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Simple Summary: Acute myeloid leukemia (AML) is an aggressive cancer of the hematopoietic
system. At present, we know that AML is heterogeneous and varies from one patient to another, often
characterized by specific changes in the DNA (mutations). Likewise, we know that the mutational
landscape of the disease predicts its response to certain therapies and that it can change under
the influence of therapy. Since 2017, the number of potential drugs intended to treat AML has
substantially increased and so has our knowledge about the role of certain mutations in the prediction
of disease response, relapse and resistance. In this article, we review the current state of knowledge
of genetic aberrations with respect to clinical decision making.

Abstract: The number of treatment options for acute myeloid leukemia (AML) has greatly increased
since 2017. This development is paralleled by the broad implantation of genetic profiling as an integral
part of clinical studies, enabling us to characterize mutation–response, mutation–non-response, or
mutation–relapse patterns. The aim of this review is to provide a concise overview of the current
state of knowledge with respect to newly approved AML treatment options and the association
of response, relapse and resistance with genetic alterations. Specifically, we will highlight current
genetic data regarding FLT3 inhibitors, IDH inhibitors, hypomethylating agents (HMA), the BCL-2
inhibitor venetoclax (VEN), the anti-CD33 antibody conjugate gemtuzumab ozogamicin (GO) and
the liposomal dual drug CPX-351.

Keywords: AML; mutations; FLT3; IDH1/2; venetoclax; gemtuzumabozogamicin; CPX-351; targeted
therapy; precision medicine

1. Introduction

Acute myeloid leukemia (AML) is a genetically heterogeneous and dynamic disease.
Currently, AML is classified into three risk groups based on molecular characteristics in
the 2017 European Leukemia Net (ELN) risk classification [1]. However, in recent years,
rapid progress has been made in describing the molecular diversity and evolution of this
devastating malignancy in more and more detail [2–4].

Molecular profiling using newly emerging next-generation sequencing techniques has
enabled the identification of new genetic lesions and potential therapeutic targets. This
growing knowledge has led to the development of inhibitors targeting AML cells with
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specific mutations, for example, in the FLT3 [5,6] or IDH1/IDH2 genes [7,8]. These new
treatment options have substantially improved the therapeutic spectrum for patients with
respective mutations.

On a separate note, drugs targeting distinct molecular structures such as the BCL-2 in-
hibitor venetoclax (VEN) [9], the anti-CD33-antibody gemtuzumab ozogamicin (GO) [10,11]
and glasdegib, a selective inhibitor of hedgehog signaling [12], have dramatically improved
the treatment portfolio for AML patients. As these drugs do not rely on inhibition of a
specific oncogenic mutation, but rather pathways, molecular aberrations associated with
a response do not necessarily represent the primary drug target but rather a surrogate
genetic marker.

Fortunately, comprehensive and often serial molecular profiling of leukemia has
become an integral part of clinical studies investigating new treatment options and combi-
nation therapies. The generated data sets allow outcome analyses stratified by molecular
markers and pave the way towards the goal of truly personalized leukemia therapy. Identi-
fication of molecular patterns predicting response and improved survival helps to select
patients who would benefit most from a certain drug. Particular attention should likewise
be paid to genetic changes associated with primary or secondary treatment failure, as
thorough molecular analyses of these subpopulations will help to identify potential future
targets for patients with yet unmet therapeutic needs.

In this review, we therefore report on the genetic background associated with treatment
response, primary or secondary resistance, as well as overall survival (OS) for the most
frequently used new substances in AML treatment, including FLT3 inhibitors, IDH1/2
inhibitors, the BCL-2 inhibitor VEN, hypomethylating agents (HMA), GO and the new
liposomal combination chemotherapy CPX-351 (Figure 1). We focus on substances in broad
clinical use that have mainly gained approval by the U.S. Food and Drug Administration
(FDA) and/or European Medicines Agency (EMA), acknowledging that there are plenty of
promising substances in clinical testing.
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kinase; α-KG, α-ketoglutarate; MEK, mitogen-activated protein kinase; RAF, rapidly growing fibro-
sarcoma; RAS, rat sarcoma; STAT5, signal transducer and activator of transcription 5; TET, ten-
eleven translocation methylcytosine dioxygenase. Created with BioRender.com. (accessed on 10 
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and lymphoid progenitor cells [13]. Once activated by the FLT3 ligand, it promotes cell 
proliferation and prevents cell apoptosis through PI3K (phosphatidylinositol 3-kinase) 
and RAS-regulated signaling pathways (Figure 1) [14,15]. 

Approximately one third of newly diagnosed AML patients harbor a FLT3 mutation 
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Bcl-2 associated X protein; BCL-2, B-cell Lymphoma 2; DNMT, DNA methyltransferase; FLT3, FMS-
like tyrosine kinase 3; 2-HG, 2-hydroxyglutarate; IDH, Isocitrate dehydrogenase; JAK, janus kinase;
α-KG, α-ketoglutarate; MEK, mitogen-activated protein kinase; RAF, rapidly growing fibrosarcoma;
RAS, rat sarcoma; STAT5, signal transducer and activator of transcription 5; TET, ten-eleven translo-
cation methylcytosine dioxygenase. Created with BioRender.com (accessed on 10 March 2022).

2. Targetable Gene Mutations
2.1. FLT3 Inhibitors

The human FMS-like tyrosine kinase 3 (FLT3) gene, located on chromosome 13q12,
encodes for a class III receptor tyrosine kinase, which is preferably expressed in myeloid
and lymphoid progenitor cells [13]. Once activated by the FLT3 ligand, it promotes cell
proliferation and prevents cell apoptosis through PI3K (phosphatidylinositol 3-kinase) and
RAS-regulated signaling pathways (Figure 1) [14,15].

