hemato

Review

Genome-Based Medicine for Acute Myeloid Leukemia: Study
and Targeting of Molecular Alterations and Use of Minimal
Residual Disease as a Biomarker

Ugo Testa *

check for
updates

Citation: Testa, U.; Castelli, G.; Pelosi,
E. Genome-Based Medicine for Acute
Myeloid Leukemia: Study and
Targeting of Molecular Alterations
and Use of Minimal Residual Disease
as a Biomarker. Hemato 2022, 3,
543-568. https://doi.org/10.3390/
hemato3030038

Academic Editor: Bruno Paiva

Received: 27 June 2022
Accepted: 1 September 2022
Published: 6 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Germana Castelli and Elvira Pelosi

Department of Oncology, Istituto Superiore di Sanita, 00161 Rome, Italy
* Correspondence: ugo.testa@iss.it

Abstract: Acute myeloid leukemia (AML) is a highly heterogeneous hematologic malignancy charac-
terized by the clonal proliferation of hematopoietic stem and progenitor cells (HSPCs) and blockade
of differentiation and proliferation of immature myeloid cells that accumulate in bone marrow at the
expense of normal hematopoiesis. AMLs originate from the expansion of HSPCs progressively ac-
quiring somatic mutations. The development of high-throughput sequencing techniques has helped
to discover the genetic heterogeneity and complexity of AMLs, revise diagnostic and prognostic
criteria, and to identify new therapeutic targets. These studies have allowed the identification of
several recurrent driver mutations and the definition of a rational molecular classification of these
tumors. In parallel, the development of techniques for the determination of single-cell mutational
profiling has considerably contributed to understanding the clonal heterogeneity and evolution of
AMLs. The acquisition of these genetic data coupled with the identification of molecular therapeutic
targets has determined a considerable expansion of the therapeutic armamentarium, with the devel-
opment of several new drugs highly active against specific AML subtypes. These developments have
increased the interest and the need for sensitive techniques for the identification of minimal residual
disease, the population of leukemia cells that survives despite morphological remission and causes
disease relapse.
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1. Introduction

Acute myeloid leukemia (AML) is a heterogeneous malignant disease initiated through
the clonal expansion of hematopoietic stem/progenitor cells due to the progressive acqui-
sition of somatic genetic alterations. AML development is induced by the acquisition of
somatic gene mutations and/or chromosomal abnormalities that induce impaired myeloid
differentiation and abnormal proliferation at the expense of of the normal hematopoietic
system. A careful assessment of cytogenetic abnormalities and gene mutation analysis is
required for the diagnosis, classification, prognosis, and treatment of AMLs.

The incidence of AML is age-dependent, rising markedly at the age of >60 years, with
a median age at diagnosis of about 68-70 years [1,2]. The incidence of AML in Europe
increased from 3.48 in 1976 to 5.06 cases per 100,000 people in 2013, a phenomenon at least
in part related to the aging of the population [3].

The identification and classification of cellular and molecular abnormalities occurring
in AML are of fundamental importance for understanding their pathogenesis and for the
development of a more rational approach to their treatment. Thus, the initial classification
of AML, the French—-American—British (FAB) classification, was based on the evaluation of
the hematopoietic cell lineage of leukemic cells and of their differentiation stages based
on cytological and cytochemical techniques. The development of techniques in the study
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of cytogenetic abnormalities introduced new fundamental criteria in the classification of
AMLs, reflected in the World Health Classifications of AML proposed in 2001 and 2008 [4,5].

The aim of the present paper is to review the recent developments in the definition of
the mutational landscape of AMLs and of the genetic drivers present in these AMLs. These
studies have contributed to a better understanding of the pathogenesis of AMLs, defining
their molecular heterogeneity and identifying targetable pathways. The development of
sensitive molecular techniques also permits defining the amount and the molecular features
of leukemic cells eventually surviving the various antileukemic treatments (defined as
minimal residual disease, MRD) and thus monitoring the efficacy of these treatments and
providing an important marker for prognosis and rapid evaluation of the efficacy of new
drugs or for guiding optimal treatment. Therefore, the molecular characterization of AMLs
may provide three essential parameters: definition of molecular alterations and molecular
classification of AML; definition of its clonal heterogeneity; evaluation of the presence of
residual leukemic cells after treatment.

2. Molecular Abnormalities of AMLs
2.1. De Novo, Secondary and Therapy-Related AMLs

AMLs can be classified into three different groups depending on their origin: de novo,
secondary (sAML), and therapy-related AML (tAML). sSAML and tAML are recognized as
AML clinical subtypes. Following the WHO classification of myeloid neoplasms, sAMLs
are defined as AMLs occurring after an antecedent myeloid neoplasia, such as a myelodys-
plastic syndrome (MDS) or a myeloproliferative neoplasm (MPN), independently of the
therapy used for the treatment of these disorders. tAMLs are defined as AMLs occurring as
a late complication related to the mutagenic potential of cytotoxic chemotherapy and/or
radiotherapy for a neoplastic or non-neoplastic disease [6].

A Danish population-based study carried out on 3055 AML patients diagnosed over
13 years from 2000 to 2013 showed that 73.6% of cases correspond to de novo AMLs.
Of these, 19.8% to sAMLs and 8.3% to tAMLs [7]. tAMLs were mostly related to solid
tumors or lymphoproliferative disorders [7]. An antecedent myeloid disorder (SAML) or
prior cytotoxic exposure (tAML) was associated with a reduced rate of complete remission
and decreased overall survival compared to de novo AMLs [7].

