical development of the BCL-2/BCL-xL/BCL-w 
inhibitor navitoclax has been hampered by on-target thrombocy-
topenia owing to the essential role of BCL-xL in platelet survival70. 
A transcriptomic analysis of samples from patients with AML revealed 
differential expression of BFL-1 in venetoclax-resistant cells109,110. Inter-
estingly, data from a separate study demonstrate that upregulation of 
BFL-1 expression is associated with a larger area under the curve (AUC)111 
of venetoclax and reduced apoptosis after treatment with venetoclax 
either with or without cytarabine and azacitidine. Notably, BFL-1 knock-
down decreased the extent of cell growth and restored apoptosis in 
the venetoclax-resistant AML cells, without substantially affecting the 
CD34+ haematopoietic stem and progenitor cell populations. Thus, 
there is potential for synergy between venetoclax and BFL-1 inhibitors, 
particularly in selected subgroups of patients with AML99,109. Future 
studies testing venetoclax alongside other novel apoptosis-targeting 
therapies, particularly MCL-1 and BFL-1 inhibitors, hold the promise to 
improve response durations and delay the onset of acquired resistance 
in patients with AML99,112.

Activating KRAS and PTPN11 mutations. Somatic mutations in acti-
vating kinases such as KRAS or PTPN11 can also confer resistance to 
venetoclax in patients with AML (Fig. 7). An analysis of samples from 
the Beat Acute Myeloid Leukaemia (BEAT) AML database109 estimat-
ing the AUC111 of venetoclax based on in vitro analyses along with 
genomic data, reported higher AUCs in samples harbouring KRAS or 
PTPN11 alterations. In the same study, RT-PCR and immunoblot analysis 
revealed lower levels of BAX and BCL-2 expression, with upregula-
tion of BFL-1 and MCL-1 in cells harbouring KRASG12D and augmented 
BCL-xL and MCL-1 levels in those harbouring PTPN11A72D. Furthermore, 
treatment with the MCL-1 inhibitor AZD5991 reduced the viability 
of cells expressing KRASG12D. Nevertheless, neither BCL-2 inhibition 
nor concurrent suppression of BCL-2, BCL-xL and BCL-w by navitoclax 
and ABT737 had the same effects. These results demonstrated that 
MCL-1 mediated resistance to venetoclax is dependent on the pres-
ence of KRAS mutations. Exposure to the MCL-1 inhibitor AZD5991 also 
suppressed PTPN-mutant cells, whereas only partial responses were 
observed with the BCL-2/BCL-xL dual inhibitors navitoclax and ABT-737 
in cells harbouring PTPN11A72D, emphasizing a partial dependence of 
PTPN-induced venetoclax resistance on MCL-1 and BCL-xL. The combi-
nation of venetoclax plus the MCL-1 inhibitor AZD5991 demonstrated 
synergistic activity in these models, including the ability to rescue 
mutant cell lines from KRAS-induced and PTPN11-induced resistance, 
suggesting that this combination might be effective in patients with 
AML harbouring these specific mutations99,109.
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Activating FLT3 mutations. A breakthrough in the pathophysiology 
of AML came from the discovery of mutations in FLT3, located on chro-
mosome 13q12 (ref. 113). Activation of intracellular signalling pathways 

by FLT3-mutant proteins has been related to venetoclax resistance114.  
FLT3-ITD mutations, which occur in approximately 30% of adults with 
AML115, can promote survival through the induction of PI3K–AKT, 

High BCL-2 expression found to be associated with hyperleukocytosis, monoblastic 
subtype (M4 and M5) and a low CR rate after intensive chemotherapy in samples 
from patients with newly diagnosed AML; in vitro survival of leukaemic blasts found 
to correlate with a higher proportion of BCL-2+ cells240

BCL-2 antisense oligonucleotides directed against BCL-2 mRNA 
found to augment the sensitivity of AML cells induced by the 
chemotherapeutic cytarabine241

BCL-2 is variably expressed on the blasts of patients with AML 
and high levels of BCL-2+ AML blast expression found to correlate 
with CD34 positivity while predicting failure to achieve a CR after 
standard chemotherapy56

BCL-2 is upregulated in AML progenitor cells compared with 
their non-malignant counterparts47

A cell-permeable BCL-2-binding peptide, cell-permeable moiety-1285, 
is found to induce apoptosis of human AML cells with minimal e�ects 
on non-malignant peripheral blood lymphocytes243

ABT-737, an inhibitor of BCL-2, BCL-xL and BCL-w, is described for 
the first time but found to lack su�icient oral bioavailability68

An orally bioavailable inhibitor of BCL-2, BCL-xL and BCL-w, ABT-263 
(navitoclax), is described for the first time69

Thrombocytopenia due to inhibition of BCL-xL-dependent platelets by 
navitoclax is found to be the major dose-limiting toxicity in patients 
with CLL in a phase I trial (NCT00481091)71

Ex vivo, venetoclax and ABT-737 found to be similarly potent 
in sensitizing AML samples to azacitidine159

Beginning of the phase III VIALE-C trial (NCT03069352) testing 
venetoclax in combination with LDAC in patients with AML150

In a phase Ib trial (NCT02203773), 61% of enrolled patients ≥65 years of age 
with treatment-naive AML had a CR or CR with incomplete marrow recovery 
following treatment with venetoclax plus decitabine or azacitidine127

FDA grants Breakthrough Therapy 
Designation for venetoclax in 
combination with decitabine or 
azacitidine in patients ≥65 years of 
age with treatment-naive AML who 
are ineligible to receive standard 
high-dose induction chemotherapy246

Combining venetoclax with 
cytarabine or daunorubicin 
leads to synergistic induction
of apoptotis in primary AML cell 
lines and patient samples147

In a phase II trial (NCT01994837) 
testing venetoclax monotherapy, 
19% of patients with high-risk 
relapsed and/or refractory AML 
have a CR or CR with incomplete 
blood count recovery95

Beginning of the phase III 
VIALE-A trial (NCT02993523) 
testing venetoclax in 
combination with azacitidine 
in patients with AML

Venetoclax found to induce 
cell death in AML cell lines, 
primary patient samples and 
mouse xenograft models245

ABT-737 demonstrates 
more-potent activity and 
sensitization to the HMA 
5-azacytidine in most 
AML-derived cell lines158

Beginning of a phase Ib trial 
(NCT02203773) testing 
venetoclax in combination 
with the HMAs azacitidine
or decitabine in patients 
with AML

Beginning of a phase I/II trial 
(NCT02287233) testing 
venetoclax plus LDAC in 
patients with AML

An orally bioavailable inhibitor, ABT-199 (venetoclax), is 
described for the first time and found to inhibit the 
growth of CLL tumours in vivo, while sparing platelets72

Beginning of a phase II trial 
(NCT01994837) testing venetoclax as 
monotherapy in patients with AML