Approximately one third of newly diagnosed AML patients harbor a FLT3 mutation
and FLT3 is therefore considered one of the most frequently mutated genes in AML [2].
Activating mutations of the FLT3 gene most commonly occur as either internal tandem
duplications (FLT3-ITD) in about 25% of AML cases or as point mutations in the intracellular
tyrosine-kinase domain (FLT3-TKD) in up to 10% of all AML cases (Figure 2) [16,17]. While
FLT3-ITD mutations substantially impair clinical outcomes in AML patients, especially
when present with a high allelic ratio [18], the prognostic impact of FLT3-TKD is still
controversially discussed.
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inhibitors (e.g., sorafenib, quizartinib) bind to the inactive conformation of the FLT3 receptor.
As consequence, type I inhibitors are effective in FLT3-ITD and FLT3-TKD mutated AML,
while type II inhibitors show little clinical activity in FLT3-TKD mutated AML [19,20]. In
this review, we will focus on the inhibitors midostaurin, gilteritinib and sorafenib, which
are most frequently used in Europe.

2.1.1. Midostaurin

Midostaurin is a multi-target kinase inhibitor, which — among others — targets FLT3
by competitively inhibiting the process of autophosphorylation and subsequent pathway
activation [21–23]. Midostaurin showed limited single agent efficacy in patients with
FLT3-mutated relapsed/refractory (r/r) AML not eligible for standard chemotherapy [24].
However, it was approved by the FDA and the EMA in 2017 in combination with intensive
chemotherapy (IC) for newly diagnosed AML patients with an activating FLT3 mutation
based on the results of the RATIFY trial [5]. In this phase III trial, the 4-year OS rate was
51.4% in the midostaurin group and 44.3% in the placebo group. Of note, the survival
benefit in the midostaurin group was independent across all FLT3 mutation subtypes.

2.1.2. Gilteritinib

Gilteritinib, a more selective next-generation type I FLT3 inhibitor, is effective in both
FLT3-ITD and -TKD mutated AML [6,25–27]. Clinical efficacy was proven in a multicenter,
randomized phase III trial (ADMIRAL trial), that evaluated the benefit of gilteritinib
monotherapy against a standard salvage chemotherapy of choice in 371 patients with r/r
FLT3 mutated AML. The trial demonstrated a superior overall response rate (ORR) of 67.6%
in the gilteritinib arm versus 25.8% in the standard chemotherapy arm. The most frequent
co-occurring mutations in the study population were NPM1, DNMT3A and WT1. Among
these, patients in the gilteritinib arm with concomitant NPM1 and DNMT3A mutations
benefitted most with a median OS of 10.8 months [6]. Taken together, the higher treatment
efficacy combined with a tolerable drug safety profile led to FDA approval of gilteritinib
for patients with r/r FLT3 mutated AML in the United States in 2018 and to EMA approval
in 2019.

2.1.3. Sorafenib

Sorafenib is a multi-kinase inhibitor with broad activity against key players of cell
proliferation, such as the RAF, KIT and FLT3 kinases. Its antileukemic potency has been
evaluated in vitro in diverse FLT3 mutated leukemic cell lines resulting in reduced cell
proliferation, induction of apoptosis and inhibition of FLT3-dependent downstream ac-
tivities [28]. Recently, sorafenib has been evaluated as maintenance therapy in a phase
II trial (SORMAIN) and an open-label, randomized phase III trial in adult patients with
FLT3-ITD mutated AML undergoing allogeneic hematopoietic stem cell transplantation
(HSCT) [29,30]. In the latter, 2-year OS indicated a statistically significant benefit for pa-
tients in the sorafenib group with 82.1% versus 68.0% in the control group. Furthermore,
sorafenib maintenance therapy significantly reduced relapse risk after HSCT as shown by
the 1-year cumulative incidence of relapse being 7.0% in the sorafenib arm and 24.5% in the
control arm. In summary, both trials suggest a survival benefit for FLT3-ITD mutated AML
patients with sorafenib maintenance therapy following HSCT [29,30]. However, sorafenib
is not approved for this indication, neither by the FDA nor by the EMA.

2.1.4. Mechanisms of Resistance to FLT3 Inhibitors

While the development of FLT3 inhibitors has markedly improved AML treatment, a
substantial proportion of patients show primary treatment failure and resistance or develop
a secondary resistance during treatment. Multiple in vivo and in vitro studies give insight
into underlying resistance mechanisms against frequently used FLT3 inhibitors. Several
mutations associated with clinical outcome and response or resistance to FLT3 inhibitor
therapy are depicted in Table 1.
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Table 1. Mutations associated with response or resistance to FLT3 inhibition.
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2.1.5. Clonal Evolution

Due to the genetic heterogeneity of AML, the coexistence of FLT3 mutated and FLT3
wildtype (wt) leukemia cells is frequent. Most FLT3 wt leukemic cells show a survival
benefit during FLT3 inhibitor treatment and thus may promote relapse depending on their
clone size [36].

Based on whole exome sequencing (WES) analyses of serial samples from diagnosis
and relapse, clonal evolution patterns of patients with an FLT3-ITD mutation treated with
midostaurin in the RATIFY trial were identified. Relapse was characterized by either
(1) the complete loss of FLT3-ITD mutated clones with the emergence of mutations in
other pathways, (2) the emergence of a new, midostaurin-resistant FLT3-ITD clone, or
(3) the persistence of the same FLT3-ITD clone from diagnosis, suggesting alternative
mechanisms of resistance or insufficient drug levels [32]. These results support the findings
of other reports deciphering the evolutional selection under tyrosine kinase inhibitor (TKI)
treatment pressure [37].