Molecular profiling studies have shown remarkable differences in the frequency of
several molecular abnormalities between sAMLs, tAMLs, and de novo AMLs, as well as
between sAMLs and tAML. The presence of mutations in SRSF2, SF3B1, U2AF1, ZRSR2,
ASXL1, EZH2, BCOR, or STAG2 was specific for sAMLs; tAMLs frequently displayed TP53
mutations (23% of cases), and in 33% of cases harbored secondary-type mutations in SRSF2,
SF3B1, U2AF1, ZRS2, ASXL1, AZH2, BCOER, or STAG2 (Figure 1) [8].

Nazha et al., through the analysis of a large set of primary and secondary AMLs,
confirmed that mutations of the genes DHX29, ASXL1, SF3B1, BCOR, PRPFS, CBL, BCORL1,
EZH2, STAGF2, JAK2, U2AF1, TET? are more specific for sSAML, whereas CEBPA, IDH?2,
DNMT3A, NPM1, and FLT3 mutations are more specific for primary de novo AMLs
(Figure 1) [9]. The cytogenetic profile showed that sAMLs were more frequently clas-
sified as pertaining to an unfavorable risk category than pAMLs (Figure 2) [9]. Patients
with tAML are older and display more frequently than patients with pAML cytogenetic
abnormalities, including monosomal (—7, —5 or 5q~, 7q~) and complex karyotypes, events
associated with a poor outcome [10]. More recent studies on a large set of tAML patients
confirmed the decrease in the frequency of normal karyotype (30% vs. 46%) and the increase
of complex karyotype (29% vs. 16% in sAML) compared to pAMLs (Figure 2) [11]. Tar-
geted mutational analysis in strictly defined sAML showed that the genes most frequently
mutated are those involved in RNA splicing (55%), DNA methylation (44%), chromatin
modification (42%), RAS signaling (42%), transcriptional regulation (34%), and cohesion
complex (22%).
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Figure 1. Frequency of main driver mutations in pAML, sAML, and tAML. Top Panel: frequency of
recurrent gene mutations in adult pAML, sAML, and tAML. The Figure is based on the data reported
by Lindsley et al., 2015 [8]. Bottom Panel: ratio between mutation frequency of some relevant driver
gene mutations observed in sAML and in pAML. This graph reports the data relative to a set of
genes whose mutations were clearly more frequent or less frequent in SAML compared to pAML.
The Figure is based on the data reported by Nazha et al., 2016 [9].

Metzler et al. explored the association of driver gene mutations with clinical char-
acteristics and cytogenetic alterations. The major findings of this analysis showed that
DNMT3A and NPM1 mutations were more common in women than in men; RUNX1,
SRSF2, ASXL1, STAG2, and BCOR were less common in women than in men; FLT3-ITD
mutations were associated with high blast cell counts; mutations in SRSF2, ASXL1, STAG2,
U2AF1, RUNX1, and PTPN11 were more frequent in secondary AMLs (sAMLs, AMLs
developing from a pre-existing myelodysplastic syndrome or a myeloproliferative disorder)
than in de novo-occurring AMLs; TP53 mutations were more frequent in therapy-related
AMLs (tAMLs); mutations at the level of DNMT3A, FLT3, NPM1, IDH1, IDH2, and CEBPA
are present predominantly at the level of patients with normal karyotype [12].
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Figure 2. Cytogenetic abnormalities in pAML, sAML and tAML. Top Panel: main cytogenetic
abnormalities observed in pAML and sAML. The Figure is based on the data reported by Nazha et al.,
2016 [9]. Bottom Panel: main cytogenetic abnormalities observed in pAML, sAML, and tAML. The
Figure is based on the data reported by Kuzmanovic et al., 2016. [11].

tAMLs represent the most aggressive and chemo-resistant malignancies with a 5-year
survival of <10% [13]. The 2016 and 2022 WHO classifications of myeloid neoplasms
classified the myeloid neoplasms occurring after therapy, including tMDS (therapy-related
myelodysplastic syndrome), tMDS/MPN, and tAML, as unique clinical entities called
tMN (therapy-related myeloid neoplasm) [14-16]. As a consequence, several studies have
considered tMDS and tAML together. As for tAMLs, tMDSs are observed in patients treated
for solid tumors (54%) or hematological disease (43%), and tMDSs are observed in patients
treated with chemotherapy alone or combined chemo-radiotherapy [17]. Two patterns
of tAML development have been reported, one characterized by tAML onset 5-7 years
after alkylating chemotherapy or radiation therapy and a second one occurring 2-3 years
after exposure to topoisomerase II inhibitors, such as etoposide and anthracyclines. tMDSs,
compared to pMDSs, display a higher proportion of cases pertaining to high/very high-risk
scoring, a higher proportion of cases with multiple cytogenetic aberrations, and shorter
overall survival [17]. tAMLs are characterized by a higher frequency of TP53, DNMT3A,
FLT3, NPM1, and NRAS mutations and fewer secondary-type mutations, such as SRSF2,
ASXL1, BCOR, and RUNX1, as compared to sAML.