A small molecule and non-peptidic ligand 
of a BCL-2 surface pocket, HA14-1, induces 
apoptosis of AML cells244
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MAPK–ERK and STAT5 signalling pathways116. Activation of these path-
ways leads to higher levels of MCL-1 and BCL-xL expression, thereby 
contributing to venetoclax resistance117 (Fig. 7). Various preclinical 
studies have investigated the combination of FLT3 inhibitors with 
venetoclax in FLT3-ITD+ cell lines, xenograft models and samples from 
patients with AML. Co-administration of the first-generation type 1 FLT3  
inhibitor midostaurin or second-generation type 1 FLT3 inhibitor gilter-
itinib with venetoclax has synergistically triggered apoptosis in both 
FLT3-ITD+ AML cell lines and patient samples118,119. In particular, the com-
bination of gilteritinib with venetoclax demonstrated improved activ-
ity in suppressing the proliferation of FLT3-ITD+ cells, and also reduced 
the disease burdens of FLT3-ITD+ PDX and resistant MOLM13 xenograft 
models, compared with either gilteritinib or venetoclax116,117. In addi-
tion, co-administration of the second-generation type 2 FLT3 inhibitor 
quizartinib and venetoclax resulted in prolonged antitumour activity 
by delaying disease recurrence for up to 3 months after treatment, 
compared with each agent alone in a xenograft model119,120. Notably, 
the combination of gilteritinib and venetoclax augmented the binding 
of BIM to BAX without enhancing the binding of BIM to other BCL-2 
anti-apoptotic proteins (such as BCL-xL). Thus, the co-administration 
of a FLT3 inhibitor plus venetoclax can reduce the extent to which BIM 
binds both MCL-1 and BCL-2 in vitro, enabling BIM to interact with BAX, 
and consequently trigger apoptosis116. Collectively these preclinical 
data provide a strong rationale for the clinical use of regimens com-
prising venetoclax plus a FLT3 inhibitor in patients with FLT3-ITD+ 
AML. Clinical investigations in this area are already underway with a 
phase Ib multicentre clinical trial (NCT03625505) testing venetoclax 
and gilteritinib in patients with relapsed and/or refractory AML, and 
a phase Ib/II trial (NCT03735875) which tested venetoclax plus quizar-
tinib in patients with relapsed and/ or refractory FLT3-mutated AML, 
albeit with results suggesting an unacceptable safety profile. Thus far, 
co-administration of venetoclax and gilteritinib has demonstrated a 
high response rate, with blast clearance observed in 90% of patients 
with FLT3-mutant AML. The combination has shown a generally favour-
able safety profile, with the most common treatment-related adverse 
events being febrile neutropenia (47%), anaemia (27%), thrombocy-
topenia (7%) and neutropenia (7%). Dose interruptions were required 
to manage myelosuppression. Preliminary data on efficacy indicate a 
modified composite CR rate of 75%, with similar modified composite 
CR rates regardless of previous exposure to FLT3 inhibitors121. Finally, 
preliminary data from a phase I/II trial testing the triplet combination 
of venetoclax, gilteritinib and azacitidine led to CRs or CR with incom-
plete haematological recovery (CRi) in virtually all patients (96%), 
as well as deep FLT3 molecular responses and encouraging survival 
outcomes (18-month relapse-free survival (RFS) and overall survival 
(OS) 71% and 72%), in patients with newly diagnosed FLT3-mutated 
AML. The most frequent grade ≥3 non-haematological adverse events 
were infection (62%) and febrile neutropenia (38%), which were more 
common in the relapsed/refractory cohort. Myelosuppression was 
described as manageable with mitigative dosing strategies122. These 
ongoing trials are expected to provide important information on the 

activity and safety of venetoclax in combination with FLT3 inhibitors 
in patients with AML117.

Inactivating mutations affecting BAX, NOXA and TP53. Inactivating 
mutations affecting the expression and/or function of BAX 90, lead-
ing to a loss of and/or inactivation of NOXA75, and mutations/multihit 
inactivation of TP53 have all been reported to contribute to venetoclax 
resistance81,123,124. Gene enrichment and protein–protein interaction 
analyses have identified three genes with a central role in the intrinsic 
apoptotic pathway whose inactivation can confer resistance to vene-
toclax in patients with AML: BAX, NOXA and TP53 (refs. 99,103,105,123). 
BAX and BAK, as well as various BH3-only proteins, such as NOXA and 
PUMA, are all p53 target genes125,126. In line with this consideration, 
lower levels of BAK, NOXA and PUMA have been detected in TP53-
knockout cell lines. Notably, transcriptional alterations have been 
identified outside of p53 target genes with an enhanced ratio of 
BCL-xL:BCL-2, which might confer further resistance to venetoclax in 
TP53-knockout cells123. Data from numerous in vitro studies have shown 
that TP53-mutated AML cells and AML xenograft models are resistant to 
monotherapy with venetoclax123 or MCL-1 inhibitors81. In the absence of 
TP53, delayed BAX/BAK-induced apoptosis upon treatment with BH3 
mimetics was supposed to reduce the efficacy of these agents by lift-
ing the initial threshold for apoptosis. Notably, co-inhibition of BCL-2 
and MCL-1 has been beneficial in terms of overcoming this delayed 
apoptosis and prolonging antitumour activity, thus reproducing the 
synergy observed in earlier preclinical studies123. Interestingly, data 
from a trial combining venetoclax and DNA methyltransferase inhibi-
tors have identified lower response rates in patients with TP53-mutant 
AML (47%) than in the overall cohort (70%). In fact, patients in the TP53-
mutant subgroup had the worst response rates compared with those 
of any other molecularly defined subgroup, and the presence of such 
alterations was the only variable for which a significant correlation with 
inferior response was demonstrated127.

Mitochondria. Disruption of mitochondrial homeostasis with 
enhanced oxidative phosphorylation caused by upregulated amino 
acid and/or fatty acid oxidation is another mechanism of resistance to 
venetoclax in patients with AML128,129. Interestingly, the combination 
of venetoclax and the oxazolidinone-class antibiotic tedizolid results 
in augmented integrated stress responses, a related decrease in the 
extent of oxidative phosphorylation and diminished glycolysis, leading 
to rapid exhaustion of ATP and cell death in mouse xenograft models of 
treatment-resistant AML130. Moreover, mitophagy, the selective degra-
dation of mitochondria via autophagy, has been associated with resist-
ance to various BH3 mimetics including venetoclax91. Integration of data 
from various genome-wide CRISPR–Cas9 screens has demonstrated 
that loss of mitophagy regulators can sensitize AML cells to venetoclax. 
Indeed, overexpression of the mitophagy regulator MFN2 is sufficient 
to induce resistance to these agents in patients with AML. In the same 
study, a lack of responsiveness to BH3 mimetics was followed by aug-
mented mitochondria–ER interactions and enhanced mitophagic 

Fig. 4 | Timeline of the development of venetoclax. Preclinical studies from 
the early 1990s initially identified the pro-survival BCL-2 protein as a promising 
therapeutic target in patients with AML. This discovery led to the development 
of ABT-737, although clinical application of this compound was hindered by poor 
oral bioavailability. To overcome this, the orally bioavailable ABT-263 (navitoclax) 
was developed; however, its clinical utility was constrained by thrombocytopenia 

arising from BCL-xL inhibition. This experience spurred the development of 
ABT-199 (venetoclax), which demonstrated promising results in both preclinical 
and clinical studies, culminating in US Food and Drug Administration (FDA) 
approval for patients with AML. AML, acute myeloid leukaemia; CLL, chronic 
lymphocytic leukaemia; CR, complete remission; HMA, hypomethylating agent; 
LDAC, low-dose cytarabine240–246.
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flux, which acted as a pro-survival mechanism and reduced the extent 
of damage to the mitochondria91. Consistent with this observation, 
agents targeting MFN2 can synergize with BH3 mimetics by specifically 
hampering the clearance of damaged mitochondria and increasing the 
extent of apoptosis. Thus, suppressing the activity of MFN2 and mito-
chondrial clearance through mitophagy might be a powerful strategy 
to overcome venetoclax resistance in patients with AML.

