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Simple Summary: AML is a genetically heterogeneous disease with a median age of diagnosis
between 60 and 70 years. Thus, many AML patients are not eligible for intensive chemotherapy.
Often, the disease is accompanied by a poor prognosis due to high-risk genetic features or due
to antecedent hematologic disorders (e.g., myelodysplastic syndrome). Therefore, AML treatment
remains a challenge; even after intensive chemotherapy and allogeneic stem cell transplantation
(alloHSCT), AML relapses are regularly observed. Thus, new concepts of AML therapy, considering
tailored treatment approaches after comprehensive molecular diagnostic or implementing new
immunotherapeutic strategies, are urgently needed. This review provides a detailed overview of
recent developments and current promising concepts to improve the treatment and the outcome of
AML patients.

Abstract: Treatment of acute myeloid leukemia (AML) has improved in recent years and several
new therapeutic options have been approved. Most of them include mutation-specific approaches
(e.g., gilteritinib for AML patients with activating FLT3 mutations), or are restricted to such defined
AML subgroups, such as AML-MRC (AML with myeloid-related changes) or therapy-related AML
(CPX-351). With this review, we aim to present a comprehensive overview of current AML therapy
according to the evolved spectrum of recently approved treatment strategies. We address several
aspects of combined epigenetic therapy with the BCL-2 inhibitor venetoclax and provide insight
into mechanisms of resistance towards venetoclax-based regimens, and how primary or secondary
resistance might be circumvented. Furthermore, a detailed overview on the current status of AML
immunotherapy, describing promising concepts, is provided. This review focuses on clinically
important aspects of current and future concepts of AML treatment, but will also present the
molecular background of distinct targeted therapies, to understand the development and challenges
of clinical trials ongoing in AML patients.

Keywords: AML; targeted therapy; clinical trial; resistance

1. Introduction

Acute myeloid leukemia (AML) is a heterogenous disease with a broad spectrum
of cytogenetic and molecular aberrations contributing to the definition of distinct AML
subgroups. Treatment options for patients suffering from AML are continuously expanding
and targeted therapies are available for distinct molecularly defined subgroups. Never-
theless, AML treatment remains challenging; in particular, patients with high-risk AML
not eligible for intensive treatment or allogeneic hematopoietic stem cell transplantation
(alloHSCT) are characterized by an unfavorable outcome.

The occurrence of AML relapse is attributed to the persistence and clonal evolution
of leukemic stem cells (LSCs). To date, the approval of AML-targeted therapy is mostly
restricted to elderly AML patients or relapsed or refractory AML (r/r AML), while only a
minority of patients who are refractory to chemotherapy subsequently undergo potential
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curative alloHSCT. Thus, current strategies of AML precision medicine aim to target
the LSC compartment, to allow longer remission and to provide the chance of further
consolidation treatment.

This review provides a comprehensive survey of both current concepts of AML
therapy and promising approaches currently being investigated in clinical trials or awaiting
approval by the Food and Drug administration (FDA) or European Medicines Agency
(EMA). We discuss neither present treatment strategies of acute promyelocytic leukemia
(APL) nor recent advances of conventional chemotherapy, including liposomal formulation
of CPX-351 (Vyxeos).

Furthermore, we address potential mechanisms of resistance observed in venetoclax-
based AML regimens and provide insights into the recent progress to overcome resistance
by addressing different cellular targets. We further describe current development of
immunotherapy in AML in detail and present an overview of targeted therapies and
immunotherapeutic approaches that are characterized by their potential to effectively
address LSCs of AML.

2. FLT3 Mutations in AML
2.1. General Aspects of FLT3 Mutations and Treatment

Activating mutations of the FMS-like tyrosine kinase 3 (FLT3) occurring in about 30%
of newly diagnosed AML play a pivotal role in diagnostic algorithms, prognostic stratifica-
tion, and first line treatment of AML patients. Besides the detection of the most frequent
and almost patient-specific FLT3-ITD (FLT3-internal tandem duplication) that can be found
in approximately 25% of all AML patients, activating mutations located in the FLT3-TKD
(FLT3-tyrosine kinase domain) are found in about 7% of patients at diagnosis [1,2]. Both the
European LeukemiaNet (ELN) and the National Comprehensive Cancer Network (NCCN)
do not consider the presence of FLT3-TKD mutations as a recommendation for alloHSCT
since they are not associated with a poor prognosis in general [3,4]. Thus, all patients
with FLT3-TKD mutations completing intensive induction and consolidation chemotherapy
should receive maintenance treatment with midostaurin for 48 weeks [5,6].

In context of a normal karyotype, prognostic stratification of FLT3-ITD is more com-
plex. It depends on the co-occurrence of nucleophosmin 1 (NPM1) mutations and is affected
by the mutant-to-wild-type allelic ratio (AR) of FLT3-ITD, according to the ELN 2017 guide-
lines. The discrimination between FLT3-ITD “low” vs. “high” in terms of the allelic ratio is
defined by a cutoff of 0.5 (e.g., “low” AR < 0.5 and “high” ≥ 0.5). In contrast to the NCCN
recommendations, ELN 2017 classification stratifies AML patients with NPM1mut/FLT3-
ITDlow as favorable while only those patients with NPM1wt/FLT3-ITDhigh are attributed to
the adverse prognostic subgroup [3].

This prognostic stratification is still under debate and especially patients with FLT3-
ITDlow lacking a concomitant NPM1 mutation are difficult to monitor for minimal residual
disease (MRD) and several studies demonstrate a clinical benefit of alloHSCT in first
remission of AML patients harboring FLT3-ITD independently of the AR of FLT3-ITD [7,8].

In general, all patients with activating FLT3 mutations undergoing intensive chemother-
apy (e.g., “7 + 3” induction followed by high-dose cytarabine consolidation) should receive
midostaurin for 14 days after each chemotherapy course followed by midostaurin mainte-
nance unless subsequent alloHSCT is indicated [5].

2.2. Therapeutic Implications of Distinct FLT3 Mutations

Besides the impact of FLT3-ITD AR in presence of a NPM1 mutation on ELN classifi-
cation and allocation to conventional consolidation or upfront alloHSCT, the occurrence
of FLT3-TKD mutation does not implicate alloHSCT in first CR of AML. As described
above, patients harboring FLT3-TKD mutations are recommended to undergo maintenance
therapy with midostaurin for 12 cycles of 4 weeks each.

Due to the molecular individuality of FLT3-ITD comprising almost unique tandem
duplications of the FLT3 gene, many efforts were made to subclassify FLT3-ITDs and to
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understand potential differences in terms of biology and possibly prognosis of distinct FLT3-
ITD subtypes. Approximately 30% of FLT3-ITD are localized within the tyrosine kinase
domain 1 (TKD1) of FLT3 being associated with an inferior outcome following intensive
AML treatment [9,10]. Breitenbuecher and co-workers were able to demonstrate a potential
resistance mechanism of FLT3-ITD located in the TKD1 region towards midostaurin that
was caused by aberrant upregulation of the anti-apoptotic protein MCL-1 (myeloid cell
leukemia-1) [11].

Recent data obtained from the RATIFY study revealed a significantly different impact
of FLT3-ITD subtype on the treatment effect of midostaurin during intensive chemotherapy
of AML patients. The prognostically relevant heterogeneity of FLT3-ITD and the poor
outcome of FLT3-ITD localization in the TKD1 region have been confirmed by Rücker and
co-workers [12]. This comprehensive retrospective analysis revealed that the beneficial
effect of midostaurin is restricted to “classical FLT3-ITDs” located in the juxtamembrane
domain (JMD). Furthermore, the authors demonstrate an improved outcome for patients
undergoing alloHSCT following induction chemotherapy in combination with midostaurin.

Considering these results, we postulate several clinical consequences: (1) the FLT3-
ITD subgroup analysis should be implemented in diagnostic algorithms at diagnosis;
(2) midostaurin maintenance therapy needs to be evaluated critically in case of FLT3-ITD
located within the TKD1 domain; and (3) when lacking reliable MRD markers in AML
patients with a prognostically relevant FLT3-ITD subtype, alloHSCT should be considered
in first CR.

2.3. Maintenance Treatment in FLT3 Mutated AML beyond Midostaurin

Maintenance therapy with midostaurin has been approved by EMA and reflects the
standard of care in AML patients harboring either FLT3-ITD or FLT3-TKD mutations,
undergoing conventional induction and consolidation chemotherapy without alloHSCT.
All patients randomized to midostaurin treatment at diagnosis within the RATIFY trial
were recommended to receive maintenance treatment with midostaurin unless they un-
derwent alloHSCT. Thus, there was no second randomization investigating the impact of
midostaurin maintenance alone [5].

Several clinical trials addressed the question of FLT3 inhibitor maintenance therapy
after alloHSCT. The placebo-controlled SORMAIN trial could demonstrate a significantly
improved survival of AML patients who received sorafenib following alloHSCT [13].
Similar results were obtained from the phase 3 trial randomizing 202 AML patients for
either sorafenib or placebo after alloHSCT [14]. Important translational studies revealed
a special impact of IL-15, mediating enhanced graft-versus-leukemia effects (GvL) in
sorafenib-treated patients after alloHSCT [15]. While sorafenib has not been approved for
post-alloHSCT maintenance, gilteritinib can be reapplied in this clinical setting when it has
been used for remission induction in relapsed AML prior to alloHSCT.