2.1.6. On-Target Mutations

One mechanism of secondary resistance is the acquisition of new on-target point
mutations in the FLT3 kinase domain. First described in blood and bone marrow samples
derived from a patient with r/r AML treated with midostaurin, the point mutation N676K
was detected within the FLT3 kinase domain and decreased sensitivity to midostaurin was
confirmed in vitro [38]. Likewise, other reports indicate the emergence of different types
of FLT3-TKD point mutations during treatment with sorafenib and quizartinib in patients
with FLT3-ITD mutant r/r AML (compound mutations) [37,39].

Furthermore, the impact of midostaurin treatment on clinical outcome seems to differ
between several FLT3-ITD insertion site groups (IS). The addition of midostaurin to IC
was associated with an increase in OS compared to placebo in patients with an IS in the
juxtamembrane domain with a concomitant NPM1 mutation (Table 1) [34].

2.1.7. Off-Target Mutations

Other genetic events leading to off-target resistance in FLT3-TKI-therapy have recently
been described highlighting the importance of FLT3-independent signaling pathways
taking the lead in promoting leukemic cell proliferation (Table 1).

In more than 30% of FLT3-mutated r/r AML patients treated with gilteritinib, several
new mutations in genes involved in the RAS/MAPK pathway were detected by targeted
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next-generation sequencing with NRAS being the most common mutation finding [33].
Mutations in the RAS-RAF-MEK-ERK pathway seem to preferably occur after treatment
with type I FLT3 inhibitors, as revealed by an NGS-based analysis of 67 FLT3-mutated
AML cases with secondary FLT3 inhibitor resistance performed by Alotaibi et al. [31].
Targeting the RAS-RAF-MEK-ERK pathway therefore seems to be a reasonable way to
improve response rates. In the latter study, other frequently acquired off-target mutations
were found in genes involved in epigenetic modification (DNMT3A, TET2, IDH2) [31],
including a targetable lesion in case of an IDH2 mutation. However, it should be noted that
acquisitions of RAS/MAPK pathway mutations have also been reported for other myeloid
malignancies treated with various TKIs such as ruxolitinib [40] or imatinib [41] suggesting
a recurrent mechanism of clonal selection/ evolution.

The occurrence of WT1 mutations, which have been associated with inferior outcomes
in some but not all studies [42–45], has been described after treatment with midostaurin
or gilteritinib at relapse or disease progression [32,33]. Furthermore, in a few studies,
cytogenetic changes such as BCR-ABL1 fusions have been identified on FLT3-TKI-treatment
at relapse or refractory disease [33,46]. The de novo acquisition or expansion of activating
JAK mutations also seems to play a pivotal role in the development of FLT3-TKI resistance.
In 6 out of 136 FLT-ITD-positive AML patients who underwent FLT3-TKI treatment, distinct
point mutations in JAK1, JAK2 and JAK3 were detected in samples obtained after treatment
or at disease relapse [35].

2.2. IDH Inhibitors

Isocitrate dehydrogenases (IDH) are enzymes catalyzing the oxidative decarboxyla-
tion of isocitrate to α-ketoglutarate (α-KG). Its two isoforms IDH1/IDH2 are recurrently
mutated in approximately 20% of de novo AML [2]. Mutations are found at conserved
residues (IDH1 R132; IDH2 R140, R172) and result in a neomorphic function of the enzyme,
catalyzing the reduction from α-KG to the oncometabolite 2-hydroxyglutarate (2-HG) [47],
a competitive inhibitor of α-KG-dependent enzymes including the ten-eleven translocation
(TET) family of 5-methylcytosine hydroxylases (Figure 1). The accumulation of 2-HG leads
to epigenetic dysregulation and impaired hematopoietic differentiation [48–50].

IDH mutations are early events in the evolution of preleukemia to overt AML. In
contrast to other mutations affecting key players of epigenetic transcription regulation
such as DNMT3A, TET2, or ASXL1, IDH mutations rarely occur as clonal hematopoiesis
of indeterminate potential (CHIP), and thus represent an attractive target for AML ther-
apy [51,52]. Therefore, small molecule inhibitors were developed that allosterically inhibit
the respective mutated enzyme isoform, leading to a reduction in 2-HG levels and induction
of cell differentiation (Figure 1) [53–55].

2.2.1. IDH1

In 2018, the IDH1 inhibitor ivosidenib was approved by the FDA for the treatment of
patients with r/r IDH1-mutated AML [7] followed by approval by the FDA for patients
with newly diagnosed IDH1-mutated AML not eligible for IC [56] in 2019. Approval was
based on the results of a phase I open-label single-arm multicenter study demonstrating
the safety and efficacy of ivosidenib. In the r/r setting, complete remission (CR)/complete
remission with incomplete hematologic recovery (CRi) rate was 30.4% and the median OS
was 8.8 months [7]. In the group of patients with newly diagnosed IDH1-mutated AML not
eligible for IC, CR/CRi was achieved in 42.4% with a median OS of 12.6 months.

Predictors of response/resistance to IDH1 inhibition were assessed by Choe et al. in a
subset of 174 patients of this study through paired genotyping at the beginning of treatment
and at relapse/progression [57]. Baseline co-mutations in the receptor tyrosine kinase (RTK)
pathway (in particular NRAS, PTPN11) were associated with a lower chance of achieving
CR/CRi as a best response, while JAK2 co-mutations were associated with a higher rate of
response (Table 2). No significant correlation between IDH1 mutation VAF (variant allele fre-
quency) and response was found. Analysis of cases with initial response revealed two main
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mechanisms of secondary resistance: the emergence of clones with RTK pathway mutations
and the emergence of 2-HG restoring mutations, which are either isoform-switching (IDH2
mutations) [58] or second-site mutations within IDH1 (e.g., mIDH1-S280F, most probably
preventing drug/cofactor binding), leading to increased 2-HG levels (Table 2) [57]. Isoform
switching as a mechanism of acquired resistance under IDH inhibition has previously been
observed in a case series by Harding et al. [58].

