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Abstract

:

Simple Summary


Acute myeloid leukemia (AML) is a dangerous cancer of the blood. In recent years, a series of drugs was approved to specifically target misdirected processes in the cancerous cells. These so-called “small molecules” substantially improved therapeutic outcomes, but eventually leukemia returns in most patients. In this review, we summarize the current state of knowledge regarding the mechanisms that lead to failure of the most frequently used new therapies and introduce potential strategies to overcome the mechanisms associated with disease recurrence.




Abstract


In recent years, great progress has been made in the therapy of AML by targeting cellular processes associated with specific molecular features of the disease. Various small molecules inhibiting FLT3, IDH1/IDH2, and BCL2 have already gained approval from the respective authorities and are essential parts of personalized therapeutic regimens in modern therapy of AML. Unfortunately, primary and secondary resistance to these inhibitors is a frequent problem. Here, we comprehensively review the current state of knowledge regarding molecular processes involved in primary and secondary resistance to these agents, covering both genetic and nongenetic mechanisms. In addition, we introduce concepts and strategies for how these resistance mechanisms might be overcome.
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1. Introduction


AML is an aggressive blood cancer characterized by uncontrolled proliferation of malignant hematopoietic stem and progenitor cells. Comprehensive genomic studies have revealed the genetic complexity of this disease, leading to refined classification systems and risk stratification [1,2,3,4].



For a long time, therapy of AML has been purely chemotherapy-based, with cytarabine and anthracyclines being the standard of care in most first-line settings [5,6]. However, with increasing knowledge of the genetic heterogeneity of this disease and associated efforts to develop agents that specifically target genetic lesions, the therapeutic landscape has started to change. In 2017, the FLT3 inhibitor midostaurin was the first small molecule in the AML setting that gained approval from the authorities [7]. Since then, a multitude of small molecules have been developed. These inhibitors have already been approved or are currently at different stages of preclinical or clinical testing. Despite the unquestioned clinical success of these agents, primary resistance or relapses are an immense clinical problem. Understanding and overcoming resistance mechanisms is, therefore, a major challenge for clinicians and researchers.



In this review, we focus on the current knowledge of genetic and nongenetic mechanisms of resistance of the clinically most relevant, authority-approved small molecules in the context AML. These comprise various FLT3 inhibitors, inhibitors of IDH1/IDH2, and a BCL2 inhibitor. To this end, PUBMED was searched for the terms listed in the keywords section and names of individual inhibitors (e.g., ivosidenib), and the literature was critically reviewed. The review presented here focuses on articles providing clinical or mechanistic reports on resistance to small molecules in AML therapy.




2. FLT3 Inhibitors


FMS-like tyrosine kinase 3 (FLT3) is a protein encoded by the FLT3 gene located on chromosome 13q12. It is primarily expressed in hematopoietic progenitor cells [8] and is one of the most frequently mutated genes in AML [9]. FLT3 consists of five extracellular immunoglobulin-like domains, a transmembrane sequence, a juxtamembrane region, and two interrupted kinase domains. The binding of the FLT3 ligand triggers a conformational change, leading to homodimerization, autophosphorylation steps, and the activation of its intrinsic tyrosine kinase function [10]. This activation promotes cell proliferation and inhibits apoptosis via the PI3K (phosphatidylinositol 3-kinase), STAT3 (signal transducer and activator of transcription 3), and RAS/MAPK (mitogen-activated protein kinase) signaling pathways.



Roughly one-third of patients with AML have activating FLT3 mutations [11]. In approximately two-thirds of cases, the mutations are in-frame internal tandem duplications (ITDs), and in one-third of cases, mutations are missense point mutations within the tyrosine kinase domain (TKD), frequently encoding for D835 or I836 [12]. Patients with AML with FLT3 mutations often exhibit high leukocyte and blast counts in both peripheral blood and bone marrow [13].



In contrast to the previous version of the European LeukemiaNet (ELN) risk classification of AML, the most recent version categorizes all FLT3-ITD mutations in the intermediate risk group. This reclassification is primarily due to the fact that FLT3 mutations have become a “druggable” target with the development of FLT3 inhibitors, which nicely demonstrates that targeted therapy can impact disease outcome and the prognostic value of genomic aberrations [2].



2.1. Overview of FLT3 Inhibitors


In recent years, several small-molecule tyrosine kinase inhibitors (TKIs) targeting the ATP-binding site of the FLT3 kinase or adjacent structures have been developed [14,15]. First-generation FLT3 inhibitors possess multikinase activity and, hence, target other kinases like KIT, PDGFR, VEGFR, RAS/RAF, and JAK2 kinases to various degrees. Sorafenib and midostaurin both belong to this group [16]. Sorafenib was shown to reduce the risk of AML relapse when used as maintenance therapy after hematopoietic stem cell transplantation for FLT3-ITD-positive AML in the SORMAIN study [17]. In addition, it has also improved progression-free survival (PFS) and event-free survival (EFS) when used in combination with chemotherapy in newly diagnosed AML in the SORAML study [18,19]. While sorafenib is not approved for the treatment of AML, midostaurin is the first FDA- and EMA-approved first-generation FLT3 inhibitor that has shown efficacy in prolonging overall survival (OS), EFS [7], and reduction in relapse rates [20] in FLT3-mutated AML within the large, randomized phase-III RATIFY trial.