2.4. Treatment of Relapsed AML with FLT3 Mutations

In case of AML relapse, with detection of either FLT3-ITD or FLT3-TKD mutations at
primary diagnosis, confirmation of the FLT3 mutational status is required, because clonal
evolution can confer the loss of activating mutations at relapse [16,17]. After combined
treatment with intensive chemotherapy and midostaurin, loss of activating FLT3 mutations
is observed in half of patients at AML relapse or disease progression [18].

Recent phase 3 clinical trials investigated the clinical outcome of AML patients at
relapse following treatment with such FLT3 tyrosine kinase inhibitors (TKI) as quizartinib or
gilteritinib compared with intensive salvage chemotherapy regimens. Notably, quizartinib
can effectively address FLT3-ITD, but not FLT3-TKD mutations, and the inhibition of KIT
by its “off target” activity contribute to prolonged cytopenia [19]. The application of
gilteritinib that is highly effective against both kinds of FLT3 mutations has been shown to
achieve second remission with less toxicity compared to intensive salvage chemotherapy
regimens and currently offers the best choice of “bridging to transplant” in this challenging
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situation [20]. Moreover, gilteritinib is still effective in patients who were treated with
midostaurin or sorafenib during AML first-line therapy [21].

2.5. FLT3 Mutations in AML Patients Not Eligible for Intensive Treatment

So far, no FLT3-directed TKI has been approved for first-line treatment of AML patients
with activating FLT3 mutations who are not eligible for intensive chemotherapy. The current
standard of care for these patients is the combined treatment with hypomethylating agents
(HMA) plus venetoclax [22]. A retrospective analysis of AML patients with activating
FLT3 mutations presented by Aldoss and co-workers revealed an excellent composite CR
(CRc = CR/CRi) rate of 94% for treatment-naïve AML patients undergoing combined
treatment with HMA plus venetoclax. Even in r/r AML patients harboring either FLT3-ITD
or FLT3-TKD mutations HMA plus venetoclax was able to achieve a CRc rate of 42% [23].

Preclinical studies could demonstrate synergistic effects between venetoclax and
quizartinib in murine AML models [24]. Recently, first clinical data of triplet therapy
consisting of venetoclax, gilteritinib, and decitabine have been presented. An analysis of
12 newly diagnosed and 13 patients with r/r AML supporting this combination treatment
as feasible and highly effective for AML patients harboring activating FLT3 mutations [25].
Similar results have been obtained from a still recruiting clinical trial investigating the
combination of venetoclax, quizartinib, and decitabine [26].

Thus, current treatment approaches for AML patients with activating FLT3 mutations
might provide not only feasible but also highly effective targeted therapy combinations
that have the potential of remission induction also in younger patients who are eligible for
alloHSCT.

3. Inhibitors of IDH1 and IDH2

Presence of isocitrate dehydrogenase (IDH) mutations in AML blasts was described
shortly after its discovery in glioblastoma [27,28]. The frequency of IDH1 and IDH2
mutations in AML is approximately 8% and 12%, respectively [29]. The impact of those
epigenetic mutations is an overproduction of the oncometabolite 2-hydroxyglutarate (2-
HG) [30]. Both DNA methylation as well as histone modification is inhibited by 2-HG [31].
IDH1 and IDH2 heterozygous missense mutations occur at conserved single arginine
residues in the enzyme active site [32]. Specifically, the R132 locus of IDH1 and R140 or
R172 in IDH2 are affected, respectively. The neomorphic enzyme activity acquired by
mutated IDH (mIDH) and consequently aberrant 2-HG production leading to an increase
in DNA hypermethylation and a myeloid differentiation block [33].

Impact of IDH mutations on outcome is still conflicting and co-mutations, such as
NPM1 or DNMT3A, appear to be important [34]. Mutated IDH2 (R172K) has been asso-
ciated with a favorable prognosis [35]. Larger studies are warranted to shed light in the
inconsistencies between studies addressing the prognostic impact of IDH1/2 mutations.

Two IDH-inhibitors, enasidenib (IDHIFA, AG-221) for mIDH2 and ivosidenib (TIB-
SOSOV, AG-120) for mIDH1 were recently approved by the FDA for r/r AML based on
two single arm studies [36,37]. Ivosidenib also received FDA approval for newly diag-
nosed AML in patients not eligible for intensive therapy [38]. In contrast, none of the IDH
inhibitors has yet received European approval.

Enasidenib is a selective allosteric inhibitor of mIDH2 enzyme that inhibits the con-
version of alpha-ketoglutarate (α-KG) to 2-HG thereby achieving a significant reduction
in plasma 2-HG levels [39]. Within the phase 1/2 clinical trial, which led to the approval
of the drug, 214 patients with r/r AML were treated at the 100 mg enasidenib dose level
daily [36]. Overall response rate (ORR) was 39% with a median duration of 5.6 months and
CRc rate was 29% (CR 19.6%, CRi/CRp 9.3%). The median OS among all r/r AML patients
was 8.8 months with a median OS for patients attaining a CR of 22.9 months [36].

Ivosidenib, a selective mIDH1 inhibitor also shows strong 2-HG inhibition and rein-
statement of myeloid differentiation [40]. FDA approval for AML was granted in face of
the phase 1/2 trial, including 152 patients in the r/r AML cohort with a recommended dose
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of 500 mg daily [37]. The CRc rate was 30% with an ORR of 42% and a median duration of
CRc lasting 8.2 months. The median OS was 8.8 months, and 18-month survival of 50% of
those patients who achieved CRc.

Based on the results of the original ivosidenib monotherapy trial by DiNardo and
co-workers that included 33 patients with newly diagnosed/treatment naïve mIDH1 AML
the drug was also approved as first line monotherapy in patients ineligible for intensive
therapy. Median age of these 33 patients was 77 years and 76% had secondary AML
whereas most of them already received prior therapy with HMAs. CRc rate of 42.5% (CR
rate of 30%) was attained with a median OS of 12.6 months [38].

Concerning adverse events of both IDH1/2 inhibitors show good tolerability but
clinicians should be aware of the development of differentiation syndrome (DS). This
has been reported in about 12–15% of patients receiving IDH inhibitor monotherapy and
most frequently results in non-specific syndromes, such as fever, dyspnea, hypotension,
pulmonary infiltrates, and hypoxia [41].Treatment of choice in IDH-DS is discontinuation
of the IDH inhibitor and application of steroids (dexamethasone 10 mg bid) [42].

Several mechanisms of resistance have been identified whereas primary and secondary
causes are described. Co-occurring mutations in the RAS pathway, leading to both primary
and secondary therapeutic resistance, and it has been demonstrated that AML patients
harboring such mutations are less likely to achieve a response to IDH inhibition [43].

Newly acquired mutations within the receptor tyrosine kinase genes and mutations
restoring 2-HG levels contribute to secondary resistance [44].

In conclusion, the development of those oral, small molecule mIDH1/mIDH2 inhibitors
represents an important cornerstone on the way to personalized treatment in AML patients.
Since early relapses occur, clinical investigations are warranted to overcome mechanisms of
resistance (e.g., by combination strategies with intensive chemotherapy, HMAs, venetoclax,
or other targeted therapies).

4. Epigenetic Treatment of AML

As an important mechanism in different types of cancer, aberrant hypermethylation
of specific promotor regions contributes to elementary alterations in gene function, and
cell regulation [45]. Today, HMAs, such as 5-azacitidine (AZA) or decitabine (DEC), are
acting as inhibitors of DNA methyltransferases (DNMT), and are widely implemented in
standard care of older and fragile AML patients. Introduction of HMAs has significantly
improved OS compared to conventional regimens, such as low dose cytarabine (LDAC)
or more intensive chemotherapy. Due to its well tolerability and efficacy compared with
conventional palliative chemotherapy, HMAs became the backbone as well as in first line
treatment in elderly patients not eligible for intensive treatment and as a treatment option
in r/r AML [46–48]. Nevertheless, survival rates are not satisfying and efforts in increasing
HMA efficacy are ongoing.

Currently, due to the pharmacological profile of AZA or DEC, respectively, treatment
with HMAs requires subcutaneous or intravenous application over 5 to 7 days in 28-day
cycles. In the phase III, multicenter and placebo-controlled QUAZAR AML-001 trial (me-
dian age 68 years, range 55–86) a novel oral formulation of AZA (CC-486) as maintenance
therapy for patients with de novo AML in first remission after induction chemotherapy
which are ineligible for subsequent alloHSCT has been investigated. In detail, a significant
prolongation of OS (24.7 vs. 14.8 months for CC-486 and placebo, respectively) and PFS
(10.2 vs. 4.8 months for CC-486 and placebo, respectively) with comparable adverse event
profiles to injectable AZA could be demonstrated. AML relapse was observed in 60% of
patients in the AZA group and in 77% in the placebo cohort, respectively [49].

For oral AZA, a more sustained epigenetic activity over the treatment course by
a prolonged exposure time over 14 days is hypothesized. Notably, pharmacokinetic
analysis demonstrated significant differences compared to parenteral AZA in terms of
metabolization, while CC-486 is not considered as bioequivalent [50]. In the QUAZAR
AML-001 trial, CC-486 compared to the placebo was also associated with a significantly
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reduced length and risk of hospitalization, which increases the patient’s quality of life and
substantially safes costs [51]. FDA and EMA approvals were granted in September 2020
and June 2021, respectively, for treatment of AML in first remission as maintenance therapy
following intensive induction chemotherapy who are not able to finish curative intended
chemotherapy or undergo consolidation with alloHSCT.

De Lima and co-workers investigated CC-486 in a phase II trial as maintenance
treatment in the situation of CR following alloHSCT [52]. They could demonstrate low
relapse rates, low disease progression, and low GvHD rates as well as a good tolerance to
drug exposure.