Data on mitochondrial biology indicate a role of aberrant mito-
chondrial structures in the apoptotic response to venetoclax103. Thus, 
targeting the mitochondrial architecture could provide a promising 
strategy to overcome resistance to venetoclax in patients with AML75. 
Interestingly, CRISPR–Cas9 screens have revealed a negative asso-
ciation between mitochondrial chaperonin caseinolytic peptidase B  
protein homologue (CLPB), which regulates the structure of the 
mitochondrial cristae as well as cellular metabolism, and venetoclax 
resistance78. Indeed, overexpression of CLPB has been reported in 
samples from patients with AML, which results in a tighter mitochon-
drial cristae lumen. Conversely, loss of CLPB in AML cells leads to wider 
cristae and activation of the mitochondrial stress response, which in 
turn induces cell-cycle arrest, and lowers the mitochondrial threshold 
for activation of apoptosis99,103,131. In line with this observation, the 
combination of venetoclax with CLPB deletion has been shown to 
rescue venetoclax resistance in in vitro models of TP53-mutant AML103. 
Another genomic CRISPR–Cas9 knockout screen has revealed nega-
tive selection of RBFA, MRPL17, MRPL54 and DAP3, which are integral 
components of the mitochondrial translation machinery132–134. In one 

of these studies, a decrease in AML cell viability was detected only in the 
presence of venetoclax plus tedizolid, but not with either agent alone134. 
This observation probably reflects an increase in the integrated stress 
response and a related reduction in oxidative phosphorylation and 
glycolytic capacity with co-administration of both agents, leading to 
ATP consumption and cell death. These findings might be immediately 
clinically relevant given the availability of FDA-approved antibiotics 
with defined inhibitory effects on mitochondrial translation130.

Monocytic AML. The responses of patients with AML to venetoclax- 
based therapies can vary depending on the differentiation stage of 
the blasts. Ex vivo investigations of drug sensitivity in samples from 
patients with AML have demonstrated a continuous decline in sensitiv-
ity to venetoclax from the most primitive phase of AML maturation 
(M0) to monocytic cell maturation (M5)65,135. This progressive reduc-
tion in sensitivity primarily results from a loss of BCL-2 expression and 
an increased reliance on MCL-1 to support oxidative phosphorylation 
and cell survival, characterized by a distinct transcriptomic profile135. 
This differential sensitivity probably reflects the selective outgrowth 
of monocytic subpopulations at the time of relapse. Similarly, evidence 
from the BEAT AML dataset suggests a greater venetoclax AUC, indicat-
ing reduced sensitivity, in leukaemic blasts with high levels of CLEC7A 
and CD14 expression, which are typically present in monocytic AML of 
the M4/M5 subtypes. These observations emphasize the propensity of 
monocytic or myelomonocytic AML cells for resistance to venetoclax109, 
which might reflect a lineage-associated switch to MCL-1 as the mediator  
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of oxidative phosphorylation65,135. Furthermore, augmented BFL-1 
expression and KRAS mutations have also been detected in patients with 
M4/M5 AML65,109,135. These observations suggest that venetoclax-resistant 
AML with myelomonocytic differentiation might be driven by mutant 
KRAS-mediated upregulation of BFL-1 (refs. 99,109,135).

Various novel therapeutic regimens have been explored in an 
attempt to address these challenges. Notably, the triplet nucleo-
side regimen incorporating alternating cycles of cladribine (CLAD), 
LDAC and azacitidine plus venetoclax has demonstrated remarkable 
efficacy136. This combination demonstrated CR/CRi rates of 93%, with 
84% of patients having MRD-negative disease as measured using flow 
cytometry137. The 24-month OS was 72.9% at a median follow-up duration 
of 22 months137. Moreover, a post-hoc analysis comparing CLAD, LDAC 
and venetoclax with an HMA plus venetoclax demonstrated superior 
CR/CRi rates of 73% versus 45% in patients with NRAS/KRAS-mutated 
AML138. Updated phase II data indicate a median OS of 25 months for 
patients with intermediate-risk AML, highlighting the promise of this 
regimen in addressing disease harbouring active signalling mutations136. 
A prospective phase II trial evaluating this regimen in patients with 
monocytic AML or AML harbouring mutations associated with active 
oncogenic signalling is currently recruiting patients (NCT06504459)136.

Interestingly, post-venetoclax investigations of matched samples 
obtained from patients with AML at diagnosis and relapse demonstrate 
the concurrent existence of primitive and monocytic features at diag-
nosis, suggesting the existence of heterogenicity within the developing 
leukaemic blast population65. Under the selective pressures created by 
venetoclax plus azacitidine, monocytic clones are able to successively 
expand with the concomitant disappearance of primitive popula-
tions at the time of disease relapse65. Notably, some of the relapsed 
monocytic subclones also had increased expression of HOXA9, which 
was not observed in their parental clones65. Nevertheless, monocytic 
clones maintained their dependency on MCL-1 both at diagnosis and 
following disease relapse65. These results suggest a potential clinical 
role of MCL-1 inhibitors.

Others. A reduction in mitochondrial priming has been observed in 
both primary AML cells and patient-derived xenografts139. Unlike in 
CLL, BCL-2 mutations are generally not observed at the time of acquired 
resistance to venetoclax in patients with AML140. This observation may 
reflect the influence of cellular context on mutational activity, as well as 
the rapidly progressive nature of AML, resulting in fewer patients being 
exposed to long-term (6–12 months) venetoclax monotherapy90. The 
effects of epigenetic alterations on carcinogenesis have also emerged 
as a mechanism contributing to venetoclax resistance. In fact, altera-
tions in methylation during RNA transcription have been related to the 
development of venetoclax resistance in haematological malignancies. 
In particular, changes in DNA methylation can affect the expression 
of genes involved in apoptosis, such as PUMA, and other genes that 
regulate cell survival and proliferation. These changes can result in 
the downregulation of pro-apoptotic proteins as well as the upregu-
lation of anti-apoptotic proteins, therefore reducing the sensitivity 
of tumour cells to venetoclax78,141,142. Alterations in the expression of 
tumour suppressor genes, cell cycle dysregulation and various other 
processes affecting resistance to venetoclax resistance are all areas of 
ongoing research interest78,143.

FDA-approved venetoclax-based regimens 
for patients with AML
Venetoclax plus cytarabine
Cytarabine, also known as cytosine arabinoside, is a nucleotide ana-
logue chemotherapeutic drug144,145. Intracellularly, cytarabine is con-
verted to its active form, cytosine arabinoside triphosphate, which is 
suggested to compete with deoxycytidine triphosphate for incorpora-
tion into the growing DNA strands of dividing cells, in which it can act 
as a relative chain terminator that leads to premature termination of 
DNA synthesis146.

This mechanism of action makes cytarabine a valuable agent in tar-
geting rapidly dividing tumour cells by promoting cell-cycle arrest dur-
ing S phase. Cytarabine is currently the backbone of the SOC induction 
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chemotherapy regimens for patients with AML and acute lymphoblas-
tic leukaemia (ALL)146. Interestingly, cytarabine-induced reductions in 
MCL-1 expression can synergize with BCL-xL inhibition and/or BCL-2 
inhibition93 with synergistic cytotoxic effects demonstrated for the 
combinations of venetoclax or obatoclax plus cytarabine in AML cells  
in vitro147,148. Similar synergistic effects, including reduced MCL-1 expres-
sion, have been described in primary AML cells from patient samples, 
in comparison with the effects of venetoclax alone147. Consistent with 
these observations, combining the experimental BCL-2, BCL-xL and 
MCL-1 inhibitor obatoclax with cytarabine leads to BAX activation, 
which is not seen after exposure to each drug individually148. This com-
bination leads to a loss of mitochondrial membrane potential followed 
by the early induction of DNA double-stranded breaks, which precede 
a reduction in MCL-1 expression, as well as BCL-2, BCL-xL and MCL-1 
nuclear translocation, and finally apoptosis148. Co-administration of 
venetoclax with LDAC in a phase I/II trial resulted in a 54% CR rate and 
a median OS of 10.1 months in patients with AML ≥60 years of age who 
are ineligible for intensive chemotherapy149. These outcomes improved 
to CRs in 62% of patients and a median OS of 13.5 months, respectively, 
among patients who had not previously received an HMA. Venetoclax 
plus LDAC had an acceptable safety profile, albeit with grade ≥3 adverse 