Second-generation FLT3 inhibitors more specifically bind to FLT3 than first-generation FLT3 inhibitors and, hence, have shown improved efficacy. They include quizartinib, gilteritinib, and crenolanib [16]. Quizartinib demonstrated an OS benefit in the treatment of relapsed patients with AML with FLT3-ITD mutations compared to standard salvage chemotherapy in the QUANTUM-R trial [21]. Lately, efficacy of quizartinib was also shown in a first-line setting when used as an alternative to midostaurin in addition to standard chemotherapy in FLT3-ITD-mutated AML within the QUANTUM-First study [22]. Gilteritinib, another second-generation FLT3 inhibitor, has been established as standard therapy for the treatment of relapsed or refractory (r/r) FLT3-mutated AML. It gained approval from the FDA and EMA based on the data from the ADMIRAL study [23].



FLT3 inhibitors can also be classified into type-1 and type-2 inhibitors. While type-1 inhibitors bind to the active conformation of FLT3, type-2 inhibitors bind to its inactive conformation. Pharmacologically, type-1 inhibitors can target both ITD and TKD mutations, while type-2 inhibitors do not effectively inhibit FLT3-TKD-mutated disease. Midostaurin, gilteritinib, and crenolanib belong to the group of type-1 inhibitors, while sorafenib and quizartinib are classified as type-2 inhibitors [16,24].




2.2. Mechanisms of Resistance to FLT3 Inhibition


Despite promising results, response durations in patients treated with FLT3 inhibitors remain relatively short when used as monotherapy in the r/r setting (4–14 months) [21,23]. Therefore, understanding the mechanisms of primary (refractory disease) and secondary (relapsed disease) resistance is of great clinical relevance.



2.2.1. Genetic Mechanisms Causing Resistance


On-target mutations (Figure 1A): The acquisition of on-target or secondary FLT3 mutations has been identified as a mechanism of secondary resistance to treatment with FLT3 inhibitors. FLT3 F691L, a well-known gatekeeper mutation within the active site of the TKD, confers resistance to all clinically used FLT3 inhibitors [25,26,27,28]. Other important mutations in this context are FLT3 N676K in TKD, which was shown to confer resistance to midostaurin [29], and K429E, which confers resistance to crenolanib [30]. Mutations in the activation loop of FLT3, such as FLT3 D835 (D835F/V/Y) or FLT3 Y842C/H, only confer resistance to type-2 FLT3 inhibitors like quizartinib [28] or sorafenib [31]. The emergence of secondary FLT3 mutations is also considered one of the main factors contributing to the drop in composite CR (CRc) rates during sequential exposure to FLT3 inhibitors [32]. However, a comprehensive analysis by Schmalbrock et al. investigating genetic causes for midostaurin resistance in FLT3-ITD-mutated AML demonstrated that secondary FLT3-ITD mutations occurred in only 11% of patients at the time of r/r disease. Instead, the authors observed an outgrowth of clones that lost the FLT3-ITD mutation and clones harboring signaling pathway mutations downstream of FLT3 as the most prevalent mechanisms of resistance in their patient cohort [26].



Activation of alternative signaling pathways by off-target mutations (Figure 1B): Various studies using comprehensive, next-generation sequencing (NGS) approaches have shown that the activation of alternative signaling pathways, like PI3K/AKT/mTOR [33], RAS/RAF/MEK/ERK [26,34,35], JAK/STAT [34,36], and SRC family kinases [37], by off-target mutations is an important mechanism of resistance to FLT3 inhibition. A study conducted by Alotaibi et al. investigated pretreatment bone marrow samples (primary resistance cohort) and pre- and posttreatment bone marrow samples (secondary resistance cohort) of a large patient cohort receiving FLT3 inhibitors. Within the secondary resistance cohort, they identified off-target mutations in epigenetic modifiers (16%), RAS/MAPK pathway genes (13%), WT1 (7%), and TP53 (7%). Mutations in genes of the RAS/MAPK pathway were commonly observed as mechanisms of resistance to type-1 FLT3 inhibitors (29%). Nonresponders to FLT3 inhibition had a higher variant allele frequency (VAF) of RAS mutations (31% in nonresponders vs. 6% in responders; p = 0.19) as identified NGS, likewise indicating a role of the RAS pathway in this context [34]. On a similar note, the study by Schmalbrock et al. using whole-exome sequencing (WES) of samples from patients with AML undergoing midostaurin treatment revealed enrichment of several mutated genes at disease progression, including WT1, NRAS, KRAS, and IDH1. In addition, the authors observed acquired mutations in genes associated with chromatin cohesin/splicing (ASXL1, U2AF1, ZBTB7A, and SF3B1) upon resistance development in these patients, indicating a role for associated processes in the development of resistance [26]. Similarly, mutations in NRAS, PTPN11, ABL1, BCORL1, CEBPA, WT1, and IDH1 emerged under treatment with crenolanib in another study, leading to resistance, as shown by WES [30]. In a study by McMahon et al., targeted sequencing revealed that 15 out of 41 patients treated with gilteritinib exhibited mutations within the RAS/MAPK pathway as a mechanism of secondary resistance. Additional single-cell analyses revealed complex clonal selection and evolution processes involving both on-target and off-target mutations, pointing to the highly heterogeneous process of developing resistance [35].