De novo AMLs are characterized by recurrent mutations of some genes, including
NPM1, FLT3 (including both FLT3-ITD and FLT3-TKD mutations), DNMT3A, NRAS, CEBPA,
IDH1, IDH2, TET2, KIT, RUNX1, and PTPN11. In de novo AMLs, mutations of the genes
involved in spliceosome machinery (SF3B1, SRSF2, U2AF1, ZRSR2) are rare. A recent
study provided a detailed genetic characterization of 863 de novo AML patients within an
age range between 17 and 59 years [18]. The most frequently observed mutations in the
ELN favorable-risk group of patients consisted of biallelic CEBPA mutations and NPM1
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mutations with no FLT3-ITD or a low FLT3-ITD allelic ratio. Regarding NRAS and KIT mu-
tations, the most recurrent mutations in the intermediate-risk group were NPM1 mutations
in association with FLT3-ITD with high alleleic ration (FLT3-ITD"8") and IDH1 and IDH?2
mutations, in large part not associated with NPM1 mutations. In the adverse-risk group,
the most frequent mutations were TP53, FLT3-ITD"8" and NPM1 wild-type, RUNX1, and
ASXL1 mutations [18]. The gene mutations distributed according to pathways showed
some remarkable differences between the three ELN risk groups. RAS pathway mutations
were enriched in the favorable-risk group, mutations in kinase and methylation-related
genes were preferentially observed in the intermediate-risk group, and mutations in genes
encoding for spliceosomes, transcription factors, and tumor suppressors were more fre-
quent in the adverse-risk group [18]. Importantly, in multivariate analysis, the presence of
some gene mutations conferred a change in prognosis compared to that provided by the risk
ELN evaluation; thus, the presence of BCOR, WT1, or SETB1 mutations in AML otherwise
classified as favorable-risk AMLs was associated with an overall survival comparable to
that of an intermediate-risk and not of a favorable-risk AML. In the intermediate-risk group,
the presence of WT1 mutations was associated with a prognostic profile more compatible
with an adverse-risk AML. The presence of FTL3_I TD"i8" was associated with short DFS and
OS independently of co-occurring NPM1 mutations; the co-occurrence of WT1 and NPM1
mutations was associated with a particularly poor outcome. The presence of DNMT3A
mutations in intermediate-risk AMLs was associated with poorer DFS and OS [18]. These
observations strongly support the consistent utility of extensive characterization of the
genetic abnormalities of de novo AML patients for an accurate evaluation of risk and for
the definition of the optimal therapeutic strategy.

The mutational pattern of AMLs in elderly patients was compared to that observed
in younger patients. There are remarkable differences in the frequency of some gene
mutations in older AML patients compared to younger AML patients. TET2, SRSF2,
ASXL1, RUNX1, TP53, and BCOR mutations are more frequent in older (>60 years) than
in younger (<60 years) AML patients, FLT3-ITD and WT1 mutations are less frequent
in older than younger AML patients, and DNMT3A and NPM1 mutations have similar
frequencies in older and younger AML patients [19,20]. The complete remission rate in
these patients was low (about 40% of patients), and their overall survival was low (about
20% at 3 years) [21]. NPM1 and FLT3-ITD mutations do not seem to have a significant
impact on overall survival [22].

2.2. Molecular Classification of AML

AMLs are a heterogeneous group of hematological malignancies characterized by
a complexity of molecular alterations and clonal development. Considerable progress
has been made in the characterization of the molecular abnormalities underlying AMLs,
with the identification of recurrent chromosomal alterations and gene mutations, allowing
the classification of these leukemias into various subgroups characterized by different
genetic alterations and responses to current treatments [23-26]. This molecular classi-
fication identified some major molecular subtypes: (i) AMLs characterized by peculiar
translocation events (balanced rearrangements) leading to the formation of fusion genes
and correspondent fusion proteins, including inv(6), t(15;17), t(8;21), inv(3), MLL fusions,
and t(6;9); (ii) AMLs with chromatin-spliceosome gene abnormalities, including mutations
of genes involved in RNA splicing (SRSF2, SF3B1, U2AF1, ZRSR2), chromatin, and tran-
scription; (iii) AMLs characterized by TP53 mutations, complex karyotype alterations, and
copy-number chromosome alterations; (iv) AMLs displaying mutations of the nucleophos-
min 1 (NPM1) gene; (v) AMLs characterized by double CEBPA mutation; (vi) AMLs with
IDH2R'72 mutation, defined as a distinct subgroup for the mutual exclusivity with NPM1
mutation and other class-defining lesions [26]. AMLs with mutated RUNX1 have been
included in the WHO classification as a provisional entity in the category of AMLs with
recurrent genetic abnormality [26].
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Recently, the 5th WHO classification of hematolymphoid tumors proposed a classi-
fication of AMLs based on all available molecular and histopathological criteria [14,15].
This classification includes a group of AMLs with defining molecular abnormalities and a
group of AMLs without defining genetic abnormalities but defined by differentiation [15].
The large group of AMLs with defining genetic abnormalities includes three subgroups: a
subgroup including well-defined genetic alterations (PML-RARA, RUNX1-RUNXT1, CBFB-
MYH11, DEK-NUP214, RBM15-MRTFA, BCR-ABL1 fusions, KMT2A, MECOM, NUP98
rearrangements, and NPM1 and CEBPA mutations); a subgroup with other defined genetic
alterations, representing a landing spot for new, rare, emerging entities, such as rare genetic
fusions; (iii) a subgroup with myelodysplasia-related AMLs, including AMLs with rare
genetic fusions; a subgroup of dysplasia-related AMLs, characterized by the presence
of cytogenetic abnormalities typically observed in myelodysplasia and some gene muta-
tions (ASXL1, BCOR, EZH2, SF3B1, SESF2, STAG2, U2AF1, ZRSR2). The group of AMLs
with AMLs without defining mutations but defined by differentiation includes 8 subtypes
(AML with minimal differentiation, AML without maturation, AML with maturation, acute
basophilic leukemia, acute myelomonocytic leukemia, acute monocytic leukemia, acute
erythroid leukemia, and acute megakaryoblastic leukemia). Some of these leukemias are
associated with frequent genetic non-defining alterations, such as frequent biallelic TP53
mutations in acute erythroid leukemia [15].

Compared to other tumors, AMLs are characterized by a relatively low number of
mutations in coding genes [27].