Furthermore, HMA in combination with donor lymphocyte infusions (DLI), in case
of molecular relapse following alloHSCT, is a therapeutic option, which was investigated
in the phase II RELAZA trial [53]. Another prospective phase II trial is investigating a
potential additive effect of the immunomodulator lenalidomide as addition to AZA + DLI
in setting of relapse of myelodysplastic syndrome (MDS) and AML with MDS related
changes following alloHSCT. An interim analysis demonstrated a promising ORR of 68%
and a median molecular relapse-free survival (RFS) of 183 days (range, 113–513) [54].

The Role of Venetoclax in HMA-Based Treatment

Recently, the BCL-2 inhibitor venetoclax has received FDA and EMA approvals for pre-
viously untreated elderly and unfit patients in combination with HMA or LDAC represent-
ing a remarkable improvement in a hard-to-treat patient cohort [55,56]. The underlying data
result from the open labeled, multicenter VIALE-A trial including 431 previously untreated
AML patients (median age of 76 years) randomized in a 2:1 fashion into AZA/venetoclax
and AZA/placebo, respectively. With a median follow-up of 20.5 months (range, 0.1 to
30.7 months), a significantly improved OS of 14.7 months for AZA/venetoclax compared
to 9.6 months for AZA alone was achieved. Moreover, a higher CR rate (17.9% vs. 36.7%) to
favor of the HMA plus venetoclax group could be shown [22]. An improvement was also
seen presented in phase III VIALE-C trial when venetoclax was combined LDAC [57]. Both
trials set a new standard in treatment of elderly AML patients, while the search for response
predicting molecular signatures and subgroups is ongoing. In detail, NPM1-mutations are
associated with excellent survival and response rates while TP53 or FLT3-ITD mutations
are predictors for resistance towards HMA plus venetoclax [58].

The use of venetoclax in various treatment scenarios is under intensive investigation.
Application of HMA plus venetoclax in the situation of r/r AML has not been analyzed
systematically in clinical trials so far. In a phase II study, including 32 patients with
r/r AML who received monotherapy venetoclax, only a moderate ORR with 19% was
seen [59]. However, published retrospective data for HMA combination with venetoclax
are providing promising results in treatment of patients with r/r AML where suitable
treatment options are rare [60–64].

HMA plus venetoclax is also considered in relapsed AML following alloHSCT. A retro-
spective analysis of 32 patients demonstrated satisfying response rates when HMA/venetoclax
is applied as salvage treatment or early at molecular relapse [65,66]. Using prior to al-
loHSCT HMA/venetoclax has shown an excellent ORR of 68.8% in a small cohort of 32
patients (including 19 with r/r AML and 13 with de novo AML), providing a feasible
strategy of remission induction [67].

Improvement of response by adding venetoclax to intensive induction chemotherapy
regimens is subject of current research. Results of phase I and II trials for the combination of
FLAG-IDA (fludarabine, cytarabine, idarubicin and G-CSF) with venetoclax show convinc-
ing results regarding efficacy (ORR 70–97%), deep response (96% of de novo AML achieved
MRD negative CR) accompanied by an acceptable safety profile [68]. Additionally, phase I
trials combining venetoclax with frontline 7 + 3 daunorubicin/cytarabine based induction
treatment (NCT03709758) or a phase II trial evaluating venetoclax, cladribine, AZA and
LDAC combination for previously untreated AML patients in frontline (NCT03586609) will
further yield evidence.
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Preclinical studies indicate synergistic effects between FLT3 inhibitors plus venetoclax,
which mainly seems to be caused by downregulation of MCL-1 und BCL(x)L [24,69,70].
Early clinical studies subsequently show positive effects and an acceptable safety profile
for the combinations of FLT3 inhibitor plus HMA and FLT3 inhibitor plus venetoclax
with ORRs of 65–80% and 85%, respectively [71,72]. Several studies investigating FLT3
inhibitors plus venetoclax combinations are ongoing: a phase I trial testing a combination of
venetoclax and the second-generation TKI gilteritinib (NCT03625505) or a phase Ib/II trial
for venetoclax and quizartinib, both in patients with FLT3 mutated r/r AML (NCT03735875).
A Phase Ib study is combining gemtuzumab ozogamicin with venetoclax in patients with
CD33 positive r/r AML (NCT04070768).

5. Mechanisms of Resistance towards HMA and Venetoclax

Despite high efficacy of HMA/venetoclax combinations, one-third of patients fail
to respond. Several cellular mechanisms and molecules causing drug resistance have
been identified; however, there is an urgent need of a deeper understanding to predict
and overcome resistance [58]. The following section provides a detailed overview about
mechanisms of resistance towards HMA and venetoclax therapy.

5.1. Hypomethylating Agents (HMAs)

HMAs are acting as pyrimidine analogs of the nucleoside cytidine. Its incorporation
into DNA leads to an irreversible link between the cytidine analogue and the DNA methyl-
transferase (DNMT), which causes inhibition of the latter. HMAs show differential cellular
effects depending on its dosage. High dose levels result in short term cytotoxic effects by
direct DNA damage through DNMT-DNA adducts while at lower dose hypomethylating
and epigenetic effects lead to improved cell differentiation and tumor suppression [73–76].

A crucial step is the uptake of HMA into the cell through the human equilibrated
nucleoside transporter-1 (hENT1) [77]. Elevated mRNA transcript levels of this receptor
are associated with improved response rates to DEC while lower expression can contribute
to primary resistance [78].

As HMAs are applicated as prodrugs, requirement of a stepwise phosphorylation
to active cytosine derivatives by di- and triphosphatases is dependent on deoxycytidine
kinases (DCK). Low DCK expression has been attributed to DEC resistance in AML cell
lines [78,79]. Cytosine derivatives underlie a natural degradation mediated by cytidine
deaminases (CDA). The expression level of CDA is known to be a predictor for HMA
response and thus representing a potential target to improve sensitivity to HMAs [80].
Besides that complex field of HMA metabolism and processing, several studies evaluated
the impact of molecular aberrations towards HMA. TET2 mutations as well as alterations
of IDH1/2, SF3B1, or DNMT3A represent positive predictors for response towards HMAs
in MDS and AML [81–84]. On the other hand, mutations in ASXL1, PTPN11, CDKN2A,
ETV6, and FLT3-ITD were associated with shorter OS and lower ORR [85,86]. In a large
retrospective registry analysis of 311 patients, no significant differences between patients
with TP53 wild type or mutations regarding response towards DEC could be detected.
Therefore, the influence of TP53 mutations in this setting remains controversial [87].

5.2. Venetoclax

The BCL-2 protein family comprises multiple regulator proteins, which directly affect
intrinsic apoptosis pathway at the mitochondrion. In detail, anti-apoptotic proteins like
BCL-2, MCL-1, or BCL(x)L can bind and sequester the effectors BAK and BAX and prevent
their function of oligomerization and induction of mitochondrial outer membrane per-
meabilization (MOMP). Consequently, subsequent release of cytochrome c and caspase
8 activation leading to cell death [88,89]. This reaction can be gained by the small BH3-only
proteins (e.g., BID, BAD, BIM, PUMA, NOXA), representing competitive inhibitors of
anti-apoptotic proteins leading to release and activation of the effectors BAK and BAX [90].
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Usually, a strict balance between the anti- and pro-apoptotic effectors controls cell
regulation. Venetoclax is mimicking BH3-only proteins through competitive binding of
the anti-apoptotic protein BCL-2, which in turn leads to release of BAK and BAX subse-
quently inducing apoptosis. Overexpression of BCL-2 in several lymphoid malignancies
yielded to implementation of venetoclax in different disease entities, such as chronic lym-
phocytic leukemia. Myeloid blasts are not necessarily dependent on BCL-2 expression
and leukemogenesis is driven by different apoptosis suppressors like MCL-1, BCL(x)L,
BCL(w) [91–93].

In the context of AML, a comprehensive experimental analysis of Zhang and col-
leagues revealed high expression levels of BCL2A1 as a potential key mechanism for
venetoclax resistance. Hereby, BCL2A1 overexpression is described to be even more fre-
quent than BCL-2 overexpression and seems to be predominantly in transformed, secondary
AML or in the subset of M4/M5 according to FAB (French-American-British) classification.
Knockdown experiments of BCL2A1 induced strong apoptosis in cell line models occurring
almost exclusive in AML blasts, while sparing normal hematopoietic stem cells. This
emphasizes BCL2A1 as a potentially attractive and important target for AML therapy [94].

The observation of distinct regulation of cellular pathways in venetoclax resistant
cells, e.g., activation of MAPK and AKT, underlies different molecular patterns mediating
primary or secondary resistance [58,95]. In an extensive study inactivation or low levels of
TP53, BAX, BAK, NOXA (PMAIP1), TFDP1 have been identified as conferring resistance
towards venetoclax [96]. Additionally, inactivation of the tumor suppressor TP53 was
mediating alterations in expression of BCL-2 family members and thereby had an impact
on mitochondrial homeostasis and cellular metabolism. An increase of mitochondrial stress
turns cells into resistance towards different anti-cancer drugs like FLT3 inhibitors—even
besides venetoclax. This underlines the tight link of mitochondrial stress (e.g., through
TP53 mutations) and expression of anti-apoptotic proteins.

Mutations in genes like KRAS, PTPN11, and FLT3-ITD are known to confer primary
or secondary drug resistance. In KRAS mutated cell line models harboring an activating
gain of function mutation G12D, consecutive overexpression of BCL2A1 and MCL-1 as well
as reduced levels of BCL-2 and BAX have been described, which is crucial for venetoclax
resistance [94,96].