2.2.2. Nongenetic Mechanisms Causing Resistance


Over-expression of antiapoptotic proteins (Figure 1C): The overexpression of antiapoptotic proteins is a critical mechanism of resistance to FLT3 inhibitors. AML cells can overcome FLT3 inhibition by upregulating antiapoptotic proteins [38]. In cell line models, the overexpression of BCL2 (B-cell lymphoma 2) family proteins was found to confer resistance to FLT3 inhibitors, enabling hematopoietic cells to evade apoptosis [39]. Notably, the effect of this overexpression can be counteracted using BCL2 inhibitors. Thus, the upregulation of BCL2 by FLT3 inhibition presents a potential therapeutic target, which is discussed in detail in Section 2.3 and Section 4.3. Moreover, high expression levels of P-glycoprotein efflux pumps can reduce the levels of apoptosis induced by FLT3 inhibition [40].



Role of microenvironment/stem cell niche (Figure 1D): The bone marrow microenvironment, known as the niche, plays a crucial role in facilitating the growth, survival, and development of drug resistance in leukemic (stem) cells [41,42]. Within this niche, bone marrow stroma cells secrete the FLT3 ligand, a naturally occurring growth factor that has been identified as a mediator of resistance to FLT3 inhibition. Sato et al. observed higher levels of FLT3 ligands in relapsed than in newly diagnosed patients with AML. They also demonstrated that FLT3 ligands mitigated the effects of FLT3 inhibition and cytotoxicity in vitro [43]. Additionally, Chang et al. showed that primary stromal cells within the bone marrow niche could promote the degradation of FLT3 inhibitors, such as sorafenib, quizartinib, and gilteritinib, through the expression of CYP3A4. This enzymatic degradation led to reduced activity of the inhibitors in vitro. Interestingly, the effect could be reversed by clarithromycin, a potent CYP3A4 inhibitor [44]. Lastly, cytokines like GM-CSF and TPO secreted by bone marrow stromal cells, as well as hypoxia via HIF-1α signaling, can confer FLT3 inhibitor resistance via AXL upregulation in vitro [45,46]. Moreover, FLT3 inhibitor efficacy can be diminished by increased binding of the inhibitors to plasma proteins [47].





2.3. Overcoming Resistance to FLT3 Inhibitors


Several approaches exist to overcome resistance to FLT3 inhibition. These include the development of next-generation inhibitors, combination therapies with cytotoxic chemotherapy or other targeted agents, targeting the microenvironment, and utilizing dual-targeted inhibitors.



A series of next-generation FLT3 inhibitors are currently at different stages of preclinical and clinical investigation. Among these, sitravatinib was more effective than gilteritinib in xenograft models derived from patient blasts carrying FLT3-ITD mutations. Of note, the predicted binding sites of sitravatinib do not include the F691L residue [48]. The covalently binding, irreversible FLT3 inhibitor FF-10101 exhibited high efficacy in AML cell lines harboring mutations at the D835, Y842, and F691 residues of the FLT3 kinase domain [49]. It also demonstrated clinical activity in FLT3 inhibitor refractory patients in a phase-I trial [50].



Another strategy to overcome resistance to FLT3 inhibition is the addition of the BCL2 inhibitor venetoclax to induce apoptosis. A multitude of studies have demonstrated the synergistic nature of this approach in the preclinical setting [51,52,53,54]. A recent phase-1b study enrolling 61 patients combing venetoclax and gilteritinib led to high modified CR rates (mCRC; 75% in FLT3-mutated patients) and FLT3 molecular response rates, even in patients with prior FLT3 inhibitor treatment [55]. Interestingly, a drug-screening approach to primary AML cells also identified gilteritinib and venetoclax as a synergistic drug combination for FLT3 wild-type high-risk AML. Mechanistically, the combination led to downregulation of antiapoptotic protein myeloid leukemia 1 (MCL1) via altered signaling of the involved ERK pathway [56]. Combinations of FLT3 inhibitors with other targeted agents have also been tested in various settings. Inhibitors targeting the JAK/STAT5 or PI3K/mTOR pathways [57,58,59], as well as FGFR1 [60] or CXCR4 [61] inhibition in the microenvironment, have shown the potential to act synergistically with FLT3 inhibitors. Preclinical studies have indicated that inhibiting autophagy via BTK inhibition or using the novel FLT3/BTK/aurora kinase inhibitor luxeptinib can overcome FLT3 inhibitor resistance [62].