Table 2. Mutations associated with response or resistance to IDH1/2 inhibition.
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2.2.2. IDH2

For IDH2-mutated AML, the IDH2 inhibitor enasidenib was approved by the FDA in
2017 for the treatment of r/r AML on the basis of a phase I/II study [8]. The study included
a total of 200 patients with r/r IDH2-mutated AML. Under treatment with enasidenib, an
ORR of 40.3% was achieved, and the median OS was 9.3 months. Enasidenib also showed
moderate efficacy as a monotherapy in a phase I/II study of 39 older patients with newly
diagnosed AML [64] resulting in a CR/CRi rate of 21%, an ORR of 30.8%, and a median OS
of 11.3 months.

Stein et al. analyzed remission and response patterns in 125 patients treated with
enasidenib on a molecular level [60]. No significant differences in response between muta-
tions in codon R140 and R172 were found. Clearance of IDH2 clones was associated with
achievement of CR and in patients who achieved CR, baseline IDH2 VAF was significantly
lower in IDH2 R140 (by trend in IDH2 R172). For patients with IDH2 R172 mutations,
higher median 2-HG concentrations at baseline were significantly associated with a sub-
sequent response. Furthermore, in IDH2 R172 mutated patients, 2-HG reductions were
significantly greater in responders compared to non-responders, while in patients with
IDH2 R140 mutations, 2-HG levels were suppressed from baseline levels irrespective of
clinical response category [60].

When looking at co-mutations at baseline, responding patients had significantly fewer
baseline mutations compared with non-responding patients. FLT3-ITD and -TKD mu-
tations as well as NRAS mutations were associated with primary resistance. Moreover,
patients with mutations associated with splicing were less likely to respond to enasidenib
(Table 2) [60].

Similar observations were made by Amatangelo et al. [59], who investigated predictors
of response/resistance in 125 r/r AML patients treated with enasidenib. The authors found
that IDH2-inhibition was associated with potent reduction of 2-HG levels irrespective
of response in both, R172- and R140-mutated patients. Moreover, clinical responses to
IDH2-inhibition did not correlate with IDH2 allele burden. As expected from preclinical
data, the authors could show that clinical response was paralleled by induction of myeloid
differentiation. On a genetic level, patients who achieved a response had significantly fewer
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co-occurring mutations than did non-responders. Analysis of co-mutational status revealed
a significantly lower ORR in patients with co-occurring NRAS mutations (Table 2). The
overall mutational burden was higher in patients with NRAS (G12, G13, or Q61) mutations,
and NRAS mutations were frequently found to be subclonal [59].

Quek et al. examined mechanisms of secondary resistance to enasidenib in 37 patients
via paired whole-exome or targeted sequencing, karyotyping and measurement of 2-HG
levels at treatment initiation and relapse [62]. The authors found that enasidenib therapy
restored differentiation either from ancestral or terminal AML clones and, rarely, wildtype
hematopoiesis. In most patients, 2-HG remained suppressed at relapse, suggesting that
relapse clones were not dependent on mutated IDH2. The mechanisms of secondary
resistance were diverse: relapse arose by the clonal evolution or selection of terminal or
ancestral clones. Specifically, clonal selection of del(7q), newly acquired IDH1 mutations
(isoform switching), as well as mutations in FLT3, CBL and RUNX1 were detected at relapse
(Table 2). Of note, no second site mutations in IDH2 and no acquired RAS mutations
occurred in this study. In contrast, Intlekofer et al. describe IDH2 second site mutations
acquired in trans as a mechanism of secondary resistance to enasidenib, leading to restored
2-HG production (Table 2) [61].

A recent work by Wang et al. further revealed mechanisms of clinical resistance to
IDH inhibition. Combining DNA sequencing, RNA sequencing and cytosine methylation
profiling in serial samples from 60 IDH1- or IDH2-mutant AML patients treated with an IDH
inhibitor, they showed leukemia stemness to be a major driver of primary resistance to IDH
inhibition. Clonal selection of mutations in RUNX1/CEBPA or RTK pathway genes was the
main driver of acquired resistance to IDH inhibition, along with BCL6 corepressor (BCOR)
and TET2 mutations (Table 2) [63]. While TET2 is directly affected by the 2-HG mediated
oncometabolism (Figure 1), it is not yet clear how loss-of-function mutations in BCOR, a
transcriptional corepressor [65,66] contribute to acquired resistance to IDH inhibition.

3. Hypomethylating Agents (HMAs)

In AML patients not eligible for IC or allogeneic HSCT, monotherapy with hypomethy-
lating agents has been frequently used in the past. The pyrimidine analogs 5-azacitidine
(5-AZA) and decitabine both target DNA methyltransferases which induce epigenetic
post-mitotic DNA modifications through methylation — a process involving the addition
of a methyl group to CpG-enriched regions (Figure 1) [67]. These regions are often located
in areas relevant for gene transcription. Changes in methylation patterns, especially in
tumor suppressor or oncogenes, are common findings in malignant cells and have been
related to leukemogenesis [68–70]. Of note, due to its significant outcome benefit for OS, the
combination of 5-AZA and VEN (see below) is the new standard of care in the treatment of
frail treatment-naïve AML patients [71], further reducing the relevance of HMA as single-
agent therapy in AML treatment. However, in the context of maintenance therapy, oral
azacytidine was introduced and recently approved by FDA and EMA in patients with AML
in first remission after induction chemotherapy who were ineligible for allogeneic HSCT
due to superior OS and RFS, compared to placebo in a randomized phase III trial [72].

Genetic Predictors of Response or Resistance to HMA as Monotherapy

Consistent with the pharmacological mechanism of HMA, several studies have found
the presence of mutations in genes associated with epigenetic DNA modification to be a
predictor of favorable outcome in patients treated with HMA only.