According to various molecular criteria, the European Leukemia Net stratified AMLs
into 3 risk subgroups, those with favorable prognosis (comprising t(15;17), t(8;21), inv(6),
biallelic mutated CEBPA and NPM1 mutant (without FLT3-ITD), intermediate prognosis
(encompassing NPM1 mutant with FLT3-ITD"?, t(9;21) and various cytogenetic abnormali-
ties not classified as favorable or adverse), and adverse prognosis (comprising monosomy
7 and 5, deletion of long arm (q) chromosome 7, abnormalities of 3q, 17p and 11q, multiple
cytogenetic abnormalities, NPM1 wt and FLT3-ITD"8", TP53 mutations associated with
complex karyotype, ASXLI mutations, t(6;9) and t(3;3) groups [28].

At the moment, conventional cytogenetic and FISH analysis remains an essential
component of the diagnostic machinery required for patients with AML. However, a recent
study showed that a single technique, whole-genome sequencing, is able to provide rapid,
accurate, and complete genomic profiling in AML patients. In fact, whole-genome sequenc-
ing detected all 49 recurrent translocations and 91 copy-number alterations that had been
identified by cytogenetic analysis. In addition, this technique identified new, clinically re-
portable genomic events in 17% of patients [29]. Prospective sequencing of 117 consecutive
AML samples showed that whole-genome sequencing could be performed within 5 days, a
lapse of time compatible with clinical activity, provide new genetic information in about
25% of patients, and change the risk category in about 16% of cases [29].

2.3. Genetic Alterations in Relapsed AMLs

A total of 40 to 80% of adults and about 35% of children relapse within 3 years.
Relapse is associated with a dismal outcome and is the main cause of death for these
patients. Higher frequencies of relapse have been observed in AML patients with TP53
alterations, adverse-risk cytogenetics, and FLT3-ITD mutations.

To understand the most frequent mutational changes at relapse in AML, it is of funda-
mental importance to consider the consistent variability of the variant allele frequencies
of the most recurrent driver gene mutations. TP53, IDH2, MLL rearrangements, DNMT3A,
CEBPA, TET2, EZH2, NPM1, inv(16), U2AF1, and #(8;21) displayed a VAF just below 0.5,
implying that these mutant genes were present at a heterozygous state and were present in
most cells in the AML samples. Mutations in genes involved in growth factor signaling
(FLT3, KIT, NRAS, KRAS, PTPN11) were present at a lower allelic ratio, suggesting that the
acquisition of the mutations of these genes often occurs late in leukemia development [15].



Hemato 2022, 3

549

Greif et al. explored the genetic alterations in 50 AML patients with normal karyotype
at diagnosis, complete remission, and relapse [30]. At the level of mutational burden, at
relapse, a small but significant increase in mutational burden was observed. At relapse,
67 mutations were lost and 104 were acquired compared to AML samples at diagnosis [30].
Two genes (CBL and PTPN11) were recurrently altered only at diagnosis, whereas three
genes (KDM6A, DRD1, and NFE2?) were recurrently altered only at relapse [30]. Most recur-
rently mutated genes displayed similar frequencies of mutation at diagnosis and at relapse;
however, mutations of WT1, IDH1, KDM6A, and KPNB1 were recurrently gained at relapse,
while FLT3 point mutations were lost in a number of patients at relapse. Some patients
acquired FLT3-ITD mutations at relapse [30], and 10% of patients acquired chromosomal
alterations at relapse, trisomy 8 being the only recurrent chromosomal alteration gained
in a few patients at relapse. Taking into account all types of genetic alterations (sequence
variants, cytogenetic alterations, and copy number alterations), the relapsed patients were
subdivided into four different groups: patients with stable genetic alterations; patients
with a gain in genetic alterations at relapse (“stable + gain”, 24%); patients with loss of
genetic alterations at relapse (“stable + loss”, 16%); patients with both gain and loss of
genetic alterations at relapse (“mixed”, 30%) [30]. Interestingly, patients with a stable + loss
evolutionary profile relapsed earlier (all within the first year after complete remission)
compared to those with mixed or stable + gain profiles. Finally, a number of relevant
findings concerned the mutations in genes linked to epigenetic regulation. Mutations in
DNMT3A, IDH1, and IDH2 showed similar variant allele frequencies at diagnosis and
relapse in the large majority of cases, no patients acquired DNMT3A, TET2, or ASXL1
mutations during disease progression, none of the mutations affecting the various genes
involved in epigenetic regulations were lost at relapse, and in 20% of patients, mutations
in epigenetic regulators were acquired at relapse [30]. In contrast to epigenetic regulators,
mutations in genes involved in signaling pathways, such as RTK genes or RAS signaling
pathway genes, were consistently unstable, with frequent losses or gains from diagnosis to
relapse [30].

Rapaport et al. recently explored the genomic and evolutionary portraits of disease
relapse in 120 AML patients who received standard-of-care combination chemotherapy,
achieved complete remission, and experienced disease relapse [31]. Of these, 43% of
patients displayed at least one mutation loss and 47% at least one mutation gain at relapse.
The analysis of the gene mutation profile showed that in more than 50% of the patients
possessing mutations at the level of TP53, WT1, or FLT3-ITD, the mutant subclone exhibited
an expansion from diagnosis to relapse. More than 50% of subclones bearing NRAS,
PTPN11, and FLT3 point mutations were contracted at relapse; mutations at the level of
DNMT3A, NPM1, and CEBPA were frequently associated with a clonal fraction and were
stable from diagnosis to relapse [31]. The analysis of the VAF of the main genetic alterations
also allowed defining the pattern of clonal evolution of these relapsing tumors. About 52%
of cases displayed significant changes in subclonal composition, 32% of cases exhibited
a conversion of at least one subclonal fraction at diagnosis into a clonal event at relapse
or displayed a novel clonal event at relapse, and about 16% of patients showed a stable
clonal/subclonal pattern [31].