3. IDH Inhibitors


The isocytrate dehydrogenase (IDH) enzymes catalyze the oxidative decarboxylation of isocitrate to α-ketoglutarate (α-KG). Recurrent mutations in the iso-enzymes IDH1 and IDH2 occur in approximately 20% of de novo AML [9]. These mutations mainly affect R132 in IDH1 and R140 and R172 in IDH2 [63,64,65]. These mutations alter the biochemical function of the enzymes, as they lead to a reduction in α-KG to the oncometabolite 2-hydroxyglutarate (2-HG) [66]. 2-HG competitively inhibits α-KG-dependent enzymes [67], including the ten-eleven translocation (TET) family of 5-methylcytosine hydroxylases, thereby interfering with epigenetic processes. Finally, these processes impair hematopoietic differentiation and promote malignant transformation [68,69]. Inhibition of IDH1 or IDH2 in the presence of an oncogenic mutation, therefore, suppresses the production of the oncometabolite 2-HG and induces hematopoietic differentiation, making pharmacologic IDH inhibition a highly attractive therapeutic approach [70,71].



3.1. Overview of IDH Inhibitors


IDH1-mutated AML can be effectively treated with the orally available IDH1 inhibitor ivosidenib. Effectiveness as monotherapy in newly diagnosed AML with IDH1 mutation was demonstrated in patients ineligible for intensive chemotherapy [72]. Effectiveness of IDH1 inhibition with ivosidenib in r/r IDH1-mutated AML was likewise shown [73]. Encouraging results were also seen when combining ivosidenib with azacytidine in patients with newly diagnosed IDH1-mutated AML ineligible for intensive chemotherapy in the phase-III AGILE trial. Here, the combination of ivosidenib with azacytidine led to significantly improved EFS and OS [74]. Based on these studies, ivosidenib gained FDA approval as a monotherapy for patients with IDH1 mutation in r/r AML or elderly patients ≥75 years or not suitable for intensive induction chemotherapy in 2018 and 2019, respectively. In 2022, ivosidenib was approved as a first-line therapy in combination with azacytidine for patients with IDH1 R132 mutation not eligible for intensive induction chemotherapy. EMA approval for this combination therapy followed in May 2023.



Olutasidenib is another orally available FDA-approved IDH1 inhibitor. In r/r patients with AML, olutasidenib led to overall response rates of almost 50% and a median duration of response of 25.9 months in those patients achieving CR/CRh (CR with partial hematologic recovery) [75], which is remarkably longer than the reported 8.2 months for patients achieving CR/CRh with ivosidenib [73]. Olutasidenib was also evaluated in combination with azacytidine in r/r AML and de novo AML. In these settings, CR/CRh rates of 15% in patients with r/r AML and 54% in patients with newly diagnosed AML were achieved. OS rates were 12.1 months and not reached, respectively [76].



Enasidenib is a first-in-class orally available inhibitor of mutant IDH2 that was granted FDA approval for r/r AML in 2017. In a pivotal phase-I/II study, enasidenib led to overall response rates of approximately 40% in patients with IDH2-mutated AML. Of note, while median OS was 9.3 months for the total cohort, patients attaining CR (19.3%) had a median OS of 19.7 months [77]. In a study investigating enasidenib in elderly patients with newly diagnosed AML with IDH2 mutation, overall response rates of more than 30% were achieved [78]. Likewise, in de novo AML with IDH2 mutation, the combination of enasidenib and azacytidine led to a significantly improved overall response when compared to azacytidine alone [79].




3.2. Mechanisms of Resistance to IDH Inhibition


Mechanisms of primary or secondary resistance to IDH inhibitors are manifold and comprise genetic, as well as nongenetic, mechanisms.



3.2.1. Genetic Mechanisms Causing Resistance


VAF/clone size: It is conceivable that the clone size can affect response and resistance patterns to targeted therapy. However, according to a study by Choe et al., there was no correlation between mutant IDH1 clone size and achievement of CR following ivosidenib monotherapy [80]. Similar observations were made by Amatangelo et al., who reported no correlation between mutant IDH2 clone size and response to single-agent enasidenib therapy [81].