A retrospective analysis on 42 AML patients receiving either decitabine or 5-AZA
suggested an improvement in overall HMA-treatment response for patients with IDH mu-
tations with 71.4% versus 22.9% for IDH wt patients [73]. Accordingly, superior ORR could
also be observed for patients with AML or MDS harboring a TET2 mutation treated with
5-AZA, independent of their cytogenetic risk status. The protein encoded by TET2 plays a
crucial role in the DNA demethylation processes [74]. Another common epigenetic modifier
known to be recurrently mutated in roughly 20% of all AML cases is DNMT3A [75,76].
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Metzeler et al. observed a significantly higher CR rate in DNMT3A mutated cases compared
to DNMT3A wt in 46 elderly AML patients treated with decitabine. The response rates
in patients with concomitant DNMT3A and NPM1 mutations were even better, although
present in only a limited number of patients (n = 5). Interestingly, unlike previous reports,
the group did not detect an association of pretreatment TET2 or IDH1/2 mutational status
with decitabine response [77].

In a study by Welch et al. investigating the role of mutations and response to decitabine
treatment, the presence of a TP53 mutation was surprisingly associated with blast clearance,
while mutations in RUNX1 and SRSF2 were associated with non-response [78]. Another
study from 2018 confirmed that patients harboring not only TP53 but also NRAS mutations
seemed to particularly benefit from treatment with 5-AZA regarding OS compared to IC,
LDAC or BSC [79].

4. Other Molecular Targets
4.1. BCL-2/Venetoclax

The B-cell lymphoma-2 (BCL-2) family of proteins consists of pro-apoptotic and anti-
apoptotic members sharing at least one of four BCL-2 homology domains (BH1–4) and is
involved in the regulatory network of apoptosis through mitochondrial outer membrane
permeabilization and cytochrome c release. The BCL-2 family is divided into three subfam-
ilies: anti-apoptotic members (e.g., BCL-2, BCL-XL, MCL1) inhibit apoptosis by conserving
the integrity of the mitochondrial membrane. They prevent the dimerization of BAX and
BAK, another subfamily, which are pro-apoptotic members and resemble BCL-2 in the
sequence of their homology domains. Their dimerization leads to the release of cytochrome
c into the cytosol (Figure 1). The third subfamily comprises the so-called pro-apoptotic
BH3-only proteins (BIK, BAD, BID, BIM, BMF, HRK, NOXA and PUMA). They can either
directly activate BAX and/or BAK or regulate the antiapoptotic proteins, as reviewed for
example in [80]. It has long been recognized that overexpression of BCL-2 is an impor-
tant driver of resistance to cell death in AML [81] and occurs in 80–90% of AML patient
samples [82], rendering BCL-2 an attractive therapeutic target in the treatment of AML.

Venetoclax (ABT-199, VEN) is an orally available BH3-mimetic, selectively binding to
BCL-2 and thereby releasing pro-apoptotic proteins such as BAX and BAK (Figure 1). Being
successfully employed in the treatment of B-cell lymphomas, it also showed promising
in vitro activity against AML cells [83,84]. In clinical studies, VEN showed limited efficacy
as monotherapy in patients with r/r AML [85], with response rates of 19%. In contrast, in
combination with low-dose cytarabine (LDAC) or HMA, it showed remarkable efficacy in
two phase Ib/II studies in untreated AML leading to durable remissions in elderly patients
unfit for intensive therapy [9,86]. These results were recently supported by two large
phase III studies (VIALE-A and VIALE-C) [71,87], which led to the approval of the two
combination therapies by the FDA and EMA for patients older than 75 years or patients
unfit for IC. Data from preclinical models suggest that exposure to 5-AZA leads to the
induction of a pro-apoptotic protein NOXA, priming AML cells for programmed cell death
with VEN, as one mechanism of this clinically observed synergy [88]. The addition of VEN
to various IC protocols and/or targeted therapies is currently the subject of various clinical
trials (e.g., IC: AC-TRN12616000445471; CAVEAT [89], NCT03214562, NCT03629171).

Genetic Predictors of Response or Resistance to Venetoclax

IDH1/2 mutations: In an early phase II study with 32 patients with r/r AML receiving
VEN monotherapy, the authors noted that the group of IDH1/2-mutated patients showed a
higher ORR [85]. In the same cohort, Chyla et al. interrogated mechanisms of resistance by
analyzing paired bone marrow specimens before treatment and at progress/relapse [90].
The data showed higher rates of blast reduction in patients with IDH1/2 mutations and/or
spliceosome mutations (in particular SRSF2). These observations are in line with the results
from Chua et al., who investigated VEN in combination with modified IC in a phase Ib
study of 51 elderly patients. After a seven-day VEN monotherapy prephase, patients with
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NPM1, IDH2, SRSF2 mutated AML showed a higher rate of blast reduction [89]. DiNardo
et al. analyzed patterns of response under VEN-based treatment in 81 patients from phase
I/II studies. The strongest molecular associations with response were noted in patients with
NPM1, IDH1 and IDH2 mutations, with CR/CRi rates exceeding 80%, in particular in NPM1
and IDH2 mutated patients [91] Similar results were reported in larger clinical studies of
VEN + HMA in newly diagnosed and r/r AML patients, including VIALE-A, the large
phase III trial [71], in which IDH-mutated patients consistently reached high response rates
leading to long lasting remissions and improved OS (Table 3) [86,87,91–94]. Sensitivity of
IDH-mutated AML to VEN has also been noted in vitro in a study with 207 AML specimens
from the Leucegene cohort [95]. Chan et al. performed large-scale RNA interference screen
and identified BCL-2 to be synthetic lethal to the IDH1 R132 mutation [96]. As IDH
mutations themselves represent a therapeutic target, the combination of IDH inhibitors
with VEN is currently being investigated in clinical trials (NCT04092179, NCT03471260).