It is of fundamental importance to understand the leukemia relapse process at the
clonal level. In terms of clonal evolution, the reappearance of leukemic disease after relapse
can involve four different mechanisms: the founding leukemic clone may acquire new
mutations, mediating chemoresistance and determining its expansion and, consequently, its
emergence as the predominant clone at disease relapse; a subclone or a non-founding clone
is resistant to chemotherapy, develops new mutations, undergoes an expansion process
and emerges as the predominant clone at relapse; the chemotherapy treatments induce the
development of a new leukemic clone, not present at diagnosis, responsible for disease
relapse; an ancestral, very minority pre-diagnostic clone, develops a consistent oncogenic
potential through new mutations and emerges as the predominant clone at relapse [32].
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2.4. Clonal Hematopoiesis of Undetermined Potential (CHIP) and tAML Development

The current pathogenetic interpretation of tAML development implies the origin of
the expansion of clonal hematopoiesis clones due to the mutagenic activity of cytotoxic
chemotherapy or radiotherapy. Alternatively, new mutations occur in the normal HSC
compartment and progressively drive the leukemic process. The first mechanism seems to
play a major role in the development of tAMLs. Clonal hematopoiesis of undetermined
potential (CHIP) is a biological event associated with age observed in healthy individuals
and corresponding to the presence in their blood /bone marrow of clonal mutations at the
level of DNMT3A, TET2, and ASXL1 genes; a fraction of the individuals with CHIP develop
a hematological neoplasm later [33]. In addition to the three genes mentioned above,
mutations of the epigenetic modifiers IDH1 and IDH2 and the splicing factor genes SF3B1,
SRSF2, and U2AF1, of TP53 and JAK2 genes are also observed at the level of CHIP. Pre-
AML cases of clonal hematopoiesis are characterized by more mutations per sample, higher
mutant allele frequencies, and enrichment of mutations in specific genes (such as TP53,
IDH1, IDH2, DNMT3A, TET2, and spliceosome genes) [34,35]. Detection of clonal mutations
>0.01 VAF identifies subjects at increased risk for developing AML [36]. The considerable
variation observed in variant allele frequencies among individuals is mainly driven by
chance differences in the timing of mutation acquisition combined with differences in
the cell-intrinsic fitness of variants; thus, CHIP development reflects a stochastic process
of acquisition of mutations by hematopoietic stem cells and possible clonal expansion
driven by some mutations with increased fitness conferring a selective advantage to mutant
hematopoietic stem cells [37].

CHIP is a risk factor for blood malignancies and particularly for developing AML.
However, it is still unclear why some individuals who harbor CHIP driver mutations
progress to AML while others do not. A recent study evidenced the existence of purifying
selection operating more or less in all individuals and preventing disease-predisposing
clones from rising to dominance and from inducing a pre-leukemic process [38]. The
balance between evolutionary pressures ultimately drives mutation dynamics and health
outcomes in aging blood elements [38].

Two large studies by Gillis et al. [39] and Takahashi et al. [40] provided evidence that
patients with CHIP in pre-treatment PB samples have a significantly increased probability
of developing tAML after treatment. CHIP can be detected in 70% of patients with cancer
who subsequently develop tMN [41]. Not only gene mutations but also chromosome
arm-level copy-number alterations are detectable as CHIP and preexist before exposure of
patients to chemotherapy or radiotherapy [41].

Some mutations recurrently observed in tAMLs are related to the previous therapy
to which these patients were exposed. Thus, Coombs et al. assessed the occurrence of
CHIP in 8810 cancer patients with solid tumors. CHIP was identified in 25% of these
patients, 4.5% with presumptive leukemic driver mutations (CH-PD) [42]. PPM1D and
TP53 mutations were associated with prior exposure to chemotherapy [42]. Another
study confirmed that mutations in the DNA damage response regulator PPM1D (protein
phosphatase Mn?*/Mg?*-dependent 1D) present in CHIP are observed in about 1/5 of
tAML patients and are correlated with cisplatin exposure [43]. A recent study explored a
very large set of cancer patients (24,439 individuals) and observed CHIP in 30% of these
patients; 68% of these patients had one mutation in CHIP, and 32% had two or more
mutations. The most frequently mutated genes were the epigenetic regulators DNMT3A
and TET2 and the genes involved in DNA Damage Response (DDR) pathway, including
PPM1D, TP53, and CHEK2; 90% of the mutations observed in CHIP were classified as driver
myeloid mutations [44]. The presence of specific gene mutations was associated with some
pathogenic events. Mutations of the spliceosome genes SRSF2 and SF3B1 were less frequent
than other CH mutations and were clearly associated with age. CHIP mutations in the DDR
genes TP53, PPM1D, and CHEK?2 were strongly associated with prior oncologic therapy,
and CHIP mutations in the ASXL1 gene were strongly associated with smoking [44]. The
characterization of the clonal dynamics of evolution of CHIP mutations in 525 cancer



Hemato 2022, 3

551

patients in a median lapse time of 23 months provided evidence that 62% remained stable,
28% increased, and 10% decreased in clonal size; the growth rate was most pronounced for
CHIP mutations in DDR genes [44]. The risk of a CHIP transforming into therapy-related
myeloid neoplasia is related to the type of CHIP mutations (mostly TP53 and spliceosome
genes SRSF2, U2AF1, and SF3B1 mutations), the number of CHIP mutations, and clonal
size [44].