events including febrile neutropenia (in 42% of patients), thrombo-
cytopenia (in 38%) and reduced white blood cell count (in 34%). Early 
(1-month) mortality was low for this population at 6% (ref. 149). In the 
large-cohort international phase III VIALE-C trial, patients with AML 
who were ineligible for intensive chemotherapy receiving venetoclax 
plus LDAC had a greater CR rate (48% versus 13%) and longer median 
OS (7.2 months versus 4.1 months) compared with those receiving 
placebo plus LDAC. A manageable safety profile was again identified, 
although key grade ≥3 adverse events such as febrile neutropenia, 
neutropenia and thrombocytopenia were all more prevalent in the 
venetoclax plus LDAC group (32%, 47% and 45%, respectively) compared 
with the placebo plus LDAC group (29%, 16% and 37%, respectively)150. 
Owing to these significant improvements in efficacy, this combination 
was approved in 2020 for patients with treatment-naive AML who are 
unable to receive standard intensive chemotherapy151–153 (Table 1).

Venetoclax plus hypomethylating agents
Epigenetic alterations, including DNA methylation, are important 
therapeutic targets in many haematological malignancies154. Aber-
rant DNA methylation at CpG islands within promoter regions can 
result in the silencing of tumour suppressor genes related to critical 
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Fig. 7 | The role of genomic instability in the development of resistance to 
venetoclax. a, Mutations in KRAS and PTPN11 dysregulate the expression of 
BAX and the anti-apoptotic proteins BCL-2, BFL-1, MCL-1 and BCL-xL, thereby 
suppressing venetoclax-mediated apoptosis. b, Mutant FLT3-ITD proteins 

upregulate anti-apoptotic MCL-1 and BCL-xL expression via activation of 
downstream STAT5, PI3K–AKT and MAPK–ERK signalling pathways. Similarly, 
this dysregulation inhibits apoptosis and contributes to venetoclax resistance. 
MOMP, mitochondrial outer membrane permeabilization.
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Table 1 | Clinical trials testing venetoclax-based combinations in patients with AML

Trial Intervention and patient population Outcomes Adverse events Ref.

Venetoclax plus a hypomethylating agent

NCT02203773 
(phase Ib)

Venetoclax plus decitabine or azacitidine 
(n = 145)a

CR/CRi in 67% of patients 
(all doses); 73% in venetoclax 
400 mg + HMA cohort; mOS 
17.5 months (95% CI 12.3–NR) 
(all patients), NR for venetoclax 
400 mg cohort

Common events (>30%) included nausea, 
diarrhoea, constipation, febrile neutropenia, fatigue, 
hypokalaemia, anorexia and reduced WBC

160

NCT02203773 
(phase Ib)

Venetoclax plus decitabine (n = 23) 
versus venetoclax plus azacitidine (n = 22) 
versus venetoclax plus decitabine plus 
posaconazole (n = 12)a

CR/CRi 61% versus 59% versus 
67%; mOS 15.2 months versus 
14.2 months versus NR

Common grade 3–4 events included 
thrombocytopenia (39% versus 59% versus 42%), 
febrile neutropenia (48% versus 45% versus 33%) 
and neutropenia (52% versus 36% versus 25%)

127

VIALE-A
NCT02993523 
(phase III)

Venetoclax plus azacitdine (n = 286) versus 
placebo plus aazacitidine (n = 145)b

CR/CRi 66.4% versus 28.3%, 
(P < 0.001); mOS 14.7 versus 
9.6 months (HR 0.66, 95% CI 
0.52–0.85, P < 0.001)

Any-grade nausea (44% versus 35%), grade ≥3 
thrombocytopenia (45% versus 38%), grade ≥3 
neutropenia (42% versus 28 %), febrile neutropenia 
(42% versus 19%), any-grade infection (84% versus 
67%), SAEs (83% versus 73%)

162

ENHANCE-3
NCT05079230 
(phase III)

Venetoclax plus magrolimab plus 
azacitidine (n = 189) versus venetoclax plus 
placebo plus azacitidine (n = 189)d

CR within 6 cycles 41.3% 
versus 46.0%; mOS 10.7 versus 
14.1 months (HR 1.18, 95% CI 
0.85–1.64)

Fatal AEs (19.0% versus 11.4%) including infections 
(11.1% versus 6.5%) and fatal respiratory events 
(2.6% versus 0%); trial stopped early owing to futility

213

Venetoclax plus LDAC

NCT02287233 
(phase Ib/II)

Venetoclax plus LDAC (n = 82)c CR/CRi 54%; mOS 10.1 months Grade 3–4 febrile neutropenia (42%), 
thrombocytopenia (38%), neutropenia (27%) 
and anaemia (27%)

149

VIALE-C
NCT03069352 
(phase III)

Venetoclax plus LDAC (n = 143) versus 
placebo plus LDAC (n = 68)d

CR/Cri 48% versus 13%; mOS 
8.4 versus 4.1 months (HR 0.70, 
95% CI 0.50–0.99, P = 0.04)

Grade ≥3 febrile neutropenia in 32% versus 29%, 
grade ≥3 neutropenia in 47% versus 16%, grade ≥3 
thrombocytopenia in 45% versus 37%

150

Venetoclax plus MCL-1 inhibitors

NCT02670044 
(phase Ib)

Venetoclax plus idasanutlin in patients 
with R/R AML who are unfit for cytotoxic 
chemotherapy (n = 56)d

CR/CRi 26%; mOS 5.1 months 
(95% CI 3.4–7.3)

Common AEs (≥40%) included diarrhoea (87.3%), 
nausea (74.5%), vomiting (52.7%), hypokalaemia 
(50.9%) and febrile neutropenia (45.5%)

239

NCT03441555 
(phase Ib)

Venetoclax plus alvocidib in patients with 
R/R AML (n = 35)d

CR/CRi 11.4% Grade ≥3 AEs included febrile neutropenia (45.7%), 
diarrhoea (31.4%) and hypokalaemia (28.6%)

189

NCT03862157 
(phase I/II)

Venetoclax plus azacitidine plus
pevonedistat (n = 32)c

CR/CRi 66%; mOS 8.1 months Common grade 3–4 AEs included infection (35%), 
febrile neutropenia (25%) and hypophosphataemia 
(23%)

190

NCT04588922 
(phase IIa)

Venetoclax/azacitidine plus SLS009 in 
patients with R/R AML (n = 30)

CR/CRi 17%; mOS for the trial 
NR. At the first dose level in 
which 8/10 patients died, mOS 
was 5.5 months

Any-grade AEs included nausea (23%), diarrhoea 
(13%), hyperphosphataemia (10%), pyrexia (7%) and 
white blood cell count decrease (7%)

181

Venetoclax plus FLT3 TKIs

NCT04140487 
(phase I/II)

Venetoclax plus azacitidine and gilteritinib 
in patients with newly diagnosed FLT3-
mutated AML who were unfit for intensive 
chemotherapy (n = 30)d

CR/CRi 96%, 18-month RFS 71%, 
18-month OS 72%

Most common grade ≥3 non-haematological AEs 
included infection (62%) and febrile neutropenia 
(38%)

122

Venetoclax plus azacitidine and gilteritinib 
in patients with R/R FLT3-mutated AML 
(n = 22)d

CR/CRi 27%

NCT03625505 
(phase Ib)

Venetoclax plus gilteritinib (n = 56 FLT3-
mutant, n = 5 FLT3 wild type)d

CR/CRi 22%, mOS 10.0 months 
(95% CI 6.3–12.3)

Grade 3–4 cytopenias (80%); SAEs in 75% included 
febrile neutropenia (44%), pneumonia (13%).