Protein tyrosine phosphatase non receptor type 11 (PTPN11) encodes for the non-
receptor protein tyrosine phosphatase SHP2 (SH2 containing protein tyrosine phosphatase-
2), which positively mediates downstream signaling from receptor tyrosine kinases like
FLT3 or KIT [97]. Therefore, gain of function mutations (e.g., E76K, A72D) in the PTPN11
gene convey activation of downstream pathways, such as RAS, JAK-STAT, and MAPK.
Thereby effects of MCL-1, pMCL-1, and BCL(x)L are intensified and venetoclax sensitivity
is reduced [98,99], especially the co-occurrence of FLT3-ITD and SHP2 activates STAT5
signaling, which strongly induces anti-apoptotic signaling (e.g., MCL-1) and promotes
hematopoietic cell cycle progression and survival [100–105]. Similar mechanisms are
known for FLT3-ITD mutations [58,106].

Figure 1 demonstrates a selection of relevant cellular mechanisms contributing to
venetoclax and HMA resistance.
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Figure 1. Mechanisms of resistance towards venetoclax. Left: uptake, processing, and incorporation
of HMAs into the leukemic cell are illustrated. Cellular uptake of HMAs mainly depends on cell
surface hENT1 receptor expression. Phosphorylation to active cytosine di- and triphosphatases is
mediated by DCK, whereas low expression and diminished activity contributes to decreased HMA
effect. Augmented enzymatic degradation of dCTPs also contributes to degraded HMA effect. Right:
regulation and interactions of proteins that are responsible for venetoclax resistance are shown.
Balance between multiple BCL-2 members within the concert of intrinsic apoptosis pathways is
pivotal. Downregulation of BCL-2 reduces venetoclax sensitivity as well as reduced activation of
mitochondrial apoptosis effectors BAX and BAK. KRAS mutations mediate such gene expression
alterations. Upregulation of important anti-apoptotic genes like MCL-1, BCL2A1, and BCL(x)L
causes venetoclax resistance by binding and sequestering the effectors BAX and BAK. Activation and
upregulation are driven by activating mutations of FLT3-ITD, SHP2, or KRAS. Especially consecutive
STAT5 signaling can directly upregulate MCL-1 by activating an MCL-1 promotor. BH3- only proteins
acting as pro-apoptotic sensitizers bind pro-apoptotic members causing configuration changes and
release of BAX and BAK. Mutations in TP53 can reduce its function as tumor suppressor and confer
alterations of expression of BCL-2 family members. One consequence of TP53 deletion is an increase
of cellular stress, which is known to contribute resistance towards different cancer drugs. Created
with BioRender.com. Abbreviations: HMA hypomethylating agent; hENT1 human equilibrated
nucleoside transporter-1; DCK deoxycytidine kinase; CDA cytidine deaminases; dCTP deoxycytidine
triphosphate; FLT3-ITD FMS-like tyrosine kinase receptor III with internal tandem duplication; SHP2
SH2 containing protein tyrosine phosphatase-2; BCL-2 b-cell lymphoma 2; MOMP mitochondrial
outer membrane permeabilization; KRAS Kirsten rat sarcoma virus; MCL-1 induced leukemia cell
differentiation protein; BCL2A1 BCL-2 related protein A1; BCL(x)L b-cell lymphoma extra-large;
STAT5 signal transducer and activator of transcription 5; TP53 tumor protein p53; VEN venetoclax.

6. Potential Strategies to Overcome Venetoclax Resistance in AML

Based on the described mechanisms of venetoclax resistance, potential pharmacologi-
cal strategies to overcome venetoclax failure are highlighted in this chapter.

Cell metabolism and mitochondrial structures are known as important targets. In a
genome-wide CRISPR/Cas9 screen in human AML cells, Chen and colleagues demon-
strated the association of the depletion of genes necessary for mitochondrial organization
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and integrity with an increased sensitivity towards venetoclax. In detail, considering that
expression of the mitochondrial structure protein CLBP (caseinolytic peptidase B protein
homolog) is elevated in venetoclax resistant AML cells, knockdown of CLBP was leading to
significant decrease of IC50 for venetoclax. Even in context of TP53 depletion, knockdown
of CLBP was able to rescue TP53-mediated venetoclax resistance highlighting the potential
of targeting CLBP and other mitochondrial structures [107]. Pharmacologic inhibition of
mitochondrial protein synthesis with antibiotics like doxycycline or tedizolid was capable
to overcome resistance towards HMA plus venetoclax in vitro and in vivo [108].

HMA/venetoclax combination effectively and selectively targets cellular energy
metabolism, especially oxidative phosphorylation (OXPHOS) in LSCs. This mechanism
is hypothesized a major contributor to high clinical effectiveness and durable responses
of this drug combination. However, through activation of fatty acid oxidation (FAO),
LSCs can maintain or reinforce OXPHOS, which in turn decreases venetoclax sensitivity.
Thus, targeting and suppression of FAO might contribute to conserve HMA/venetoclax
properties [109].

Current pharmacological strategies to overcome resistance towards BCL-2 inhibition
mainly rely on targeting MCL-1 [110]. Overexpression of MCL-1 prior to or subsequent
BCL-2 inhibition requires adequate MCL-1 inhibition to induce effective apoptosis. Thus,
abrogated binding of apoptosis sensitizers BIM, BAD, NOXA, BIM, and PUMA on MCL-1
has been identified to initiate apoptosis [111]. Several MCL-1 inhibitors such as A1012477
and S63845 are under preclinical and clinical investigation demonstrating high synergistic
efficiency with concurrent BCL-2 inhibition [112,113]. A phase I trial on r/r AML investi-
gating that combination strategy has been initiated (NCT03672695). Another novel MCl-1
inhibitor VU661013 provided additional evidence for rescuing venetoclax resistance in
patient-derived xenografts [114]. For the MCL-1 inhibitor AZD5991 a phase I trial in com-
bination with venetoclax in r/r hematological malignancies has been launched recently
(NCT03218683). Detailed knowledge about the applicability and safety profile as well
the role of MCL-1 in physiological, non-hematologic tissues should be acquired in further
clinical trials [114,115].

In the presence of FLT3-ITD or PTPN11 mutations, consecutive MCL-1 and BCL(x)L
activation causes reduced venetoclax sensitivity. Thus, addressing MCL-1 in FLT3-ITD
mutated cells seems to be of particular interest to improve drug sensitivity [106,116] Current
efforts in combining venetoclax with FLT3 inhibitors to successfully address FLT3-ITD
induced resistance are described above. In PTPN11 mutations, ABT-263 (navitoclax) and
ABT-737 as dual inhibitors of BCL-2 and BCL(x)L and the MCL-1 inhibitor AZD5991 were
able to overcome venetoclax resistance. An important side effect of dual inhibitors was
severe thrombocytopenia leading to discontinuation of early clinical trials [94,117–119].

Cyclin dependent kinase 9 (CDK9) has emerged as a potential target in cancer [120].
Bogenberger and colleagues could demonstrate in vivo and in vitro significant synergistical
effects between the CDK9 inhibitor alvocidib and venetoclax through affecting the balance
of intrinsic apoptosis effectors, such as downregulation of MCl-1 and upregulation of BIM
or NOXA [121]. A comparable approach was pursued by Han et al. by applying cobimetinib
in vivo and in vitro in order to target and inhibit the MAPK pathway, representing another
key downstream pathway that upregulates MCL-1 expression. Combination of cobimetinib
with venetoclax was synergistic in 7 out 11 investigated cell line models including those
that were resistant towards single agent treatment [95].

As described previously, the MDM2 antagonist idasanutlin can lead to effective
reconstitution of TP53 thereby enhancing mitochondrial apoptosis. Several preclinical
and early clinical phase I/II studies investigating the combination of idasanutlin with
venetoclax, in vivo and in vitro. The superior effect compared to single agent treatment
might partially be explained by enhanced MCL-1 inhibition [122].



Cancers 2021, 13, 5722 11 of 31

7. Inhibition of Hedgehog, Menin, or MDM2
7.1. Glasdegib

The balance between proliferation and differentiation of stem cells is minutely reg-
ulated and several critical pathways including the sonic hedgehog pathway (SHH) are
involved in these processes. The SHH pathway is characterized by a high complexity and
its activation confers cell cycle entrance and inhibition of apoptosis. The transmembrane
protein SMO plays a key role in SHH pathway activation and its functional state is pre-
dominantly affected by the interaction of SHH ligands and the SMO suppressors PTCH-1
and PTCH-2 [123].

LSCs in patients with r/r AML are characterized by overexpression of SHH pathway
proteins (e.g., GLI1) being associated with resistance to chemotherapy and inferior OS.
Furthermore, it has been shown that sensitivity towards either chemotherapy or HMAs
like AZA is enhanced by concomitant treatment with SMO inhibitors [124,125].

The small-molecule SMO inhibitor glasdegib is characterized by a shorter half-life
compared to vismodegib or erismodegib resulting in a lower toxicity. Glasdegib has
been improved for first line treatment of elderly AML patients who are not eligible for
intensive chemotherapy, and is combined with LDAC. The underlying clinical trial could
demonstrate a superior OS of 8.8 months for those AML patients who received combination
therapy with LDAC and glasdegib. In contrast, AML treatment with LDAC alone resulted
in an OS of only 4.9 months [126].