3. Genetic Heterogeneity and Clonal Evolution of AML

AML is frequently an oligoclonal disease at its origin due to the development of
multiple leukemic clones present in various proportions in the bone marrow of each in-
dividual patient. The evaluation of clonal heterogeneity is based on the assumption that
all mutations present in leukemic cells occur heterozygously. Mutant allele frequencies
around 0.5 correspond to clonal mutational events, while mutations that occur at lower
frequencies are assumed to have occurred later during the leukemic process and consti-
tute a subclone. The clonal architecture of an AML at presentation may be driven by a
single predominant clone oz, alternatively, by multiple leukemic clones participating in the
leukemic development and, in some instances, also by genetically distinct or combining
clones. These processes greatly contribute to generating leukemia heterogeneity, leukemia
progression, and drug resistance.

An initial study by Ding et al. on eight AML patients allowed defining clonality
and clonal evolution patterns at relapse [45]. Two main clonal evolution patterns during
AML relapse were observed: (i) the founding clone in the primary leukemia acquired
new mutations and evolved into a chemoresistant clone at relapse; (ii) a subclone of
the founding clone survived chemotherapy and acquired new mutations, increasing its
oncogenic potential, and expanded at leukemia relapse [45].

Hirsch et al. performed an analysis of the clonal composition of 72 AMLs through
evaluation of mutational profiling (at diagnosis and at relapse), including analysis of VAF
analysis and single leukemic colonies generated in vitro. According to the results observed,
some genetic alterations, such as DNMT3A, TET2, ASXL1 mutations, CBF and MLL translo-
cation, and del(20q), fulfill the criteria for initiating genetic events [46]. Reconstruction of
genetic alterations and deduced clonal architectures allowed distinguishing four groups
of AMLs. Of these, 37.5% of AMLs displayed a genetic hierarchy similar to CHIP, with
DNMT3A, TET2, or ASXL1 mutations co-occurring with either NPM1 or some transcription
factors (RUNX1, CEBPA, GATA2), 14% of AMLs with mutations in NPM1 or in transcription
factors, in the absence of mutations in epigenetic regulators were observed, 19.5% of AMLs
displayed MLL, CBF, or chromosome 20q rearrangements, (iv) 29% of AMLs did not display
these mutations [46].

The development of a suitable methodology of multiplexed PCR adapted from assays
used clinically on bulk material allowed exploring genetic alterations at the level of single
leukemic cells. A first pivotal study by Paguirigan et al. exploring single leukemic cells
in patients harboring NPM1 and FLT3-ITD mutations showed that mutations of these two
genes could occur in both homozygous and heterozygous states, distributed among at least
nine distinct clonal populations in all samples analyzed [47]. A second pivotal study was
performed by van Galen and coworkers using a modified nanowell-based technology to
analyze the transcriptional and mutational profile of single cells from 16 AML patients and
normal healthy bone marrow cells. The developed technology allowed detecting gene mu-
tations, insertions, and fusions to distinguish subclones [48]. The single-cell transcriptomic
analysis allowed identifying single cells according to differentiation stages, and the single-
cell genotyping allowed determining the genetic alterations present in individual cells.
Through the use of a machine learning approach, it was possible to distinguish leukemic
cells from normal hematopoietic cells [48]. The analysis of transcriptomic data showed that
the presence of undifferentiated and differentiated leukemic cells is highly variable in vari-
ous AML samples and the whole AML tumor cellular ecosystem (including the presence of
different subpopulations of T cells) is equally highly variable in different AMLs [48]. The
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combined genomic and transcriptomic analyses showed that AMLs harbor subclones with
distinct cell-type compositions, reflecting underlying genetic alterations [48].

Morita et al. analyzed the clonal architecture and mutational histories of 123 AML
patients. The single cells analysis allowed a better definition of the patterns of mutation
co-occurrence and exclusivity at the clonal level. FLT3, NRAS, KRAS, PTPN11, KIT, and
MYC mutations were detected in the same patients and often present in mutually exclusive
clones at the cellular level; IDHT and IDH2 and TET?2 and IDH1/2 mutations were mutually
exclusive at the clonal level [49]. DNMT3A, WT1, and TET?2 often carry two different
mutations, co-occurring in the same cells [50]. The reconstruction of evolutionary histories
supported a linear evolution model in 55% of cases and a branching evolutionary model
in 45% of cases. Samples with branching evolution displayed a significantly higher clonal
diversity compared to those with linear evolution. In some samples with branching
evolution, an evolutionary history compatible with a model of convergent evolution was
observed [49]. Experiments of xenotransplantation of AML samples into immunodeficient
mice suggested that clonal expansion in patient-derived xenotransplants reflects the fitness
of the various subclones of each AML sample [49].

Miles and coworkers reported the results of single-cell mutational profiling on patients
with clonal hematopoiesis, myeloproliferative neoplasms, and, mostly, AMLs [50]. A
significant increase in clone number in AML compared to MPN or CH was observed, with
the highest number of clones observed in AMLs harboring FLT3 mutations. The majority
of AML patients had one or two clones accounting for >30% of leukemic cells [50]. There
is some specificity in the clonal distribution of several gene mutations. IDH1, NPM1, and
JAK2 mutations are nearly always distributed at the level of the dominant clone, while FLT3
or KRAS mutations are more frequently observed at the level of minoritarian subclones
and, more rarely, are present in dominant clones. Additionally, 52% of the AMLs harboring
epigenetic mutations displayed multiple mutations of epigenetic modifiers, usually located
in the same clone, frequently being the dominant clone. RAS and FLT3 mutations usually
do not co-occur at the level of the same clones; variable cooperativity between DNMT3A
and IDH1 or IDH2 mutations at the clonal levels is observed [50]. Reconstruction of clonal
evolutionary trajectories supported that single-mutant clones with an epigenetic mutation
are likely clonal initiating events. In contrast, it is more difficult to provide a reconstruction
of clonal trajectories when the first mutation occurs in signaling genes such as FLT3 or
NRAS [50]. The analysis of clone size provided evidence of the cooperative interaction
between some mutations. In AMLs with co-occurring DNMT3A/IDH1 or DNMT3A/IDH?2
mutations, clones co-expressing the two mutations are larger than single mutant clones;
the same applies to AML co-expressing NPM1 and FLT3 mutations [50].