121

NCT03661307m 
(phase I)

Venetoclax plus decitabine plus quizartinib 
as first-line therapy (n = 4) or R/R AML 
(n = 13) who received a median of 3 prior 
therapies; 85% had previously received a 
FLT3 inhibitor

CR/CRi (frontline versus R/R 
AML) 100% versus 69%, mOS 
(frontline versus R/R AML) not 
reached versus 7.1 months

Grade 3–5 non-haematological toxicities included 
lung infections (53%) and neutropenic fever (35%). 
Dose-limiting toxicities with 40 mg quizartinib 
included prolonged cytopenia (n = 2)

203
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signalling pathways such as those involved in cell-cycle regulation 
and DNA repair in malignant cells155. Reversing these modifications to 
reexpress silenced tumour suppressor genes has led to the introduction 
of HMAs, such as azacitidine and decitabine which are now routinely 
administered to patients with AML156. Data from preclinical studies 
have demonstrated synergistic cytotoxic effects by combining either 
venetoclax or ABT-737 with azacitidine in AML cell lines and samples 
from patients112,157–159. However, the molecular vulnerabilities underly-
ing these synergistic effects have remained ambiguous. Interestingly, 
RNA-interference screens have identified pro-apoptotic BCL-2 family 
members as potential targets for which inhibition might augment the 
efficacy of azacitidine158.

These encouraging findings have led to clinical trials testing regi-
mens combining BCL-2-targeting BH3 mimetics with azacitidine in 
patients with myeloid leukaemias. For example, the combination of 
venetoclax plus the HMAs decitabine or azacitidine has been tested 
in treatment-naive older (>65 years of age) patients with AML127,160. 
Results from this study demonstrate a composite CR (CR or CRi) of 73% 
in patients who received the recommended phase II dose of 400 mg 
venetoclax plus an HMA. The median duration of composite CR was 
11.3 months, and the median OS was 17.5 months. This combination 
was well tolerated in older patients; any-grade adverse events (>30%) 
included nausea, fatigue, diarrhoea, constipation, febrile neutropenia, 
hypokalaemia, reduced white blood cell count and decreased appetite. 
In light of these findings, this combination was designated as an FDA 
Breakthrough Therapy for this population in 2016 (refs. 127,160,161). 
The phase III VIALE-A trial tested venetoclax plus azacitidine compared 
with placebo plus azacitidine in previously untreated patients with AML 
who were unable to tolerate standard-dose chemotherapy and/or were 
≥75 years of age. At an interim analysis, both median OS and composite 
CR increased with venetoclax plus azacitidine (OS 14.7 months versus 
9.6 months and composite CR 66.4% versus 28.3%) in comparison with 
the control group. Key grade ≥3 adverse events in the venetoclax plus 
azacitidine and in the placebo plus azacitidine groups, respectively, 
included thrombocytopenia (in 45% versus 38% of patients), neu-
tropenia (42% versus 28%) and febrile neutropenia (42% versus 19%); 
whereas any-grade nausea occurred in 44% versus 35% and any-grade 
infections in 84% versus 67% (ref. 162). Venetoclax plus either an HMA 
(azacitidine or decitabine) or LDAC received full FDA approval in 2020 
as first-line therapy for patients with AML who are unable to receive 
induction chemotherapy153,163 (Table 1).

In an attempt to enhance prognostic precision for patients receiv-
ing venetoclax plus azacitidine, researchers developed a molecular 
prognostic risk signature (mPRS) using data from the VIALE-A trial164. 
This mPRS incorporates KRAS-, NRAS- and FLT3-ITDs, as well as TP53 
mutations to classify patients into higher, intermediate and lower 
benefit groups. This simple four-gene approach demonstrated supe-
rior accuracy compared with that of the ELN 2022 risk classification 
in segregating patients into distinct cohorts with varying response 
rates and survival outcomes. The ELN 2024 risk classification criteria 
refine prognostic stratification for patients with AML receiving less 
intensive therapies. By integrating genetic markers such as alterations 
in IDH1/IDH2, KRAS, NRAS, DDX41, TP53 and FLT3-ITDs, these criteria 
provide a more tailored approach to differentiate favourable, inter-
mediate and adverse risk groups165. These revised criteria address the 
specific needs of older adults and those who are ineligible for intensive 
chemotherapy and complement the mPRS in guiding personalized 
treatment decisions and improving prognostic precision for these 
patients165.

Venetoclax-based regimens under clinical 
investigation in AML
Venetoclax and MCL-1 inhibitors
MCL-1 mediates resistance to venetoclax via various upstream 
genomic/epigenetic mediators. Thus, direct or indirect targeting 
of MCL-1 provides a rational approach that might restore sensitivity 
to venetoclax100,105,118,147. Direct MCL-1 inhibitors have demonstrated 
various limitations in the clinical trials conducted thus far, mainly 
reflecting that the binding sites of these inhibitors are less flexible 
and, thus, less likely to adapt to different ligands, compared with 
those of BCL-2 or BCL-xL166–169. In addition, translating compounds 
with promising results in in vitro or in vivo studies to the clinic revealed 
unexpected toxicities including troponin leak and cardiotoxicity, per-
haps reflecting the role of MCL-1 in the regulation of mitochondrial 
homeostasis63,170,171. However, substantial progress has been made in the 
development of these agents, some of which have already entered clini-
cal trials. At least five therapeutic agents with activity against MCL-1, 
S64315 (ref. 172), AMG176 (ref. 173), AMG397 (ref. 174), AZD5991 (ref. 175) 
and PRT1419 (ref. 107) have been tested as monotherapies in phase I  
trials involving patients with AML (NCT02979366, NCT02675452, 
NCT04543305, NCT03465540 and NCT03218683, of which the 
latter two were terminated by the sponsor). Several of these agents  

Trial Intervention and patient population Outcomes Adverse events Ref.

Venetoclax plus BCL-2, BCL-w, BCL-xL inhibitors

NCT03181126 
(phase I)

Venetoclax plus navitoclax plus 
chemotherapy (paediatric and adult 
patients with R/R AML or lymphoblastic 
lymphoma) (n = 47)

CR/CRi 59.6%, mOS 7.8 months Most common grade 3–4 AEs included febrile 
neutropenia (46.8%), neutropenia (38.3%) and 
thrombocytopenia (25.5%); SAEs (78.7%) included 
febrile neutropenia (27.7%) and sepsis (17.0%)

194

Venetoclax plus p53 function-restoring agents

NCT04214860 
(phase I)

Venetoclax plus eprenetapopt versus 
venetoclax plus eprenetapopt plus 
azacitidine in patients with AML harbouring 
TP53 mutations (n = 49)d

CR/CRi 38% Common grade ≥3 AEs included febrile neutropenia 
(47%), thrombocytopenia (37%), leukopenia (25%) 
and anaemia (22%); treatment-related SAEs in 27%; 
and 1 treatment-related death (sepsis)

201

aIn patients ≥65 years of age who were ineligible for standard induction therapy. bIn patients ≥75 years of age and/or who were ineligible for standard induction therapy. cIn patients ≥60 years of 
age and ineligible for standard induction therapy. dIn patients ≥18 years of age. AEs, adverse events; AML, acute myeloid leukaemia; CDK9, cyclin-dependent kinase 9; CI, confidence interval; 
CR, complete remission; CRi, complete remission with incomplete blood count recovery; FLT3, FMS-like tyrosine kinase-3; HMA, hypomethylating agent; HR, hazard ratio; LDAC, low-dose 
cytarabine; mOS, median overall survival; NR, not reached; RFS, relapse-free survival; R/R, relapsed/refractory; SAEs, serious adverse events; TKD, tyrosine kinase domain; TKI, tyrosine 
kinase inhibitor.