The current impact of this approved combination treatment for elderly and therapy-
naïve AML patients’ needs to be interpreted with caution in consideration of the clinically
relevant improvement demonstrated for the combination of AZA plus venetoclax resulting
in a median OS of more than 14 months. Combined treatment with LDAC and glasdegib
appears promising for those patients with anteceding epigenetic therapy (e.g., AML follow-
ing MDS). Current clinical trials address the question of other combinations with glasdegib
including HMA or venetoclax.

7.2. Menin

While targeted therapies, such as FLT3 inhibitors or the BCL-2 inhibitor venetoclax,
are either directly addressing a constitutively active receptor tyrosine kinase identified by
mutational analysis, or inhibiting an important anti-apoptotic protein in defined clinical
setting, the biology of AML with MLL- (KMT2A) rearrangement (KMT2Ar) is almost unique
and therapeutic strategies are more complex [127].

AML with KMT2Ar can be diagnosed in about 5% of adult AML patients and is
associated with higher rates of treatment failure or AML relapse. Therefore, those patients
are considered as poor prognosis and alloHSCT is recommended in first remission. In
addition, approximately 5% of patients harbor partial tandem duplications within the
KMT2A gene (KMT2A-PTD) demonstrating a similar biology as described for KMT2Ar-
dependent AML as described below [128,129].

The multifunctional scaffold protein menin is critically involved in the regulation of
gene expression in a tissue-specific manner. Menin directly interacts with transcription fac-
tors, chromosomal regulators, and gene promotors resulting in enhanced gene expression
of regulated target genes. The large protein KMT2A as well as menin can induce expres-
sion of homeobox (HOX) genes representing the master regulators guarding self-renewal
and differentiation of hematopoietic stem cells (HSCs). In detail, the histone H3 lysine
4 methyltransferase KMT2A exerts its multiple functions by epigenetic mechanisms. In
case of KMT2Ar fusion proteins, such co-factors as MEIS1 contribute to an aberrant gene
expression program resulting in AML development, e.g., by induction of a differentiation
block [130].

Preliminary clinical data exist for two menin inhibitors recently evaluated in AML pa-
tients with either KMT2Ar or NPM1mut in phase 2 expansion cohorts. The KOMET-001 trial
investigated the menin inhibitor KO-539 in adult AML patients presenting first results at the
Annual meeting of the American Society of Hematology (ASH) in 2020. The well-tolerated
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KO-539 showed no relevant interaction with clinically important CYP3A4 inhibitor and
8 of 12 patients enrolled into this trial were evaluable. Beside a patient with KMT2Ar
developing tumor lysis syndrome at lowest KO-539 dose level, clinical activity could also
be demonstrated in NPM1mut patients including one patient achieving MRD-negative CR
after being refractory to conventional chemotherapy [131]. The AUGMENT-101 trial evalu-
ating the menin inhibitor SNDX-5613 shows encouraging first results with an ORR of 54%
including MRD negativity in about two-thirds of patients enrolled. A patient harboring
both KMT2Ar and FLT3-ITD previously demonstrating resistance to chemotherapy and
gilteritinib achieved cytogenetic CR with SNDX-5613 single treatment [132].

Notably, the nuclear chaperone protein NPM1 accumulates in AML blasts in about
30% of patients due to NPM1 frameshift mutations (NPM1mut). Subsequent disruption of
physiological shuttling of the NPM1 protein shares important biologically features with
KMT2Ar-positive patients. In detail, NPM1mut can confer a similar gene expression pattern
as described for KMT2Ar AML and maintenance of HOX gene expression in NPM1mut
AML cells also depend on both wild-type KMT2A and menin. NPM1mut often co-occur
with activating FLT3 mutations leading to an impaired prognosis especially in case of a
high ITD/wild-type ratio (FLT3-ITDhigh). In consideration that MEIS1 can also induce FLT3
gene expression, combined treatment of NPM1mut/FLT3-ITDhigh AML patients with menin
inhibitors and FLT3 inhibitors might represent a promising approach [127,133,134].

7.3. MDM2

The tumor suppressor gene TP53 encoding the transcription factor p53 plays a crucial
role in many human cancers and mutations of TP53 occur in a broad percentage of AML
patients depending on the history of AML (e.g., t-AML following chemotherapy). Beside
the presence of TP53 mutations, the functional inactivation of p53 is observed in most
AML cases. MDM2 represents one of the most important negative regulators of p53
and overexpression of MDM2 or inactivation of ARF (p14) are the main mechanisms of
functional inactivation of p53 in TP53-unmutated AML patients. Thus, inhibition of MDM2
reflects a promising therapeutic strategy in those AML patients lacking TP53 mutations.
MDM2 inhibitors can affect the ARF-MDM-p53 axis enabling functional reactivation of
unmutated p53 [135,136].

Inhibitors of MDM2—so called “nutlins”—have already been investigated in clinical
trials including AML patients with wild-type TP53. Regularly observed adverse events
were mainly gastrointestinal and myelosuppression. The second-generation MDM2 in-
hibitor idasanutlin has been investigated in a large phase II clinical trial. In 76 r/r AML
patients undergoing combined treatment with intermediate-dosed cytarabine and idasanut-
lin, a CRc rate of 29% was demonstrated with a median duration of response of 6.4 months.
The MDM2 expression level could be elucidated as a promising biomarker for response
prediction to MDM2 inhibitor treatment in this study. While CR was achieved in only one
of 25 patients with TP53 mutations, in the subgroup for TP53 wild type AML patients CR
could be achieved in 31% (22 of 71 patients). The initiated phase 3 study (MIRRORS) had
to be stopped early due to failure of achieving study endpoints [137,138].

Beside combination treatment with either HMA or cytarabine, combined targeted
therapy approaches are of special interest. Thus, combination with venetoclax has the
potential to delay development of resistance to MDM2 inhibitors that is regularly observed
by the emergence of TP53 mutations or selection of subclones harboring MDM2 mutations
disrupting its interaction with p53. Two clinical trials investigating the combination of
idasanutlin and venetoclax are ongoing and preliminary data are available for one of these
studies. The phase 1 part of one of these trials could determine the RP2D for idasanutlin
and venetoclax and demonstrated an overall CR rate of 29% [139].

The compound ALRN-6924 as a first-in-class dual inhibitor of MDM2 and MDM4 is
able to overcome resistance to MDM2 inhibitors resulting from MDM4 overexpression.
ALRN-6924 is currently investigated in early-phase clinical trials with r/r AML and MDS
patients [140].
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The MDM2 inhibitor AMG-232 is structurally different from nutlin derivatives and
has recently been evaluated, but failed to achieve clinical activity at least as single treatment
in a phase 1 dose-escalation study. In contrast, combined treatment of AMG-232 with the
MEK inhibitor trametinib showed response in a few patients including one sustained CR.
Current trial concepts consider combination therapy with DEC or chemotherapy [141].

8. Other Targeted Therapies of AML

Beyond the scope of immunotherapeutic strategies that we will discuss separately,
there are several additional and promising approaches of AML targeted therapy. Address-
ing distinct signaling molecules like mutant TP53 or CDK9 may overcome resistance to
conventional AML therapy or improve outcome of AML patients who are not eligible for
intensive chemotherapy regimens.

Table 1 summarizes current treatment concepts of targeted therapies in AML and
provides an overview of most recent advances in the development of new drugs in clini-
cal trials.

Table 1. Targeted therapy approaches in r/r AML and corresponding clinical trials.

Target
Molecule Target Function Rationale Compounds in

Development Clinical Trials Ref.

Polo-like kinase 1
G2->M entrance
interaction with

PI3K/mTOR

high expression of
PLK1 in AML cells
compared to CD34

progenitor cells

Onvansertib

NCT03303339:
Phase 1b/2 study/45 pts.

Onvansertib plus DEC or LDAC
CR 9 pts. (20%), 4 pts with
durable response of at least

9 months; 2 pts. proceeded to
alloHSCT

[142]

TP53mutant important tumor
suppressor

poor prognosis of
TP53mut AML

restoration of TP53
function

synergistic effect
with AZA

APR-246
(Eprenetapopt)

NCT03072043:
Phase 1b/2 study/55 pts.,
including 11 r/r AML pts.

APR-246 plus AZA
ORR 7 pts. (64%), CR 4 pts. (36%)

[143]

DOT1L H3K79
methyltransferase

DOT1L plays a
central role in

leukemogenesis of
AML with KMT2Ar

AML

EPZ-5676
(Pinometostat)

Phase 1 study/43 pts.
CR 2 pts., resolution of

extramedullary AML 2 pts., signs
of differentiation 9 pts.

[144]

BET important epigenetic
regulator

BRD4 overexpression
in AML

pivotal role in LSC
transcriptional

programs

Mivebresib
(ABBV-075)

pan-BET inhibitor

NCT02391480:
Phase 1 study/44 pts.

Mivebresib mono (MIV) or
combination therapy with VEN

(MIV-VEN)
response MIV-VEN (30 pts.): CR

2 pts., PR 2 pts., MLFS 2 pts.

[145]

XPO1 nuclear transport
protein

high expression of
XPO1 in LSC
modulation of

protein shuttling

Selinexor
(KPT-330)

NCT02093403:
Phase 1 study/25 pts.
Selinexor plus DEC

ORR 40%, median PFS 5.9 months
PFS responders 11.8 months

[146]

CDK9
regulation of RNA

polymerase II
activity

inhibition of
transcription of genes

involved in
proliferation and

survival (e.g.,
suppression of

MCL-1)

Alvocidib
(flavopiridol)

NCT03298984:
Phase 1 study/32 pts.