Escape mutations in IDH enzymes/second site mutations (Figure 2A): Escape mutations that are likely to restore the pathologic metabolic capabilities of IDH enzymes have been described for both IDH1- and IDH2-mutated AML treated with ivosidenib and enasidenib, respectively. In a study by Choe et al. investigating mechanisms of resistance in 179 patients treated with ivosidenib, 20 second-site mutations in IDH1 were detected at relapse or progression that either affected the binding pocket of ivosidenib or its cofactor NADPH or that led to hypothesized structural changes, preventing the interaction between ivosidenib and IDH1 [80]. Likewise, second-site mutations leading to secondary resistance to enasidenib have been described for IDH2 mutant AML. In specific, Intlekofer et al. describe two cases with newly acquired mutations on the second IDH2 allele, which led to restoration of 2-HG production and AML relapse [82].



Isoform switching (Figure 2B): Another interesting mechanism of resistance to IDH inhibition is the restoration of 2-HG production by isoform switching, i.e., acquisition of IDH2 mutations in the context of IDH1 inhibition and vice versa. This mechanism was described by Harding et al. in a series of two patients with AML and IDH1 mutation receiving ivosidenib. After initial response to the therapy, both patients suffered from relapse that could be attributed to the outgrowth of IDH2 R140Q-mutated clones [83]. The same mechanism was also described by Choe et al. [80]. Likewise, Wang et al. observed isotype switching in one case with initially IDH2-mutated AML treated with enasidenib that developed a de novo IDH1 mutation at relapse [84].



Co-occurring mutations (Figure 2C): Co-occurring mutations are an important mechanism of resistance in both primary and secondary resistance. Various studies have consistently described mutations in receptor tyrosine kinase (RTK) pathways to be frequently associated with resistance and/or relapse. Here, mutations in RAS genes [80,81,85] and FLT3 [80,84,85,86] are of particular relevance. In a study by Wang et al., clonal architecture at relapse was investigated via single-cell analysis. In the analyzed IDH2 mutant patient who had received enasidenib, leukemic clones harboring NRAS and KRAS mutations arose independently from the IDH2 mutant clone, highlighting clonal selection processes [84]. Likewise, mutations in the hematopoietic transcription factors RUNX1 and CEBPA have been found in patients with both primary or secondary treatment failure of IDH inhibition [80,84]. This is most likely due to the fact that these mutations interfere with the myeloid differentiation induced by pharmacologic 2-HG suppression [84]. Two studies have shown that a lower number of co-occurring mutations is significantly associated with response to enasidenib in IDH2-mutated AML [81,85].




3.2.2. Nongenetic Mechanisms Causing Resistance


Levels of 2-HG: Contradictory data exist for the question of whether the suppression levels of 2-HG correlate with response or resistance to IDH inhibition. In a study by Stein et al., patients with IDH2 R172 mutation showed a significantly stronger reduction in 2-HG levels than nonresponders. However, in patients with IDH2 R140 mutation, 2-HG levels were effectively suppressed, irrespective of response category [85]. On the contrary, Amatangelo et al. reported strong 2-HG suppression that did not correlate with response for both mutations [81]. While second-site mutations and isoform switching are effective escape mechanisms to restore 2-HG production and subsequent relapse in some patients, Quek et al. could show that most relapses occurred despite effective and ongoing 2-HG suppression. This implied that 2-HG independent mechanisms frequently caused relapse and resistance [86].



Leukemia stemness (Figure 2D): In the study by Wang et al. investigating alternative mechanisms of resistance to ivosidenib or enasidenib, comprehensive methylation and transcriptional data were generated for 60 patients. Interestingly, they described hypermethylation of various promotors associated with hematopoietic differentiation in various pretreatment samples with subsequent poor response to IDH inhibition. In line with these findings, they also reported transcriptional profiles associated with leukemia stemness associated with primary resistance to IDH inhibition [84].





3.3. Overcoming Resistance


Although responses to IDH inhibition are often long-lasting, relapses eventually occur. As outlined above, clonal heterogeneity and outgrowth of resistant clones seem to be major sources of resistance. Mutations that confer resistance often affect pathways not directly related to IDH inhibition (e.g., mutations of the RAS pathway), highlighting the necessity of hitting multiple targets using combination therapies. With respect to IDH inhibitors, multidrug combination regimens with HMAs and BCL-2 inhibitors yield promising results and are detailed in Section 4.3.





4. BCL2 Inhibitors


BCL2 and the related proteins BCLXL and MCL1 are antiapoptotic proteins that prevent apoptosis by stabilizing the outer mitochondrial membrane, thus circumventing permeabilization and cytochrome c release [87]. BCL2 is overexpressed in 80–90% of AML cases, leading to disturbed apoptosis and making BCL2 an attractive therapeutic target [88,89].



4.1. Pharmacologic Inhibition of BCL2


Venetoclax is an orally available BH3 mimetic that inhibits BCL2 and, hence, induces apoptosis via release of the proapoptotic proteins BAK and BAX. In patients with AML, it has limited efficacy when used as a monotherapy in r/r patients [90]. However, when combined with hypomethylating agents (HMAs) or low-dose cytarabine, response rates markedly increase, as shown in the phase-III VIALE-A and VIALE-C trials [91,92]. In the VIALE-A trial, combining azacytidine with venetoclax led to significantly improved CR rates and longer OS as compared to azacytidine monotherapy [91]. These results led to approval of venetoclax in these combinations by the FDA and EMA (EMA only approved combination therapy with HMAs). The effectiveness of the combination of azacytidine and venetoclax seems to be at least partly due to the fact that azacytidine induces the proapoptotic protein NOXA, priming AML cells for venetoclax-mediated apoptosis [93].