Table 1 (continued) | Clinical trials testing venetoclax-based combinations in patients with AML
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(S64315, AMG-176 and AZD5991) have also been investigated in 
combination with venetoclax (NCT03672695, NCT03797261 and 
NCT03218683)63,100,176. AZD5991 is a potent and selective BH3 mimetic 
with nanomolar potency against human MCL-1 and >5,000-fold selectiv-
ity over other pro-survival BCL-2 family member proteins. In a phase I 
trial, systemic administration of AZD5991 either as monotherapy or in 
combination with venetoclax resulted in limited clinical activity across 
patients with different haematological malignancies, apart from in 
those with MDS. This lack of activity was accompanied by troponin 
elevations of uncertain clinical significance across all dose levels. These 
issues precluded further clinical development of AZD5991 (ref. 108). 
AMG-176 has also been administered in combination with azacitidine 
(NCT02675452). With ongoing clinical developments aiming to improve 
the therapeutic window of these agents, MCL-1 selective inhibitors 
might provide a novel future class of anti-AML drugs.

Over the past decade, several strategies involving indirect MCL-1 
inhibition have been investigated, including CDK9 inhibitor-mediated 
suppression of MCL-1 transcription, NEDD8-activating enzyme (NAE) 
inhibitor-mediated upregulation of NOXA to enhance MCL-1 neu-
tralization, and MEK inhibitor-mediated targeting of MAPK–ERK 
signalling to promote MCL-1 degradation177–180. Based on evidence 
of synergistic effects in preclinical studies, several completed or 
ongoing trials have tested and/or are testing venetoclax plus these 
innovative small-molecule inhibitors99. For example, SLS009, a highly 
selective CDK9 inhibitor, has been evaluated in combination with 
azacitidine and venetoclax in a phase IIa trial, showing promising 
clinical activity in patients with relapsed and/or refractory AML after 
prior venetoclax-based therapy. This combination demonstrated a 
favourable safety profile with no dose-limiting toxicities and manage-
able adverse events such as any-grade nausea (in 23% of patients) and 
diarrhoea (in 13%). The investigators hypothesized that SLS009 could 
overcome venetoclax resistance by targeting MCL-1, a key mediator of 
resistance. These findings highlight the potential of CDK9 inhibitors, 
such as SLS009, to overcome intrinsic mechanisms of resistance to 
apoptosis-inducing agents and thus improve the outcomes of patients 
with AML181.

Inhibition of CDK9 downregulates the transcription of c-MYC and 
MCL-1, which are involved in cell survival182. CDK9 inhibitors such as 
alvocidib183, AZD4573 (ref. 184), CYC065 (ref. 185) and dinaciclib186, 
which are able to indirectly inhibit MCL-1, have shown encouraging 
activity in preclinical models of AML and are being tested in several 
early-phase trials. However, data from several studies suggest that 
inhibiting MCL-1 might cause cardiotoxicities170,187,188. Alvocidib (also 
known as flavopiridol) is a flavonoid alkaloid CDK9 inhibitor that is 
currently under clinical development that has demonstrated promis-
ing clinical activity in patients with relapsed and/or refractory AML. 
Alvocidib has also shown encouraging results when administered 
in combination with fludarabine, cytarabine and mitoxantrone in 
patients with relapsed and/or refractory AML182. The combination of 
venetoclax plus alvocidib has been reported to regulate the propor-
tion of BCL-2 family members by activating mechanisms that favour 
apoptosis and thus provides a promising therapy that might overcome 
intrinsic mechanisms of resistance to BH3 mimetics178. In a phase Ib 
trial, co-administration of venetoclax plus alvocidib resulted in a 
modest composite CR rate (11.4%) in patients with relapsed and/or 
refractory AML. This combination had a favourable safety profile, 
with no maximum-tolerated dose reached, albeit with grade ≥3 
adverse events in 94.3% of patients. Adverse events including any 
grade nausea (in 77.1% of patients), diarrhoea (88.6%) and vomiting 

(62.9%) were all frequent; otherwise, the overall incidence of toxicities 
was consistent with the safety profile of both drugs189. In a phase I/II 
trial, the combination of venetoclax, the NEDD8-activating enzyme 
inhibitor pevonidostat plus azacitidine demonstrated encouraging 
activity, with a composite CR rate of 66% (CRs in 50% of patients and 
CRis in 16%), a median OS of 8.1 months and an ORR of 75% in the sub-
group with newly diagnosed secondary AML, who traditionally have 
a very poor prognosis. This triplet combination also had a favourable 
safety profile, albeit with grade 3–4 adverse events such as infection  
(in 35% of patients), febrile neutropenia (25%) and hypophosphataemia 
(23%)190. In a phase I trial (NCT02670044), the combination of vene-
toclax plus the MEK inhibitor cobimetinib resulted in an ORR of 18% 
in patients with relapsed and/or refractory AML191. Gastrointestinal 
adverse effects such as diarrhoea, nausea and vomiting might limit 
the clinical utility of this combination191 (Table 1).

Venetoclax and BCL-2/BCL-w/BCL-xL inhibitors
The BCL-2 and BCL-xL inhibitor navitoclax has been tested clinically 
in patients with advanced-stage solid tumours and lymphoid malig-
nancies, although clinical tolerability has been limited by thrombo-
cytopenia, with several patients having dose-limiting forms of this 
on-target adverse event in early-phase trials70,192,193. Nonetheless, the 
triplet combination of venetoclax, low-dose navitoclax and chemo-
therapy, has demonstrated promising efficacy (CR rate 59.6%) and a 
favourable safety profile (grade 3–4 adverse events possibly related to 
venetoclax or navitoclax in 74.5% of patients) in the setting of relapsed 
and/or refractory ALL or lymphoblastic lymphoma194,195.

Venetoclax and p53 function-restoring agents
The apoptotic network of the tumour suppressor gene TP53 contributes 
to resistance to BH3 mimetics in AML cells. These alterations, supported 
by changes in mitochondrial homeostasis and cellular metabolism, are 
the main drivers of resistance to venetoclax in patients with AML123. 
Indeed, TP53 mutations are known to confer resistance to venetoclax 
and are related to inferior outcomes among patients with AML, sug-
gesting that venetoclax-containing combination regimens might be 
most effective in patients without these characteristics196.