ND AML/Alvocidib -> 7 + 3
ORR 75%, CR 69%

[147]

Abbreviations: 7 + 3, induction chemotherapy with cytarabine and daunorubicin, alloHSCT, allogeneic hematopoietic stem cell transplanta-
tion; AZA, azacitidine; CR, complete remission; DEC, decitabine; LDAC, low-dose cytarabine; MLFS, morphological leukemia-free state;
ND AML, newly diagnosed acute myeloid leukemia; ORR, overall response rate; PR, partial remission; r/r AML, relapsed or refractory
acute myeloid leukemia; pts patients.
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9. Immunotherapy of AML
9.1. Gemtuzumab Ozogamicin

After a complex history, the CD33-directed antibody-drug conjugate gemtuzumab
ozogamicin (GO) has been approved based on the results of the ALFA0701 study. This
phase III clinical trial investigated the impact of additional GO treatment in patients
with newly diagnosed AML undergoing induction chemotherapy, with the 7 + 3 regi-
men containing cytarabine 200 mg per square meter as continuous infusion (days 1 to
7) and daunorubicin, 60 mg per square meter, for three consecutive days (days 1 to 3).
Consolidation chemotherapy also contained combination treatment with cytarabine and
daunorubicin. Due to a high rate of adverse events (e.g., veno-occlusive disease, VOD) in
previous studies, GO was administered at lower doses (3 mg per square meter at day 1 and
day 4 with a maximum dose of 5 mg) [148].

The final results of the ALFA0701 trial confirmed a significantly improved event-free
survival (EFS) for those patients treated with GO. The OS benefit was restricted to AML
patients with favorable and intermediate subtype according to ELN classification. In detail,
OS for both ELN subgroups was 45.6 months for the GO-arm compared to 26.9 months for
the control group without achieving statistical significance (HR 0.730, 95% CI 0.489–1.089,
p = 0.1216) [3,149].

Furthermore, a frequent single nucleotide polymorphism (SNP) of the CD33 gene
(rs12459419) has been associated with an improved EFS and OS in pediatric AML patients
undergoing chemotherapy combined with GO. This polymorphism caused a truncated
CD33 protein, lacking part of the extracellular epitope recognized by GO. In contrast, the
impact of this CD33 SNP was not observed in adult AML patients receiving GO treatment
within two large MRC trials. In addition, this analysis confirmed the lack of association of
CD33 expression level and response to GO treatment [150,151].

Several open questions, in terms of dosing and the clinical benefits of GO remain,
including the impact of GO during consolidation chemotherapy on the survival of AML
patients. Results of different clinical trials have been contradictory and several studies
were not able to demonstrate a survival benefit for the addition of GO to consolidation
chemotherapy [152,153].

In contrast, the recently published AMLSG-09-09 phase III trial investigated consol-
idation treatment with high-dose cytarabine and all-trans retinoic acid (ATRA), with or
without GO in AML patients with NPM1 mutations. A clinical benefit could be demon-
strated for women, patients up to the age of 70 years and for patients without FLT3-ITD
as demonstrated by EFS and CIR (cumulative incidence of relapse) subgroup analysis.
Particularly, a companion study of the AMLSG-09-09 trial revealed a significantly enhanced
reduction of NPM1 MRD level in the GO group resulting in a significant decrease of CIR.
Thus, the addition of GO during consolidation chemotherapy improves both the molecular
response and the outcome of ELN favorable and intermediate risk AML patients [154,155].

9.2. BiTEs and Bispecific Antibodies

In contrast to antibody drug conjugates, such as GO, bispecific T cell engager (BiTE)
molecules represent promising treatment approaches for AML patients. One of the most ex-
tensively studied BiTE blinatumomab being already approved for r/r and CD19-expressing
acute lymphoblastic leukemia, demonstrates high remission rates including patients with
MRD negativity [156,157].

Immunotherapy of AML can either consider neoantigens that arise from AML-specific
mutations specific for the individual patient or addresses AML-associated antigens. Due
to the high complexity and HLA-dependence of patient-specific neoepitopes that can be
presented to the immune system after processing of neoantigens, this approach has not
been implemented into clinical trials yet. In contrast, many AML-associated proteins are
expressed on the cell surface or intracellularly provide the rationale for promising treatment
strategies [158].
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In general, toxicity (e.g., cytokine release syndrome (CRS) or tumor lysis syndrome))
of such immunotherapeutic approaches does not only result from the interaction between
BiTE or antibody construct and the target cell (“on-target on tumor activity”). Side effects
can arise from so-called “on-target off tumor toxicity” due to the expression of the target
antigen on other cell types beyond the hematopoietic system. With respect to detection of
treatment-relevant AML antigens on distinct blood cells, expression levels of target antigens
vary between LSCs and HSCs or may be restricted to either of these compartments [159].

Currently, several clinical trials aim to investigate the impact of different BiTE molecules
directed against AML surface proteins. Here, we will describe those BiTE strategies that
have already been published or are characterized by relevant preliminary data. A common
challenge of many BiTE approaches is their short half-life resulting in the necessity of
continuous infusion of the drug as known for blinatumomab. Thus, a recent strategy is
the development of half-life extended BiTE molecules that allow a short application of the
drug by reducing its renal clearance. In the following, we give an overview about currently
investigated BiTE strategies in AML patients that are also summarized in Table 2.

Table 2. Selected clinical phase I trials exploring immunotherapeutic approaches in r/r AML.

Target
Molecule

Expression
LSC/HSC Drug Mechanism

of Action
Treatment
Schedule First Results Clinical Trial Ref.

CD33
(Siglec-3) +/+ AMG330 CD33xCD3

BiTE

continuous
infusion
D1-D28

2 weeks off

55 pts. in 16 dose cohorts:
AMG330-related AEs:

49/55 pts. (89%)
CRS: 67%, grade ≥ 3: 13%

Nausea: 11/55 (20%)
Evaluable response in

42 pts. (17%)
CRc: 7 pts.

NCT02520427 [160]

AMG673

CD33xCD3
BiTE

half-life-
extended

Infusion
@D1 and D5

every 14 days

30 pts. in 10 dose cohorts:
CRS: 15/30 pts. (50%)
TRSAE: 11/30 (37%)

blast reduction > 50% in
6/27 pts.; CRi 1 pts.

NCT03224819 [161]

CD123
(IL3Rα) ++/(+) Flotetuzumab

(MGD006)

bispecific
DART

CD123xCD3

two schedules:
7-day CIV

4 days
on/3 days off

CIV

42 pts. dose-
escalation/46 pts.@RP2D
CRS: 81%, grade ≥ 3: 7%

Nausea: 26%
CRc @RP2D: 30%

NCT02152956 [162]

Vibecotamab
(XmAb14045)

Bispecific
Antibody

CD123xCD3

weekly
infusion

CRS 62/106 pts. (58%)
no TLS

ORR@>0.75 µg/kg
7/51 pts. (14%)

CRc 5/51 pts. (10%)

NCT02730312 [163]

Abbreviations: CIV, continuous intravenous infusion; CRS, cytokine release syndrome; TEAE, treatment-emerged adverse events, r/r
AML, relapsed or refractory acute myeloid leukemia; TLS, tumor lysis syndrome; RP2D, recommended phase 2 dose; CRc, composite
complete remission.

9.3. CD33

The most comprehensively investigated CD33-directed BiTE compounds are AMG 330
and the half-life-extended AMG 673. Results of a phase I AMG 330 trial including 55 r/r
AML patients analyzed several dose steps of AMG 330 while AMG 330 needs to be dosed
by continuous infusion. In detail, CRS of at least grade 3 was observed in 13% of patients
and severity of CRS was associated with both AMG 330 dose-level and disease burden.
CRc was documented in five patients, including one patient achieving CRmol [160].

The half-life extended CD33xCD3 BiTE AMG 673 is administered by short infusion
and it has been investigated in r/r AML. In detail, 30 patients with r/r AML were treated
in ten dose-dependent cohorts and received between one and six cycles with AMG 673
demonstrating CRS in 50% (15 of 30) patients including 13% of patients with CRS grade ≥ 3.
A total of 27 patients were evaluable for response assessment whereas a reduction in AML
blasts of at least 50% could be demonstrated in 6 patients. In addition, one patient allocated
to a higher AMG 673 dose level achieved CRi [161].
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Further immunotherapeutic strategies addressing CD33 on AML cells include the
bispecific antibody GEM 333, the tandem diabody AMV564 and the CD33xCD3 bispecific
antibody JNJ-67571244, respectively, and are currently investigated in phase I clinical trials.

9.4. CD123

The high expression of CD123 on LSCs as compared to HSCs appears to be very
promising for the treatment of AML patients.

First results of a phase I clinical trial analyzing flotetuzumab first presented at the ASH
meeting 2020 have been published recently including a total of 88 patients r/r AML patients.
Patients with primary refractory AML or early relapse within 6 months were eligible for
this study. In 30 patients fulfilling these criteria and treated with the recommended phase
2 dose, the observed CRc rate was 30.0%. Flotetuzumab was well tolerated including only
1 of 30 (3.3%) patient presenting a CRS ≥ grade 3 [162].

The bispecific antibody vibecotamab (XmAb14045) has been investigated in a phase I
clinical trial including 106 patients while most patients had r/r AML. Vibecotamab was
evaluated at three dose levels and applicated weekly in a 28-day schedule. While no tumor
lysis syndrome was observed, CRS was documented in 62 of 106 patients and almost
completely restricted to grade 1 or 2. In 51 patients receiving at least 0.75 µg/kg body
weight, ORR was 14% (7 patients), including 5 patients with CRc. A low AML burden and
distinct T cell subsets have been elucidated as potential biomarkers while there was no
association with the CD123 expression level [163].