4.2. Mechanisms of Resistance


4.2.1. Genetics of Response and Resistance to Venetoclax


The mutational pattern of AML plays an important role in response and resistance to venetoclax and can be used to predict response to therapy and relapse risk. A relevant number of mutations are associated with favorable outcomes in this setting and are, therefore, briefly introduced here as well.



Mutations associated with response (Figure 3A): A multitude of studies have shown that the presence of mutations in IDH1 and IDH2 is associated with a favorable response pattern in monotherapy [90,94], as well as in combination therapy with azacytidine or decitabine [95,96], low-dose cytarabine [92], or intensive chemotherapy [97]. An in vitro study showed that 2-HG produced by IDH1/IDH2-mutated cells suppressed cytochrome c oxidase (COX) and, thus, lowered the threshold of mitochondria to initiate apoptosis via BCL2 inhibition. Therefore, IDH1/IDH2 mutations and BCL2 inhibition are an example of synthetic lethality [98]. Due to the biochemical link between the IDH enzymes and epigenetic modifications catalyzed by TET enzymes, it is not surprising that mutations in TET2 are likewise associated with favorable response to venetoclax-based therapeutic regimens [99]. Likewise, in studies involving venetoclax, NPM1 mutations have been associated with favorable outcome parameters such as higher CR rates, higher blast reductions, or increased OS [91,92,100,101,102]. However, the molecular mechanisms behind the therapeutic response remain unclear [103]. In addition, mutations in the splicing factor genes SRSF2 and ZRSR2 have been reported to be associated with beneficial outcomes in studies involving venetoclax in AML treatment [94,101,102].



Mutations associated with resistance (Figure 3B): In most studies with venetoclax-based therapies, the presence of mutations in FLT3 and TP53 has been associated with inferior treatment outcomes [94,97,101,102]. Clonal selection of pre-existing, mutated subclones seems to be of major importance for treatment failure and early relapse, as shown in studies with sequential sequencing at baseline and relapse [94,97]. In a study by DiNardo et al., respective samples were investigated for pathogenic mutations conferring resistance. According to the generated data, clonal selection of FLT3-ITD-bearing subclones appeared early in treatment, with clinical relapse from one to six months after therapy initiation. In the same study, relapse was driven by emergence of newly diagnosed FLT3-ITD mutations in two patients. Interestingly, resistance to venetoclax was also mediated by polyclonal resistance mechanisms, as demonstrated through single-cell sequencing. Here, resistance was due to a series of independent clones that harbored individual mutations in FLT3 and NRAS. In the same study, clonal selection of mutations in TP53 contributed to one-third of relapses, and clonal outgrowth of TP53 was observed in all previously mutated cases. In line with these findings, primary resistance was associated with mutations in activating kinases (mainly FLT3, NRAS/KRAS), TP53, and RUNX1 [97]. Similarly, Chyla et al. describe clonal outgrowth of clones with FLT3-ITD or PTPN11 mutation at baseline. Likewise, these mutations were associated with primary resistance to venetoclax in this study [94].




4.2.2. Other Mechanisms of Resistance to Venetoclax


Monocytic differentiation (Figure 3C): Interestingly, sensitivity and resistance patterns to venetoclax correlate with level of differentiation in AML [104,105,106]. While the early maturation stages according to the French–American–British (FAB) classification show favorable responses to BCL2 inhibition, monocytic (FAB M5) AML is less sensitive [104,106]. Using gene expression analysis, Bisaillon et al. compared gene expression data in 38 primary AML samples from the Leucegene cohort. While sensitive samples had gene expression signatures associated with hematopoietic stem cells, the gene expression patterns of resistant samples revealed monocytic and inflammatory signatures. Interestingly, AML M1 samples exhibited high levels of BCL2. In contrast, AML M5 samples showed overexpression of antiapoptotic BCL2A1 and MCL1. This finding suggests that different maturation stages rely on different antiapoptotic proteins and potentially explains the different patterns of sensitivity and resistance among the maturation stages of AML [104]. In accordance with these findings, relapses after venetoclax therapy are often of the monocytic subtype, suggesting the selection of clones with alternative antiapoptotic mechanisms under BCL2 inhibition [106]. Similarly, Zhang et al. found BCL2A1 to be upregulated in the M4 and M5 subtypes of AML, which were also the subtypes with the least sensitivity toward venetoclax [105]. Another study showed that in normal hematopoiesis, as well as in the malignant counterparts, expression of BCL2 declined with maturation, while expression of MCL1 increased [106]. When adding the MCL1 inhibitor AZD5991 to venetoclax in an in vitro setting, the authors could observe synthetic lethality in the treated AML cells, despite their initial resistance toward venetoclax [105]. Inhibition of MCL1 or BCLXL was similarly toxic to venetoclax-resistant AML cell lines when given in combination with venetoclax [107]. Clinical research on MCL1 inhibitors is in the early stage, and potential cardiac interactions are currently being investigated [108].