MDM2 promotes the rapid degradation of p53 (ref. 197); therefore, 
MDM2 inhibitors might reactivate wild-type p53 via disruption of 
p53–MDM2 interactions, thereby preventing proteasomal p53 deg-
radation and reducing p53 nuclear export177,198. Nonetheless, MDM2 
inhibitors require wild-type TP53 to exert apoptotic activity199. Epren-
etapopt is a novel first-in-class small molecule, with a mechanism of 
action that purportedly involves restoring the functions of wild-type 
p53 in TP53-mutated cell lines. Indeed, eprenetapopt activates 
p53-dependent apoptosis by covalently binding with the p53-mutated 
protein after conversion to its reactive electrophilic form, methylene 
quinuclidinone200. In a dose-finding and expansion phase I trial201, 
the combination of venetoclax, eprenetapopt and azacitidine dem-
onstrated encouraging efficacy (ORR 64%) and an acceptable safety 
profile albeit with grade ≥3 febrile neutropenia (in 47% of patients), 
thrombocytopenia (in 37%) and leukopenia (in 25%), providing sup-
port for further frontline evaluations of this triplet for patients with 
TP53-mutated AML, which unfortunately did not prove successful. 
Although the incidence of grade ≥3 adverse events in this trial sug-
gests an acceptable safety profile, the failure of other trials testing 
eprenetapopt might reflect an increased risk of toxicities. Indeed, in 
this trial, 27% of patients had clinically serious adverse events, and 2% 
had treatment-related deaths, owing to sepsis201 (Table 1).
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Venetoclax and FLT3 TKIs
Feasible combination partners for administration alongside BCL-2 
inhibitors can include FLT3 inhibitors. Data from both preclinical 
and clinical studies suggest that combination regimens involving 
FLT3 inhibitors plus venetoclax might have synergistic effects and 
thus ameliorate the outcomes of patients with AML. The combina-
tion of venetoclax with various FLT3 tyrosine kinase inhibitors (TKIs) 
is currently being tested in various trials202–204. In a phase Ib trial, the 
co-administration of venetoclax and gilteritinib resulted in a 90% ORR 
in patients with FLT3-mutated relapsed and/or refractory AML, with 
a corresponding high ORR among patients who had previously had 
disease progression on a TKI202. Early data from an ongoing phase I/II 
trial testing triplet therapy with venetoclax, quizartinib and decitabine 
have also been encouraging, including a 69% composite response rate 
and a median OS duration of 7.1 months in patients with FLT3-mutated 
relapsed and/or refractory AML, whereas median OS has not been 
reached in the frontline setting. No patients developed dose-limiting 
toxicities at 30 mg/day quizartinib, which was therefore selected as 
the recommended phase II dose for inclusion in the triplet. Grade 3–5 
non-haematological toxicities included lung infections (53%) and neu-
tropenic fever (35%)203 (Table 1). Similarly, the triplet regimen of azaciti-
dine, venetoclax and gilteritinib resulted in both reasonable tolerability 
(with grade ≥3 infections in 62% of patients and febrile neutropenia in 
38%) as well as efficacy (CR/CRi in 96% of patients, 18-month OS 72%),  
especially in patients who were able to undergo stem cell transplantation  
(NCT04140487)122.

Venetoclax and CD47-targeting agents
Over the past decade, various immunotherapies have been devel-
oped and tested clinically in patients with AML. The majority of 
these approaches have focused on activating the adaptive immune 
system (such as T cells)205, although other strategies targeting innate 
immune cells (such as macrophages) have also been investigated206–208. 
The dominant macrophage checkpoint, CD47, is a 50-kDa cell-surface 
glycoprotein that provides a potent ‘do not eat me’ signal by binding 
with signal regulatory protein α (SIRPα) and is often overexpressed 
by AML cells as a method of evading innate immune system-mediated 
phagocytosis119,209. Owing to high levels of expression on LSCs, CD47 
has become a potential therapeutic target. This potential is supported 
by the observation that higher levels of CD47 expression are associated 
with inferior OS in patients with AML210. CD47 blockade has also been 
shown to permit the phagocytosis of AML LSCs and also suppresses 
their in vivo engraftment in mouse models210. Among various agents 
developed to inhibit the interaction between CD47 and SIRPα, the 
anti-CD47 antibody magrolimab (previously known as Hu5F9-G4) is 
the first to be tested clinically209. In a phase Ib trial involving patients 
with AML or MDS, magrolimab plus azacitidine was well tolerated with 
53% of previously untreated patients having a CR or CRi with evidence 
of a reduction in the size of, or elimination of the LSC fraction in most 
responders. These results suggest that magrolimab plus other cytotoxic 
agents (such as venetoclax) could plausibly have synergistic antitumour 
activity209,211,212. Clinical trials using magrolimab as well as other CD47 
agents such as TTI-622 (NCT03530683), a fully human recombinant 
fusion protein that inhibits the CD47–SIRPα axis by binding to human 
CD47 and augmenting phagocytosis of malignant cells, have been 
evaluated for anticancer efficacy and safety. However, this trial was 
terminated early owing to the sponsor’s business priorities, with no 
evidence of safety concerns or requests from regulatory authorities 
at that time. Nonetheless, magrolimab is not currently under ongoing 

development in AML in light of the findings of futility and an increased 
risk of treatment-related death from respiratory failure and infection in  
the phase III ENHANCE-3 trial213. These findings are supported by phase III  
data from patients with higher-risk MDS (ENHANCE, NCT04313881) 
and TP53-mutated AML (ENHANCE-2, NCT04778397). This experience 
highlights the difficulties in improving the outcomes of patients with 
AML who are ineligible for intensive chemotherapy.

Venetoclax and CXCR4–CXCL12 pathway suppression
The chemokine receptor CXCR4, which is specific for CXCL12, is 
expressed in over 23 different tumour types214,215. The CXCR4–CXCL12 
signal transduction pathway has been recognized as a plausible 
therapeutic target in cancer owing to the ability to promote the dif-
ferentiation of cancer stem cells as well as various oncogenic signal-
ling pathways, including MAPK–ERK and SAPK–JNK216. Despite many 
patients receiving venetoclax having a response, most will ultimately 
have disease relapse owing to the presence of MRD. The extent of 
post-treatment MRD and LSC survival in the AML bone marrow is influ-
enced by the CXCL12–CXCR4 signalling pathway217. The AML bone 
marrow provides survival signals and promotes the development of 
features of stemness in therapy-resistant AML cells218,219. Interestingly, 
the LSC-expressed adhesion molecule CD44, which has a crucial role in 
AML development, has been reported to regulate venetoclax resistance 
by activating CXCR4–CXCL12 signalling. Preclinical data demonstrate 
that CXCL12-mediated resistance to venetoclax can be abolished by 
CD44 knockdown, by CD44 knockout or using anti-CD44 antibodies219. 
Thus, CD44 can be considered a future target for attempts to restore the 
sensitivity of AML cells to venetoclax-based regimens. With the emer-
gence of several small-molecule CD44 inhibitors216, future approaches 
combining venetoclax-based regimens and CD44 or agents capable of 
suppressing CXCR4–CXCL12 offer a compelling potential treatment 
strategy.

BH3 mimetic-based combinations in preclinical investigation
Venetoclax has improved tolerability compared with intensive induc-
tion chemotherapy, and response rates to venetoclax are higher com-
pared with SOC therapies without the addition of venetoclax, such as 
HMAs. Nonetheless, the OS durations of most patients remain mod-
est (median OS ~15 months). Hence, alternative strategies are being 
explored to overcome this refractoriness. Apart from venetoclax, other 
BH3 mimetics have emerged as potential inducers of apoptosis and 
thus provide plausible therapeutic options for patients with AML89. The 
positive clinical outcomes observed with venetoclax plus HMAs and/or 
LDAC have resulted in further research interest in new combinations 
of diverse BH3 mimetics with other established therapeutic agents. 
Daunorubicin is a DNA-intercalating chemotherapeutic agent that 
can activate sphingomyelin hydrolysis and ceramide synthesis220,221. 
However, BCL-2 overexpression precludes daunorubicin-mediated 
apoptosis in AML cell lines via degradation of AKT and suppression of 
XIAP222. Removing this BCL-2-induced protection against daunorubicin 
using either venetoclax or ABT-737 confers synergistic induction of 
apoptosis and inhibition of the growth of various AML cell lines and 
samples obtained from patients93,147,223.