4. MRD Evaluation in AML
4.1. Methodology

Minimal residual disease (MRD), also known as measurable residual disease, can be
defined as a measure of the number of residual tumor cells surviving in the body after
the end of a given treatment. The objective of all the current treatments is the complete
eradication of all leukemic cells, thus achieving a curative effect; however, many AML
patients display a residual number of resistant cells that constitute MRD and are responsible
for disease relapse.

Historically, various techniques have been used to detect and quantify MRD. The
cytological examination of bone marrow and peripheral blood, a technique currently used
in diagnostics and clinical monitoring of AML patients, possesses a detection limit of
1-5 x 1072. Given this intrinsic limitation in its sensitivity threshold, cytologic examina-
tion, although a fundamental technique at the clinical level, is not suitable for sensitive
detection of MRD. The cytological examination remains of fundamental importance for
the assessment of complete remission, defined by the presence of less than 5% of bone
marrow leukemic cells on cytologic examination. Standard cytogenetic techniques can be
used to detect leukemic cells in AMLs bearing cytogenetic abnormalities (about 50%), with
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a sensitivity similar to that reported for cytological analysis. In complementation with
standard cytogenetics, fluorescence in situ hybridization (FISH) provided the opportunity
to detect leukemic cells bearing a specific cytogenetic abnormality with a sensitivity of
about 1 x 1072.

The three techniques most currently used for the evaluation of MRD in AML patients
are represented by multiparametric flow cytometry (MFC), real-time quantitative poly-
merase chain reaction (qPCR), and next-generation sequencing (NGS). MFC techniques
evaluate the immunophenotypic properties of leukemic cells based on the detection of
cell surface marker combinations selectively expressed on leukemic cells but not on the
normal hematopoietic counterpart [51]. Two different techniques of MFC are currently used
for the evaluation of MRD in AML, MFC-LAIP (leukemia-associated immunophenotype),
which defines individual-specific surface markers at diagnosis and evaluates these markers
at later times after treatment [52], and MFC-DfN (different from normal), based on the
identification of aberrant surface marker expression at follow-up [53]. The sensitivity of
MEFC techniques is in the order of 1073-10° [51] (Table 1).

Two techniques based on PCR are commonly used for evaluation of MRD, RT-qPCR
(reverse transcriptase-quantitative) and ddPCR (digital droplet). RT-qPCR, compared
to traditional nested-PCR, has the advantages of high sensitivity and specificity, better
evaluation of the quality of the RNA sample, and the possibility of monitoring real-time
MRD levels [54]. DAPCR is a technique that, at variance with RT-qPCR, provides an absolute
quantification through the amplification of target genes without a reference standard
curve [54]. Suitable targets of MRD detection by RT-qPCR and ddPCR are found in
about 50% of AMLs; the sensitivity of RT-qPCR and ddPCR is included in the 10~4-10~°
range [52].

Next-generation sequencing (NGS) is a technique for the wide characterization of
genetic alterations that can be used at diagnosis and for MRD in virtually all AML patients.
This technique may allow the characterization of clonal and subclonal genetic alterations
occurring in individual AMLs. Basically, three different NGS technologies are currently
used, Whole Exome Sequencing (WES), Whole Genome Sequencing (WGS), and Targeted-
Gene Sequencing (TGS). The detection of small leukemic subclones is fundamental to
evaluating both clonal evolution and MRD during disease evolution. However, short read
sequencers used for NGS assay are inherently prone to base calling errors at 3-5%, thus
limiting variant detection at 3-5%, a value too high in the context of MRD evaluation.
In order to bypass this important limitation, error-corrected sequencing techniques have
been developed based on the physical incorporation of random oligonucleotides or unique
molecular identifiers (UMI) during the library preparation stage before amplification of
DNA, thus generating DNA molecules with a unique molecular fingerprint [55]. Using
UMIs, the intrinsic errors of the NGS technique have been markedly reduced to detect
mutations below 0.1% VAF [56]. Recent advances in Duplex Seq [57], Nano Seq [58], and
Safer SeqS [59] have provided an additional reduction in sequencing errors by grouping
both strands of a DNA molecule into a duplex family to distinguish DNA damage with real
mutation, thus achieving confident variant calling at 0.01% VAF. The development of the
Quantitative Blocker Displacement Amplification (QBDA), integrating sequence-selective
variant enrichment into UMI quantitation, allowed the detection of mutations below 0.01%
VAF [60]. This technique allows sensitive MRD detection in AML patients in complete
remission. In one patient, a residual NPM1 mutation at 0.005% during remission was
detected [60].