Table 3. Mutations associated with response or resistance to venetoclax.
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NPM1 mutations: Nucleophosmin-1 mutations (NPM1) occur in almost a third of AML

patients and are typically associated with favorable prognosis in patients treated with
standard IC or HMA. Current data strongly suggest that NPM1-mutated AML also shows
a favorable response to VEN-based therapy. In a cohort of 86 patients with r/r AML retro-
spectively analyzed by Stahl and colleagues, NPM1 mutations predicted higher response
rates to VEN-based combination therapies [100] in line with results from DiNardo et al. [91].
Consistent results from several clinical cohorts comprising newly diagnosed as well as r/r
AML patients were reported by other groups, underlining the remarkable response rates
and prolonged OS under VEN-based therapy to VEN-based therapy in NPM1-mutated
AML [87,89,92,97,100], as summarized in Table 3. In a small retrospective study, Lachowiez
et al. compared VEN + HMA to HMA monotherapy as well as conventional IC in patients
of age > 65 with NPM1-mutated AML. The VEN + HMA group showed significantly im-
proved OS compared to both HMA monotherapy and IC [97]. The extraordinary sensitivity
of NPM1-mutated AML to VEN is also supported by in vitro studies (Table 3) [95].

Spliceosome mutations: In contrast, the prognostic impact of mutations in genes associ-
ated with the spliceosome (SRSF2, SF3B1, ZRSR2, U2AF1) with respect to VEN therapy
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is inconsistent. SRSF2 mutations seem to frequently co-occur with IDH2 mutations [59],
conferring a favorable prognosis under VEN-based therapy [92]. However, a recent study
by Lachowiez et al. compared outcomes between patients with and without spliceosome
mutations under VEN-based therapy. Responses and median OS were similar for mutated
spliceosome vs. wt patients. Nevertheless, specific co-mutation pairs seemed to impact
the outcome: IDH2 mutations were more frequent in patients with SRSF2 mutations and
showed favorable outcomes (1- and 2-year OS of 100% and 88%) as opposed to RAS muta-
tions, which were enriched in patients with U2AF1 mutations and were associated with
worse OS (median OS, 8 months) [98]. For SF3B1 mutations, current clinical data suggest
lower response rates [102] and worse OS in patients with r/r AML under VEN-based
therapy (Table 3) [100].

TP53 mutations: TP53 mutations in AML are often associated with a complex karyotype
and with adverse prognosis [104]. Current data suggests that VEN does not improve the
dismal outcome of TP53-mutated AML. DiNardo et al. reported TP53 mutations and
RUNX1 mutations to be significantly associated with non-responsiveness to VEN-based
therapy. Likewise, secondary resistance resulted from the selection of clones with likely
biallelic perturbation of TP53 [91]. This competitive outgrowth of TP53-mutated clones
in patients was corroborated with in vitro data, in which CRISPR/CAS9 modified TP53-
deficient cells showed a selective advantage under therapeutic pressure with 5-AZA,
VEN and 5-AZA + VEN [91], consistent with data from other in vitro studies [95,103,105].
Aiming to identify knockouts leading to VEN resistance, Nechiporuk et al. performed a
genome-wide CRISPR/CAS9 screen and found inactivation of TP53, BAX, and PMAIP1 to
be potent drivers of VEN resistance, resulting from decreased BCL-2 expression and/or
reliance on alternative BCL-2 family members such as BCL2L1 [105]. Consistently, in all
subsequent clinical studies, patients with TP53-mutated AML did not demonstrate any
objective response to VEN-based therapy and had worse OS [87,92,99,100]. Neither the
large phase III trial VIALE-A [71] nor two recent smaller studies [106,107] could show a
significant benefit of adding VEN to HMA in TP53-mutated AML (Table 3). In summary,
VEN does not seem to improve the dismal outcome of patients with TP53-mutated AML
and other therapeutic approaches are needed to address this aggressive subgroup of AML.

Activating kinase mutations/FLT3 mutations: FLT3 is the most frequently mutated gene
in AML [5], while other members of the RAS-RTK pathway such as CBL, KIT, NRAS/KRAS,
PTPN11 are less frequent and their impact on treatment outcomes is less clear. Early data
on VEN monotherapy suggested primary resistance in patients with FLT3-ITD or PTPN11
mutations as well as outgrowth of clones with FLT3/PTPN11 mutations under VEN therapy,
hinting at a role of RAS-RTK pathway mutations in VEN resistance [85,90]. Likewise,
a strong association of activating kinase mutations (FLT3, CBL, KIT, NRAS/KRAS) with
non-response and lower OS under VEN + HMA or VEN + LDAC was reported by multiple
other groups [86,87,91–93,97,98,101], as summarized in Table 3. Again, secondary resis-
tance resulted from progressive expansion of clones with activated kinases, particularly
FLT3-ITD [91]. In vitro sensitivity analyses suggest reliance on other anti-apoptotic proteins
such as MCL1 and BCL-XL in AML with mutations in the RAS-RTK pathway as one mecha-
nism of resistance [95,102]. Preclinical models of VEN in combination with FLT3-inhibition
have shown promising synergy via downregulation of MCL1 and BCL-XL in preclinical
models [108–110]. Early clinical studies investigating doublet combinations (NCT03625505:
VEN + gilteritinib) or triplet combinations (NCT03661307: VEN + decitabine + quizar-
tinib, NCT04140487: VEN + 5-AZA + gilteritinib) are ongoing and show promising first
results [111]. Other ways of overcoming VEN resistance include combinations with MCL-1
inhibitors [112–116] or concomitant targeting of the BCL2 and MAPK pathways by VEN
and the MEK1/2 inhibitor cobimetinib [117].