More than 30% of patients with AML have been reported to have 
FLT3 mutations. Notably, the presence of FLT3-ITDs is related to inferior 
treatment responsiveness because AML cells can become hyperpro-
liferative and resistant to apoptosis following constitutive induction 
of FLT3 signalling224. The apoptotic response to midostaurin, a nat-
ural product-derived first-generation FLT3 multikinase inhibitor,  
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is augmented in the presence of venetoclax in FLT3-ITD-positive 
AML cell lines and FLT3-ITD-positive primary samples from patients 
with AML225. The presence of a FLT3-ITD also upregulates MCL-1 via 
activation of the AKT signalling pathway and STAT5 (ref. 226). In line 
with these observations, venetoclax together with FLT3 suppression 
abolishes the preservation of MCL-1 and BCL-2, thereby rendering 
cancer cells more sensitive to apoptosis204,227,228. Moreover, the multi-
kinase inhibitor sorafenib, which inhibits FLT3, VEGFR2, PDGFRB, RAF 
and KIT, induces apoptosis via activation of pro-apoptotic BIM229 and 
downregulation of MCL-1 in AML cells230. Indeed, sorafenib upregu-
lates BIM, BAX, BAK and BAD, and decreases the expression of MCL-1, 
XIAP and survivin, resulting in activation of the intrinsic apoptotic 
pathway229. Accordingly, BH3 mimetics can further sensitize AML cells 
to sorafenib-induced apoptosis via upregulation of BIM, as observed 
with the combination of the BH3 mimetic navitoclax and sorafenib93,231. 
Despite considerable interest in combining BH3 mimetics with other 
targeted agents, such efforts are often limited by toxicities24,89,232, 
although this issue might be addressable with careful selection of 
specific agents. For example, the combination of the MCL-1 inhibitor 
S63845 with the BCL-2 inhibitor S55746 prolongs survival as well as 
suppressing malignant, but not non-malignant, cell engraftment in 
mouse xenograft models of AML. This strategy suggests a promising 
clinical combination therapy with selective activity against AML cells 
and limited toxicity to non-malignant haematopoietic precursors 
compared with chemotherapy232. Importantly, co-administration of 
BH3 mimetics also provides the opportunity to attenuate the abil-
ity of AML cells to switch their reliance on different semiredundant 
pro-survival BCL-2 family members, which is a common mechanism 
of resistance to BCL-2 suppression104,167,233.

BH3 profiling
There is an urgent need for strategies that enable the personalized use of 
BH3 mimetics, given the heterogeneous responses observed with these 
agents. Nowadays, prominent techniques such as BH3 profiling234, mito-
chondrial profiling235 and gene and/or protein expression profiling236 
can effectively serve as essential high-throughput methods to assess 
susceptibility to BH3 mimetics (Supplementary Information). These 
methods involve defined ex vivo exposure of samples from patients 
with AML and require only a minimal number of cells, making them 
feasible for use with limited patient samples93,237. BH3 profiling has been 
successfully incorporated into clinical studies to assess the extent of 
mitochondrial priming and predict therapeutic responses in patients 
with AML and in those with other haematological malignancies238. 
However, certain limitations also exist. These techniques all require 
specialized expertise and equipment, and their reliance on functional 
assays might not fully account for the complexities of the tumour 
microenvironment, such as interactions with stromal cells or immune 
components238. Therefore, although BH3 profiling is a powerful tool, 
results provided by such investigations should be interpreted along-
side those of other diagnostic investigations as well as clinical data to 
provide a comprehensive understanding of AML biology and to support 
informed therapeutic decision-making237.

Conclusions
AML is a complex and heterogeneous haematological malignancy. The 
outcomes of patients with myeloid leukaemias have improved over 
the past decade, although a deeper understanding of cancer biology 
and patient characteristics is required to continue to advance towards 
more effective treatments. Dysregulation of pro-survival BCL-2 proteins 

is involved in both the oncogenesis and resistance to treatment of 
several types of haematological malignancy, including myeloid leu-
kaemias. Substantial gains have been made in our understanding of 
the dysregulation and targeting of pro-survival BCL-2 family proteins in 
patients with AML. Innovative small-molecule BH3 mimetics have been 
effective at inhibiting pro-survival BCL-2 proteins, leading to a balanc-
ing rectification of the apoptotic signalling pathway, and, as a result, 
have shown considerable anticancer activity, both as single agents 
and in combination with different targeted or conventional agents in 
patients with myeloid leukaemias. Thus, exploiting the full therapeu-
tic potential of BH3 mimetics is an important goal for improving the 
outcomes of patients with haematological malignancies. BH3 mimetics 
activate BAX/BAK-dependent apoptosis but do not require induction 
of DNA damage signalling pathways, thereby allowing the elimination 
of non-dividing malignant cells with complex karyotypic alterations, 
TP53 defects and inactivation of other critical tumour suppressor genes. 
In addition to their established pro-apoptotic activities, clinical data 
from the past 5 years have revealed critical non-canonical anticancer 
functions of pro-survival BCL-2 proteins such as the modulation of 
oxidative phosphorylation.

Venetoclax, a potent BCL-2-selective BH3 mimetic is effective when 
administered in combination with HMAs or LDAC and is FDA-approved 
for adult patients with newly diagnosed AML who are ≥75 years of 
age and/or who are ineligible for intensive induction chemotherapy. 
Indeed, venetoclax has transformed the management of AML and 
numerous combination regimens either have been or are being 
developed on the basis of insights into mechanisms of sensitivity and 
resistance to BH3 mimetics. The ongoing clinical trials testing vene-
toclax plus other drugs or combinations not only have the potential 
to improve the efficacy of BH3 mimetics but might also establish the 
optimal duration of treatment, lead to improved safety profiles and 
enable the identification of reliable biomarkers of resistance. Con-
sidering how technologies have improved the solubility, delivery and 
efficacy of therapeutics, the initial limitations related to, for example, 
ABT-737, including a lack of solubility and bioavailability, can now be 
circumvented and have enabled the emergence of BH3 mimetics as 
a successful class of therapies. However, further investigations will 
be needed. For example, owing to difficulties in directly targeting 
MCL-1 and BCL-xL, novel therapeutic approaches will be required, 
including sequential/alternating treatment approaches to allow suf-
ficient lengths of time for a complete recovery of the non-malignant 
tissues and/or the administration of effective co-treatments that enable 
considerable reductions in the doses of BH3 mimetics. In the future, 
dependencies on specific BCL-2 family members should be identified 
in point-of-care settings to improve the selection of both clinically 
approved and investigational treatments.

Current techniques such as BH3 profiling, mitochondrial pro-
filing, and gene and/or protein expression profiling can serve as 
high-throughput methods of providing valuable diagnostic informa-
tion while requiring only limited amounts of material from patients. 
The widespread availability of molecular profiling will undoubtedly 
improve the personalization of treatment plans, particularly the selec-
tion of firstline regimens, and before adjusting a therapy upon MRD 
persistence or disease refractoriness or relapse. BH3 profiling has 
already been incorporated into certain phase Ib/phase II trials as a 
prognostic marker and/or determinant of response and resistance in 
patients with AML (NCT03214562 and NCT03471260). Investigating (1) 
whether the success of venetoclax in combination with LDAC or HMAs 
can be extended to other combinatorial approaches or strategies 
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involving other SOC therapies; (2) whether clinical use of BCL-xL and 
MCL-1 inhibitors in patients with AML might be an effective therapeu-
tic strategy; and (3) whether the presence of BH3 mimetic-related 
adverse effects, such as thrombocytopenia, which are major source 
of concern, can be somehow minimized through molecular refine-
ments or novel targeting strategies (such as the development of the 
PROTAC DT2216) and/or complementary approaches (such as the use 
of improved prophylaxis) will be important areas of research in the 
coming years. The multitude of ongoing studies aimed at addressing 
these questions is expected to yield important clinical insights and 
drive further improvements in patient outcomes. Research in this 
area will undoubtedly also benefit from advances in technology that 
could enable the future development of novel single, combined or 
dual action therapies, with personalized medicine at the forefront 
of such efforts.

Published online: xx xx xxxx
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