Energy metabolism (Figure 3D): In addition to interfering with antiapoptotic mechanisms, the combination of venetoclax with azacytidine was also shown to disrupt cellular energy metabolism by interfering with the tricarboxylic (citric acid) cycle [109]. Leukemia stem cells are particularly reliant on amino acid intake for oxidative phosphorylation (OXPHOS). The combination of venetoclax and azacytidine was shown to interfere with this process, leading to fatal disruption of cellular energy metabolism [110]. Interestingly, the utilization of fatty acids for OXPHOS (fatty acid oxidation) has been identified as a mechanism of resistance to venetoclax/azacytidine. Switching from amino acid oxidation to fatty acid oxidation can occur due to mutations in the RAS pathway or via compensatory adaptation in relapsed disease [111]. Similarly, increased production of NADP+ was described as an alternative source of energy and a potential mechanism of venetoclax/azacytidine resistance [112].





4.3. Overcoming Resistance to BCL2 Inhibition


There are various approaches to overcoming resistance to BCL2 inhibition, comprising various stages of preclinical and clinical testing. In the preclinical setting, inhibitors of BCLXL or MCL1 showed strong synergistic killing when combined with venetoclax in resistant AML cell line models with elevated levels of these alternative proapoptotic proteins [107]. S64315, an inhibitor of MCL1, is currently in early clinical testing (NCT03672695, NCT02979366, NCT04629443). Another interesting preclinical approach to overcoming resistance of venetoclax/azacytidine combination therapy is the pharmacologic inhibition of various processes involved in the energy metabolism of leukemic cells [111,112].



On the clinical side, the combination of venetoclax with other specific targeted therapies is currently being tested with the aim to achieve longer remissions and to prevent secondary resistance. As discussed, IDH-mutated AML favorably responds to venetoclax-based therapy [79,91]. To further improve clinical outcomes, combinations of IDH inhibitors with venetoclax/azacytidine are under investigation. Results from an early clinical trial showed high rates of response and minimal residual disease (MRD) negativity [113]. Other clinical trials investigating venetoclax in combination with ivosidenib or enasidenib are currently ongoing (NCT03471260, NCT04092179). Combining FLT3 inhibitors with a venetoclax-based regimen is another promising therapeutic approach. The combination of midostaurin with decitabine and venetoclax yielded promising results in newly diagnosed elderly FLT3-mutated patients with AML with a 2-year OS of 80% [114]. Similarly, the combination of venetoclax with gilteritinib led to high mCRc rates of 75% in r/r FLT3-mutated patients with AML, irrespective of prior exposure to FLT3 inhibitors [55].





5. Other Small Molecules for the Treatment of AML


Pharmacological inhibition of FLT3, IDH, and BCL2 are the most advanced therapeutic options involving small-molecule inhibitors in AML. However, new avenues are being explored for the treatment of AML, such as TP53 reactivation, menin inhibition, or E-selectin inhibition. In addition, glasdegib is another approved small molecule targeting hedgehog signaling. Likewise, HMAs should also be mentioned in the context of this review.



Based on the BRIGHT AML 1003 study, the hedgehog-signaling inhibitor glasdegib has been approved by the FDA and EMA in combination with low-dose cytarabine for patients ineligible for intensive chemotherapy. Resistance to glasdegib is mechanistically not well understood, but the presence of DNMT3A mutations negatively impacted OS in patients with secondary AML within the BRIGHT AML 1003 study [115,116].



Azacytidine and decitabine are the HMAs most frequently used, either alone or in combination with various other antileukemic agents. They cause hypomethylation of DNA, and mutations in epigenetic modifiers such as IDH [117], DNMT3A [118], and TET2 [119] have been associated with favorable outcome parameters. On the contrary, mutations in RUNX1 and SRSF2 were associated with resistance to HMA therapy [120]. Likewise, metabolism of the drugs seems to play a role in resistance, as low expression levels of genes involved in the activation of the prodrug were associated with worse clinical outcome [121]. Interestingly, HMA therapy also affects expression of proteins involved in immune regulatory processes in myelodysplastic syndromes [122]. However, how far this affects response and resistance patterns is yet poorly understood [123].



TP53 is mutated in 5–15% of AML cases and is associated with a poor prognosis in AML and MDS [1]. Eprenetapopt is a first-in-class small-molecule-reactivating TP53. The substance showed promising data in a phase-II study in combination with azacytidine [124] and was also evaluated in a postallogeneic transplant maintenance setting [125]. Data on the development of resistance to eprenetapopt treatment are scarce.