Other predictors—FAB classification: Interestingly, there seems to be an association
between French–American–British (FAB) classification and VEN resistance. As observed
by Pei et al. in 100 newly diagnosed, previously untreated AML patients treated with
VEN + 5-AZA, non-response was associated with the presence of RAS-RTK pathway muta-
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tions (Table 3), and was even stronger with FAB-M5 maturation state [101]. Mechanistically,
the authors demonstrated that monocytic AML loses expression of BCL-2 and is preferen-
tially reliant on MCL1 instead. In serial samples of relapsed patients, the authors could
show that treatment with VEN + 5-AZA selects monocytically differentiated clones which
are often present as subclones at the initiation of treatment [101]. Similar observations
were made in the Leucegene cohort, in which resistance was seen in the FAB M5B class,
whereas the FAB M1 class was associated with sensitivity [95]. In the BEAT AML cohort,
FAB M4 and M5 were significantly associated with resistance, while M3 and PML-RARA
translocations were predictive for sensitivity [102].

Several other concepts of VEN resistance beyond the acquisition of somatic mutations
have emerged in the last few years. Among them, extracellular vesicles [118–120], upreg-
ulation of fatty acid oxidation [121] and reduced mitochondrial priming [116] have been
shown to be important mediators of resistance to BCL-2 inhibition.

4.2. Glasdegib/Inhibition of the Hedgehog Signaling Pathway

The hedgehog pathway is extremely conserved and plays a pivotal role, for example
in embryogenesis. Dysregulation of the hedgehog pathway is described in many ma-
lignancies including AML (reviewed in [122]) where it has been associated with persistence
and expansion of leukemic stem cells and resistance to chemotherapy [123,124]. Glasdegib
is a selective inhibitor of smoothened (SMO), a cellular receptor and key regulator of the
hedgehog pathway [124]. Glasdegib in combination with LDAC showed a significant
improvement in OS compared to LDAC alone (8.8 vs. 4.9 months) in the randomized
phase II BRIGHT AML 1003 trial [12] and has subsequently been approved by FDA and
EMA for AML patients ≥ 75 years or those who are ineligible for IC due to comorbidities.
Interestingly, survival benefit was not restricted to patients receiving CR [125]. No genetic
predictors for response to glasdegib were identified so far; however, the presence of a
DNMT3A mutation seems to negatively impact OS in patients with secondary AML and
glasdegib + LDAC treatment [126].

5. Antigen-Targeting
CD33/Gemtuzumab Ozogamicin

Due to its high surface expression on AML cells and lack of expression on early
hematopoietic stem cells, the transmembrane antigen CD33 has been recognized as an
ideal target for antibody-based therapy in AML. The antibody drug conjugate gem-
tuzumab ozogamicin (GO) is a humanized IgG4 anti-CD33 monoclonal antibody linked to
a calicheamicin derivate, a potent antitumor antibiotic known for its strong DNA damaging
effects mostly through DNA strand breaks and activation of the mitochondrial apoptosis
pathway via caspases 3 and 9 [127,128].

GO was approved in 2017 by the FDA and in 2018 by the EMA in addition to standard
chemotherapy with daunorubicin and cytarabine in patients with de novo CD33-positive
acute myeloid leukemia with additional approval in the r/r setting as monotherapy by
the FDA [129]. In the ALFA-0701 phase III clinical trial [11,130], patients in the GO arm
showed a significant improvement in event-free survival (EFS) and had a lower relapse
risk compared to patients in the control arm. The CD33-expression level on AML blasts
did not seem to influence the positive impact of GO on EFS in the ALFA-0701 trial, an
observation that was also made in another clinical study [10], but remains a contradictory
finding possibly due to diverse dosing study regimens and age differences in the study
populations [131]. Interestingly, GO seems to particularly improve outcomes in patients
with core-binding factor (CBF) leukemia, as shown in a subgroup analysis focusing on
defined ELN risk groups [10].

A recent retrospective analysis aimed at evaluating possible genetic predictors for
GO response. To this end, 230 patients of the ALFA-0701 study cohort were genetically
characterized. The greatest benefit of GO treatment on EFS was observed in patients
harboring recurrent mutations in NPM1, FLT3-ITD, FLT3-TKD, NRAS, KRAS and SRSF2. In
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contrast, in patients with RUNX1, ASXL1 and TP53 mutations, EFS was not improved by the
addition of GO [132]. Interestingly, NRAS and KRAS mutations were associated with GO
response, a finding of potential clinical relevance as these RTK pathways mutations have
been consistently reported as poor prognostic markers in various treatment approaches,
including FLT3 or IDH1/2 inhibitors as summarized above.

6. Novel Chemotherapeutic Agents
CPX-351

CPX-351 is a liposomal dual drug containing cytarabine and daunorubicin at a fixed 5:1
ratio encapsulated in bi-layered liposomes [133]. This formulation ensures longer-lasting
plasma concentrations with detectable drug levels at >7 days post-application [133,134].
CPX-351 was approved by the FDA and EMA for the treatment of adults with newly
diagnosed AML with myelodysplasia-related changes (AML-MRC) and therapy-associated
AML (t-AML) [135,136]. These two sub-entities are associated with dismal prognosis in
most cases [137].

Molecular data for the identification of molecular predictors of response are present
from various studies. Interestingly, mutations in ASXL1 and RUNX1 were not associated
with poorer responses [138] or OS rates in several studies [139] despite the fact that their
presence leads to classification into the adverse risk group according to ELN classifica-
tion [1]. Data regarding TP53 mutations were less clear with some studies showing no
difference in response or OS [139,140], while others reported an impaired clinical out-
come [138]. Complex cytogenetics, a parameter likewise defining the ELN adverse-risk
group [1], was associated with poorer outcome in two studies [139,140]. One study reports
that the presence of spliceosome mutations is associated with a better OS [138]. In summary,
future studies will probably disentangle the impact of classical molecular risk parameters
in the treatment with CPX-351. In addition, studies exploring the impact of CPX-351 in
other subgroups of AML are under way, most probably providing more data on molecular
predictors beyond the above-mentioned high-risk genes.