9.5. FLT3 and CLL-1

The receptor tyrosine kinase FLT3 (CD135) is not only constitutively activated in
about 30% of AML patients, but also regularly expressed on bulk AML cells and LSCs as
compared to HSCs. The BiTE construct AMG 427 is currently investigated in patients with
r/r AML in a phase 1 clinical trial [164].

Considering that FLT3-ITD (approximately 25% of AML patients) is mainly bound to
the endoplasmic reticulum and Golgi apparatus, it is a matter of debate whether a lower
surface expression of FLT3-ITD might be associated with a reduced efficacy of treatment
strategies addressing FLT3 in those AML patients harboring FLT3-ITD [165].

The surface protein CLL-1 (CLEC12A) is part of the C-type lectin superfamily and
cannot only be detected on several cell types of innate immunity, but also on LSCs in AML
patients. Since CLL-1 is not expressed on HSCs, it represents a promising target not only
for antibody-based immunotherapeutic approaches. The bi-specific antibody MCLA-117
is evaluated in a phase 1 clinical trial including r/r AML patients. Preliminary results
analyzing 50 patients revealed CRS and pyrexia as the most common adverse events while
grade ≥ 3 adverse events were rare. Response assessment including all allocated dose
levels of MCLA-117 demonstrates 26 evaluable patients with blast reduction of at least 50%
in four patients [166].

9.6. TIM-3-Directed Treatment

In contrast to HSCs, the expression of the T cell immunoglobulin and mucin protein
3 (TIM-3) can be detected on LSCs; therefore, it appears as a promising target molecule
for AML treatment. TIM-3 also represents a surface protein expressed on several subsets
of immune cells with pleiotropic functions (comprehensively reviewed by Wang and
colleagues). Briefly, TIM-3 can be detected not only on CD4+ or CD8+ T cells, but also on
natural killer (NK) cells and macrophages. Several ligands (e.g., Gal-9 or CEACAM1) are
able to bind TIM-3 with distinct functions dependent on the cellular context. Its interaction
with TIM-3 actively regulates the functional state of such important cells as T cells or NK
cells that can contribute to immunotolerance against AML cells [167].

The expression of TIM-3 on LSCs in most AML patients is the rationale for targeting
TIM-3 directly on AML cells. An autocrine loop in LSCs secreting Gal-9 can contribute to
AML maintenance. This mechanism of self-renewal has been attributed to constitutive
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activation of the NF-kB pathway and to co-activation of beta-catenin in LSCs. Due to its
dual function, addressing TIM-3 is highly promising for treatment of high-risk MDS and
AML patients [168–170].

The monoclonal antibody sabatolimab (MBG453) represents one of the best-investigated
treatment approaches directed against TIM-3 in AML and high-risk MDS patients. Saba-
tolimab has been studied in both first-line treatment and in r/r AML patients by combi-
nation with either the checkpoint inhibitor (PDR001, see below) or with HMAs. Recently
published results of the phase I clinical trial (NCT03066648) could demonstrate an ORR
of 41.2% with a 6-months duration of response (DOR) rate of 85.1% for the combination
of sabatolimab and HMA in patients with newly diagnosed AML. Sabatolimab was well
tolerated in patients with AML, MDS and CMML [171].

9.7. Checkpoint Inhibitors

Antibody-based strategies aiming at the activation of T cells have been approved for
several solid tumors and contribute to an improved survival of patients, e.g., for lung
cancer or melanoma. In AML, several ongoing clinical trials are investigating different
treatment strategies considering classical checkpoint inhibitors, such as pembrolizumab,
nivolumab, or a combination of nivolumab and ipilimumab. There is a broad spectrum
of clinical settings being addressed by current clinical trials with checkpoint inhibitors
ranging from AML patients with r/r AML to those who are in CR but characterized by a
high risk of AML relapse including e.g., following alloHSCT [172,173].

Beside treatment approaches containing only one or two checkpoint inhibitors, several
clinical trials are focusing on combination therapy with either conventional chemotherapy,
epigenetic treatment with HMAs, or targeted therapy (e.g., venetoclax). One rationale
of combination of conventional chemotherapy (e.g., AML induction chemotherapy) with
checkpoint inhibitors is the observation of an enhanced susceptibility towards cytotoxic
T cells following treatment with cytarabine. In contrast, HMA treatment can up-regulate
PD-1 expression on T cells suggesting a potential clinical benefit for the combination with
checkpoint inhibitors [174,175].

Table 3 summarizes current clinical trials investigating treatment concepts containing
checkpoint inhibitors in combination with already approved therapies for AML patients.
Thus far, no checkpoint inhibitor has been approved for treatment of AML.

Table 3. Selection of ongoing clinical trials in AML with checkpoint inhibitors.

Clinical Trial Molecular
Stratification Study Population Checkpoint

Inhibitor
Combination

Therapy Trial Phase

NCT03730012 FLT3 mutation r/r AML Atezolizumab Gilteritinib Phase 1/2

NCT04044209 IDH1 mutation r/r AML Nivolumab Ivosidenib Phase 2

NCT04277442 TP53 mutation 1L AML Nivolumab Decitabine and
Venetoclax Phase 1

NCT03066648 none r/r AML or 1L
AML PDR001

Sabatolimab
(MBG453)

or DEC

Randomized
Phase 1

NCT03922477 none r/r AML Atezolizumab Magrolimab
(Hu5F9-G4) Phase 1

NCT02890329 none r/r AML Ipilimumab Decitabine Phase 1

NCT02397720 none r/r AML or 1L
AML

Nivolumab
± Ipilimumab AZA Non-randomized

Phase 1

NCT02464657 none 1L AML Nivolumab Idarubicin and
Cytarabine Phase 2

Abbreviations: r/r AML, relapsed or refractory acute myeloid leukemia; 1L AML, first-line treatment of acute myeloid leukemia; AZA,
azacitidine; DEC, decitabine.
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9.8. CAR-T Cell Approaches in AML

The development of CAR-T cell treatment has significantly improved our therapeutic
armamentarium for pretreated patients with diffuse large B cell lymphoma (DLBCL), man-
tle cell lymphoma (MCL), or acute B-lymphoblastic leukemia, and will also be implemented
in treatment algorithms for follicular lymphoma and multiple myeloma [176].

A major challenge of CAR-T cell approaches in AML patients is the expression of
several target proteins on healthy hematopoiesis resulting in prolonged cytopenia being
associated with an even more increased risk of severe infectious complications or the
necessity of subsequent alloHSCT. Another important biological aspect concerning CAR-
T cell therapy in AML is the potentially reduced T cell number and function following
conventional chemotherapy.

Current clinical trials with CAR-T cells in AML patients address CD33, CD123, CLL-1,
CD44v6, and NKG2D as target molecules expressed on AML, while conditioning therapy
prior to CAR-T cell application is similar to lymphodepletion regularly administered in
lymphoma patients [159].

Efforts are ongoing to improve the specificity of CAR-T cells with respect to its “on-
target but off-tumor” effects on HSCs and to reduce the toxicity profile (e.g., the severity
of CRS). Two promising approaches to achieve those goals consider bispecific CAR-T
cells. In detail, compound CAR (cCAR)-T cells contain two independent and functionally
active CAR molecules (e.g., CLL-1 and CD33). Preliminary results of the corresponding
clinical trial describe MRD negative CR following cCAR-T cell treatment in r/r AML
patients [177,178].

Another concept considering two target domains (CD13 and TIM-3) being recognized
by bispecific and split CAR (BissCAR) T cells has been developed by He and co-workers.
This CAR-T cell approach has a high potential to enhance the specificity by reducing its
toxicity against HSCs [179].

9.9. Novel Promising Targets: CD47 and CD70

In addition to the activation of T cells by BiTE molecules or bispecific antibodies, two
important treatment strategies aiming at the activation of innate immunity against AML
cells are reported. Both approaches have already been investigated in early clinical trials
with promising results.

9.9.1. CD47

The integrin-associated transmembrane protein CD47 is widely expressed on AML
cells and can suppress macrophages preventing leukemia cells from phagocytic elimination.
The expression level of CD47 is associated with the clinical outcome of AML patients
attributed to the unfavorable prognostic subgroup and characterized by an inferior EFS
and OS [180,181].

The CD47-SIRPalpha axis that is also known as the “do not eat me” signaling can
be disrupted by the first-in-class monoclonal antibody magrolimab (Hu5F9-G4). In a
recently published clinical trial, 52 therapy-naïve AML patients with adverse prognostic
markers, including patients with TP53 mutations underwent magrolimab treatment in
combination with AZA. Here, a high CRc rate of 50% including half of these patients with
MRD negativity could be achieved in this study cohort resulting in a median OS of about
13 months. In patients with high-risk MDS, a phase 3 study is ongoing investigating the
clinical impact of additional treatment with magrolimab [182,183].

Furthermore, this immunotherapeutic approach has the potential to eliminate LSC
effectively. Thus, this special checkpoint inhibitor targeting the CD47-SIRPalpha axis is
considered as a promising treatment approach not only for AML patient.