Menin is a scaffold protein that is essential for AML with KMT2A fusion proteins or mutated NPM1 [126]. Menin inhibitors can disrupt the KMT2A–menin complex and therefore, the inhibitors revumenib and ziftodenib are currently being tested in clinical phase-I/II trials [127,128]. According to a study by Perner et al. investigating resistance mechanisms from the phase-I revumenib trial, somatic mutations in MEN1 affecting the revumenib–menin interface could confer acquired resistance to menin inhibition. These findings were also validated in xenograft models. Of note, the study was the first to demonstrate that chromatin-targeting therapeutic drugs could impose sufficient selection pressure to drive the evolution of escape mutants [129].



Another interesting target in AML treatment is E-selectin, as leukemic (stem) cells that bind to E-selectin in vascular niches become more resistant to chemotherapy [130]. This process can be interrupted by uproleselan, a novel E-selectin inhibitor [131]. The first clinical data when combining uproleselan with an intensive chemotherapy regimen in r/r patients showed encouraging results [132].




6. Conclusions


In less than a decade, small molecules have revolutionized the therapeutic landscape of AML, greatly enlarging the treatment portfolio and improving outcomes. Except for the BCL2 inhibitor venetoclax, most small molecules target molecular lesions that occur only in subsets of AML (i.e., specific mutations), making them a substantial part in the therapeutic concept of precision medicine. Promising new agents targeting different pathogenetic processes in leukemic blasts are under development, leaving us with the hope that we might be able to offer targeted therapies to patients with AML subtypes that cannot yet benefit from this therapeutic concept.



However, euphoria over targeted treatments is often disrupted by primary resistance or relapses that eventually occur in almost all cases. As discussed in detail in this review, leukemic cells possess a multitude of mechanisms to overcome pharmacologic inhibition. These mechanisms comprise various kinds of molecular processes, from nucleus to cell-to-cell interactions, and we expect that many more will be discovered in the future. Irrespective of the specific nature of an escape mechanism, highly effective clonal selection processes and associated rapid evolution of AML leave physicians and researchers with the challenge of how to durably eliminate this dynamic and adaptable disease.



Combining various small molecules to simultaneously target both a specific lesion and important escape mechanisms appears to be a promising approach (e.g., combining FLT3 inhibition with venetoclax/azacytidine) and leaves us with a growing number of therapeutic options. Among the multitude of escape mechanisms, clonal outgrowth of RAS/RTK pathway mutations seems to be a frequent pattern of resistance to targeted therapies in AML, as well as in other myeloid malignancies [133,134]. Combining RAS/MEK inhibitors with other targeted agents is, therefore, an interesting approach [35]. Other attempts could involve the implementation of (serial) comprehensive or even single-cell sequencing analyses in diagnostics to detect and subsequently treat potential drivers of resistance before they become clinically relevant.



In summary, the small molecules currently available provide a first step in the direction of precision medicine for patients with AML. In the future, sophisticated combination regimens and comprehensive molecular testing will hopefully help us to refine personalization strategies for leukemia treatment and, hence, achieve more and longer-lasting responses.
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Figure 1. Mechanisms of resistance to FLT3 inhibition. (A): Scheme of FLT3 kinase. Mutations of particular relevance for resistance are marked. (B): Mutations shown to confer resistance to FLT3 inhibition. (C): FLT3 inhibition leads to upregulation of antiapoptotic BCL2, leading to decreased apoptosis. (D): Upon treatment with FLT3 inhibitors, bone marrow stromal cells can secrete increased amounts of FLT3 ligands. In addition, stromal cells can upregulate CYP3A4, leading to rapid degradation of the inhibitor. FLT3i: FLT3 inhibitor. Created with BioRender.com. 
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Figure 2. Mechanisms of resistance to IDH inhibition. (A): Escape mutations in the respective enzyme lead to resistance. (B): Isoform switching causes resistance to IDH inhibitors. (C): Mutations associated with primary or secondary resistance. (D): Methylomics and transcriptomics revealing leukemia stemness as additional factor for resistance to IDH inhibition. Created with BioRender.com. 
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Figure 3. Mechanisms of response/resistance to venetoclax. (A): Mutations associated with favorable response to venetoclax. (B): Mutations associated with resistance to venetoclax. (C): Monocytic differentiation is associated with resistance to venetoclax. Monocytic differentiation of AML blasts is associated with downregulation of BCL2, whereas other proapoptotic proteins are upregulated. (D): Leukemic cells rely on amino acids for metabolization in the TCA cycle and subsequent OXPHOS. Venetoclax/azacytidine inhibits amino acid processing. Switching to fatty acid oxidation is a potential mechanism of resistance. VEN/AZA: venetoclax/azacytidine; AA: amino acid; FAO: fatty acid oxidation; OXPHOS: oxidative phosphorylation. Created with BioRender.com. 
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