7. Discussion

After many years with limited therapeutic progress, AML treatment has greatly im-
proved since 2017. Individual risk stratification by molecular profiling of leukemia samples
and availability of many effective agents for molecular subtypes, e.g., FLT3 inhibitors or
IDH1/2 inhibitors, allow the first steps towards personalized AML therapy. Nevertheless,
great therapeutic obstacles remain, as demonstrated by the large number of AML patients
who experience refractory disease or leukemia relapse.

As highlighted in the sections above, mutations that remain difficult to target but are as-
sociated with adverse prognosis are particularly challenging in the context of personalized
therapy. Besides continuous efforts to identify means to specifically overcome the dismal
effects of these mutations, these circumstances highlight the necessity of comprehensive
molecular characterization in clinical trials, as individual substance–mutation interactions
might reveal unexpected effects on response and prognosis. Though pathophysiologically
not always fully understood, these data could likewise help us to design personalized
therapeutic concepts.

Across almost all conventional and targeted therapies, mutations in the RAS-RAF-MEK-
ERK pathway and TP53 appear particularly problematic. Therefore, many efforts are currently
being made to improve the dismal prognosis of patients with these molecular aberrations.

With regard to TP53-mutated/deleted AML, various agents in clinical testing give
reason for optimism. Magrolimab is an IgG4 anti-CD47 monoclonal antibody targeting the
“don’t eat me” surface molecule on cells, unleashing the macrophage immune checkpoint
and leading to phagocytosis. CD47 is often expressed in high levels on AML cells, making
it a target of interest. Of note, various clinical trials have reported high CR/CRi rates of
TP53- mutated high-risk MDS and AML. Likewise, the studies report high rates of MRD
negativity in magrolimab-treated TP53-mutated patients. Magrolimab is currently subject
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to further clinical trials. In addition, more anti-CD47 monoclonal antibodies are currently
in development and/or clinical testing (reviewed in [141]).

Other promising agents in TP53-mutated/deleted AML are PRIMA-1 (p53-Reactivation
and Induction of Massive Apoptosis-1) and its clinically advanced analogue eprenetapopt
(PRIMA-1met/APR-246). PRIMA-1 and eprenetapopt are pro-drugs that restore TP53
wildtype transcriptional function through the biologically active compound methylene
quinuclidinone (MQ) [142,143]. In combination with 5-AZA, eprenetapopt was well toler-
ated and led to high response rates in two phase II clinical trials [144,145]. The clinical role
of eprenetapopt and possible combination treatments are currently being investigated in a
series of trials.

As outlined in detail in this review, mutations affecting the RAS-RAF-MEK-ERK
pathway are frequently associated with primary and secondary resistance to various
otherwise highly effective agents. Overcoming this resistance is, however, challenging.
Promising preclinical results exist for various agents inhibiting pathway components. For
example, in the pre-clinical setting, the pan-RAF inhibitor LY3009120 showed pro-apoptotic
and anti-proliferative effects in FLT3- and RAS-mutated AML cells [146] and effects in
AML cells were even enhanced when combining LY3009120 with a BCL-2 inhibitor [147]
or sorafenib [146]. Likewise, MEK inhibitors in various combinations showed promising
results in pre-clinical testing [148,149]. These encouraging data are in contrast to the rather
disappointing results of early clinical trials. For example, the selective MEK inhibitor
selumetinib showed only modest single-agent activity in r/r AML or untreated elderly
AML patients [150]. Likewise, combined MEK and AKT inhibition showed no clinical
effect in RAS-mutated AML [151]. Though comprehensive molecular data explaining the
rather low efficacy of these drugs are still lacking, clonal diversity, genetic complexity, and
alterations in the proteome/metabolome will most certainly account at least in part for
these as yet unsatisfactory results. Of note, GO seems to be an exemption, as activating
signaling mutations, including mutations in NRAS and KRAS in favorable and intermediate
ELN 2017 risk AML, are associated with better EFS, most probably explained by increased
expression of CD33 on AML blasts [132].

Development of new substances for AML therapy is steadily moving forward, and
agents like menin inhibitors for MLL-rearranged leukemia and the anti-TIM-3 antibody
sabatolimab are promising candidates [152,153]. However, for substances in preclinical and
clinical testing, large-scale, in-depth analyses regarding genetic predictors are still pending.
In addition, other molecular predictors beyond genomic characteristics will most probably
be of relevance, in particular with regard to immune checkpoint inhibitors.

Techniques for deep and comprehensive molecular analysis are developing at a rapid
pace. In particular, single cell analyses on one, two or even multiple levels (genome,
chromatin, transcriptome, proteome, mitochondrial DNA) allow unpreceded insights
into molecular processes [154–159] and thus provide data better mirroring the biologic
complexity of physiologic and pathologic processes. Though the costs and complexity of
data analysis currently prevent implementation of these techniques on a large scale or in
routine diagnostics, it appears as a matter of time until they will broadly be used to enhance
our understanding of response, relapse, and resistance in the field of hemato-oncology.

8. Conclusions

Our understanding of the molecular background of AML is proceeding with ravishing
speed, revealing a multitude of recurrent mutations with impact on response to specific
therapies and prognosis. Some mutations have led to the development of specific inhibitors-
and hopefully, there are more to come. However, the major part of genetic changes
cannot yet be targeted directly, but rather serves as predictor of response. Comprehensive
molecular profiling has become integral part of clinical studies in the AML setting, allowing
the identification of molecular subtypes that benefit the most or the least from a specific
therapy. In summary, this ongoing development paves the way to truly individualized
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AML therapy, leading to the legitimate hope that personalized treatments can soon be
offered to every AML patient.
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