9.9.2. CD70

The surface protein CD70 represents an important ligand of the TNF superfamily
receptor CD27, and can be detected on most AML blasts, while both surface molecules are
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not detectable in healthy bone marrow cells. The CD70-CD27 axis can promote AML cell
growth and contributes to the blockage of cell differentiation in AML. The soluble form of
CD27 (sCD27) can be detected in sera of AML patients displaying a negative prognostic
marker in case of higher sCD27 levels. The expression of CD70 on LSCs in AML patients
supports the hypothesis that the interaction between CD70 and CD27 plays a key role in
LSC maintenance [184].

CD70 can be targeted by the monoclonal antibody cusatuzumab that is characterized
by an enhanced activity in terms of antibody-dependent cellular cytotoxicity (ADCC). In
a recently published phase I study, cusatuzumab has been evaluated in a dose escalation
cohort of 12 elderly treatment-naïve AML patients while all patients received a single
dose of cusatuzumab followed by AZA treatment. The combination therapy of AZA and
cusatuzumab was well tolerated at all dose levels. Importantly, 8 of 12 patients enrolled
into this study achieved CRc including 4 patients with MRD negativity. In addition, the
authors can demonstrate a significant reduction of LSCs following treatment with the
CD70-targeting antibody cusatuzumab [185].

In consideration of the vulnerability of LSCs towards cusatuzumab, CD70 represents
an attractive target molecule for the improvement of AML therapy. Besides testing further
treatment combinations (e.g., cusatuzumab plus AZA and venetoclax), CD70-directed
CAR-T cell approaches are under development [186,187].

10. Effective Targeting of Leukemic Stem Cells

LSCs play a pivotal role in AML development, response to treatment and are respon-
sible for the evolution of AML relapse following persistence of detectable MRD. LSCs can
be characterized by a distinct immune phenotype within the CD34+CD38- AML fraction
regularly expressing such important surface proteins, such as CD123, TIM-3, CLL-1, CD70,
CD44v6, or GPR56. Some of these proteins are exclusively expressed on LSCs or display a
higher expression level as compared to normal CD34+CD38- HSCs representing potential
targets for immunotherapy approaches (e.g., BiTEs or CAR-T cells) in AML treatment [188].

The eradication of residual AML cells by addressing persistent LSCs by immunother-
apy is also under investigation by means of reactivation of AML-directed T cells implement-
ing checkpoint inhibitors in different clinical settings as described above. The expression of
TIM-3 on both LSCs and on a broad range of immune cells (e.g., T cells) makes TIM-3 an
attractive target for AML therapy [167].

Importantly, similar to clonal heterogeneity in “bulk AML” potentially responsible for
persistent MRD and treatment failure by clonal selection under conventional chemotherapy
or following targeted therapy (e.g., breakthrough of FLT3-ITD-negative clones under
midostaurin maintenance therapy) distinct LSC populations are hypothesized in AML
patients. Such a diversity on the level of AML LSCs contributes to a high complexity of
addressing LSCs effectively [189–191].

Transcriptome profiling of LSCs revealed a LSC signature that can be attributed
to leukemia-initiating capacity and so-called “stemness”. Moreover, LSCs are predomi-
nantly regulated by epigenetic mechanisms rather than by driver mutations as detected
in “bulk AML” cells resulting in a characteristic LSC expression signature resulting from
a unique chromatin and epigenetic landscape. Together with a high plasticity and het-
erogeneity, LSCs can develop a dynamic resistance to chemotherapy or other treatment
approaches [191,192].

Beside clonal selection of different AML clones or distinct LSC subtypes due to
heterogeneous mutational patterns, in terms of clinically relevant molecular aberrations
LSCs in AML are characterized by a series of unique molecular features. In detail, precise
regulation of cell cycle entrance, differentiation or apoptosis is at least in part maintained by
highly conserved signaling pathways (e.g., SHH pathway). Thus, implementing targeted
therapies addressing such pathways can not only reduce resistance to chemotherapy but
also contribute to a deeper remission and potential improvement of survival in AML
patients [123,126].



Cancers 2021, 13, 5722 20 of 31

In addition to highly conserved signaling pathways, the interaction between LSCs and
bone marrow microenvironment plays a crucial role. In detail, mobilization of LSCs from
the bone marrow niche, e.g., by disruption of CXCR4 signaling represents a promising
approach of “LSC priming” to enhance the susceptibility of LSCs to chemotherapy [193].

Furthermore, quiescence of LSCs is strictly regulated and increased expression of
the transcription factor FOXM1 has been demonstrated to be crucial for survival and self-
renewal of LSCs in KMT2Ar-derived AML. Upregulation of FOXM1 can directly activate
the Wnt/beta-catenin signaling pathway preserving LSC quiescence and promoting their
maintenance [194].

Another critical mechanism of LSC protection is represented by the integrated stress
response (ISR) pathway responsible for balancing LSCs between apoptosis and survival
under distinct critical conditions. Thus, the ISR pathway can rescue LSC within the
hypoxic bone marrow niche by inhibition of reactive oxygen species (ROS) production. The
CD34+CD38- compartment is also characterized by an increased activating transcription
factor 4 (ATF4) expression indicating higher IRS pathway activity and potential target for
AML therapy [195,196].

In addition to these promising targets that can be addressed in LSCs in a more specific
manner, as compared to HSCs, several additional mechanisms of LSC maintenance have
been investigated in pre-clinical models or even in early-phase clinical trials. Figure 2
summarizes the current concepts and important mechanisms that are in focus of future
treatment strategies to eradicate LSCs in AML patients.
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protein CXCR4 and activated by CXCL12, which is crucial for anchorage of LSCs in the bone marrow niche. Inhibition of
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CD44 overcomes resistance to BCL-2 inhibitor venetoclax whereas CXCR4 can directly be inhibited by plerixafor, leading to mobilization
of LSCs from the bone marrow niche [197]. CD47 is an integrin associated membrane protein and able to suppress macrophages and
thus preventing eliminating of LSCs. The CD47 directed monoclonal antibody magrolimab could disrupt the connection between
CD47 on LSC and SIRPalpha on macrophages. CD123 as interleukin 3 receptor can be targeted by bispecific CD3/CD123 antibodies
to redirect T-cell to LSCs. CD70 as a ligand of the TNF superfamily receptor CD27 can be hindered from binding by monoclonal
antibody cusatuzumab or CD70 directed CAR-T cells. Same approaches are illustrated for CLL-1 receptor. SHH and MAPK signaling is
illustrated since they represent highly conserved pathways in LSCs which mainly contribute to maintenance and cell proliferation.
MAPK is known to activate integrated stress response signaling which promotes cellular recovery and restore homeostasis. The
transcription factor FOXM1 is crucial for maintaining, survival, and renewing of LSCs, which is activated by b-catenin/WNT signaling.
Created with BioRender.com. Abbreviations: TIM-3 T cell immunoglobulin and mucin-domain containing-3; AML acute myeloid
leukemia; LSC leukemic stem cell; CAR-T chimeric antigen receptor t cell; GPR56 adhesion G protein–coupled receptor 56; HOXA1
Homeobox A1; CXCR4 C-X-C chemokine receptor type 4; CXCL12 C-X-C chemokine ligand type 12; BCL-2 b-cell lymphoma-2; TNF
tumor necrosis factor; CLL-1 C-type lectin domain family 12 member A; SHH sonic hedgehog; MAPK Mitogen-activated protein;
FOXM1 Forkhead Box Protein M1; VEN Venetoclax.

11. Conclusions

Cytogenetic, especially molecular genetic analysis of AML cells, at diagnosis and
at relapse, is indispensable for risk stratification with respect to alloHSCT consolidation
treatment, and to implement target therapies up-front.

Treatment algorithms for elderly AML patients not eligible for intensive chemotherapy
have been changed and the addition of venetoclax to epigenetic therapy has improved
survival of elderly AML patients tremendously. Understanding the molecular mechanisms
of primary or acquired resistance to venetoclax-based regimens in AML is of importance
to improve second-line strategies for those patients not responding adequately to this
treatment. Several candidates that are responsible for resistance to venetoclax were iden-
tified and molecularly defined strategies (e.g., inhibition of MCL-1) have the potential to
overcome resistance in this clinical setting.

In consideration of the limited prognosis of elderly AML patients, future strategies
might not only implement ex vivo characterization of primary AML cells. A comprehensive
analysis considering resistance-conferring mutations (e.g., PTPN11) or the detection of
individual phospho-proteome signatures able to reveal aberrant activation of signaling
pathways able to mediate venetoclax resistance (e.g., MAPK activation) can contribute to
improve future AML therapy.

While immunotherapy-based approaches have been implemented in the treatment
of many entities, so far, gemtuzumab ozogamicin is the only antibody approved for AML
therapy. Potential immunotherapeutic strategies either directly addressing AML surface
proteins (e.g., CD123) or indirectly activating the innate immune system (e.g., macrophages
by targeting CD47) are currently developed as single treatments or in combination with
epigenetic therapy.

Future diagnostic approaches need to implement a much broader immunopheno-
type characterization in order to provide an optimal selection of immunotherapy for the
individual AML patient.

The molecular and immunological characterization of LSCs provide substantial
chances to improve response to AML therapy beyond controlling “bulk” AML cells and to
achieve deeper remissions prior to alloHSCT to further increase survival of AML patients.

Thus, both molecular and immunological characterization of AML cells should not be
restricted to the whole population of AML cells, but instead focus on the prognostically
relevant LSCs. Our vision for the future is a combined diagnostic approach, considering
genetic and proteomic diagnostics that allow an integrated characterization for targeted
therapy and the prediction of treatment resistance in AML.

Taken together, the armamentarium to treat AML is still growing, and the landscape
of ongoing clinical trials contains promising new treatment approaches.
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