Two recent studies have reported two different approaches to error-corrected MRD
evaluation in AML patients using error-corrected NGS. Thol et al. used a sensitive patient-
specific mutation tracking approach using UMI-based MRD detection [61], and Patkar et al.
used an error-corrected NGS assay developed to detect MRD in AML using single molecule
molecular inversion probes (smMIPS) in which each smMIP contains an 8bp UMI and
binds to a single molecule of DNA [62]. Using this approach, a limit detection of 0.018% of
VAF was achieved [62].
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Table 1. Techologies for MRD detection in AML.
Name MFC-LAIP MEFC-DfN RT-qPCR ddPCR NGS
Sensitivity 1073-1075 1073-107° 10~4-107° 10-4-10-° 10~4-10~7
Applicability >90% >90% 50-60% 50-60% 80-90%
Next-generation sequencing
Flow cytometry evaluation of (NGS), a DNA sequencing
membrane technology that rapidly
immuno-phenotvpe Flow cytometry evaluation of sequences the whole genome.
Leukemif Assoc?apte d membrane Error-corrected NGS involves the
Immunophenotype (LAIP). 1mmun0—phen0type Reverse transcgptlon—quantltatlve Digital droplet polymerase chain physmal 1ncqrporat10n .Of random
. . . Different from Normal (DfN). polymerase chain reaction (RT-qPCR) . oligonucleotides or unique
Principle The technique defines . . . reaction (RT-qPCR) measures the . .
e i r The technique is based on the measures the amount of a specific o molecular identifiers (UMI) at the
individual-specific surface . amount of a specific mRNA. . : .
3 . detection of aberrant surface = mRNA. library preparation prior to
markers at diagnosis and
evaluates these markers at marker expression at amplification of DNA, reduces
various times during and follow-up. the errors of standard NGS, and
after the end of trea?ment thus increases the capacity to
’ detect gene mutation at low—very
low VAE.
It is used for the detection of the It is used for the detection of the Maior advantages:
Major advantages: Major advantages: following gene alterations: following gene alterations: 2or ges:
—— ; . —— = . . . It is widely applicable to about
It is widely available given It is widely available given NPM1 mutations; NPM1 mutations; 80-90% of AMLs:
the diffusion of flow the diffusion of flow PML-RARA fusion; PML-RARA fusion; It can soimul taneo,usl examine
cytometry; cytometry; RUNX1-RUNXTT1 fusion; RUNX1-RUNXTT1 fusion; multiple senes: y
It is widely applicable to It is widely applicable to CBFB-MYH11 fusion. CBFB-MYH11 fusion. Sensigvi tg ver ! hieh with
>90% of AMLs; >90% of AMLs; Major advantages: Major advantages: yvery s
L . L. . - — . - 2 . error-corrected NGS.
Its evaluation is relatively fast. Its evaluation is relatively fast. It is a sensitive technique; It is a very sensitive technique; Main limitations:
Main Main limitations: Main limitations: Well-standardized; Higher sensitivity than RT-qPCR; Availability only i i'n
Characteristics It requires standardization It requires standardization It is a semi-quantitative technique; No requirement for a standard ty only

and harmonization between
laboratories;

It requires a relatively high
number of cells;

It requires technical expertise
for the analysis and
interpretation of the results.

and harmonization between
laboratories;

It requires a relatively high
number of cells;

It requires technical expertise
for the analysis and
interpretation of the results.

It allows an easy interpretation of the
results.

Major limitations:

It requires a standard curve;

Single gene assessed per assay;

The capacity to detect a gene
alteration is limited to the
primer-spanning regions.

curve;
It provides an absolute
quantitation.

Major limitations:

The capacity to detect a gene
alteration is limited to the
primer-spanning regions;

It requires technical experience.

state-of-the-art and well-funded
centers;

Bioinformatics required for the
interpretation of the results;
Relatively expensive;

It requires considerable technical
expertise in the analysis and
interpretation of data.




Hemato 2022, 3

555

The advantages and the limits of these different techniques used for MRD evaluation
in AML have been recently analyzed in detail [63-65].

All these issues were carefully considered by a team of experts, The Europe and
Leukemia Net (ELN) MRD working party, who, at the end of 2021, evaluated the standard-
ization and harmonization of MRD and updated the 2018 ELN MRD recommendations
according to recent developments in the field [66]. The term minimal residual disease was
changed to measurable residual disease; a positive or negative MRD evaluation refers to
the detection, or not, of measurable disease above a specific threshold that is related to the
type of assay and to the single laboratory [66]. This implies the need for a consistent inter-
change of information between the clinical and the laboratory teams to carefully consider
whether a negative MRD test does not necessarily correspond to disease eradication and
just represents a disease level below the assay’s threshold [66]. These guidelines, report-
ing also technical recommendations for specific AML subtypes, represent a fundamental
tool to facilitate the development of clinically relevant and standardized approaches to
MDR detection.

4.2. MRD in AML Patients after Induction Chemotherapy and in Pre-Transplantation

The only curative approach for treating most AML patients consists of first inducing
a clinical remission with induction chemotherapy and consolidation chemotherapy and
then performing an HSCT after a conditioning regimen. The evaluation of MRD in AML
patients after induction chemotherapy, pre-HSCT, consistently contributes to defining the
residual tumor burden in these patients.

Some Studies Were Based on the MRD Assessment by MFC

Current clinical algorithms typically define patients in morphologic remission as
patients having <5% bone marrow blasts and patients with active disease as patients
with >5% blasts in the bone marrow. Araki et al. reported the evaluation in terms of
morphologic remission and MRD as assessed by MFC in 359 consecutive adult AML
patients who underwent myeloablative allogeneic HSCT. The 3-year relapse estimates
were 67% for patients with MDR-positive morphologic remission, 65% for patients with
active AML, and 22% for patients with MRD-negative remission [67]. After multivariate
adjustments, MRD negative status remains a prognostic indicator of better overall survival
and longer PFS (progression-free survival) [67].

A retrospective analysis explored the link between MRD as assessed by 10-color MFC
and the clinical response observed in 245 adult AML patients who achieved a clinical
response characterized by a condition genetically defined as complete response and sub-
classified as complete remission with full hematological recovery (CR), complete remission
with incomplete platelet recovery (CRp), and complete remission with incomplete blood
count recovery (CRi). MRD positivity was observed in 19%, 54.2%, and 60.9% of AML
patients with CR, CRp, and CRi, respectively [68]. MRD status and clinical response were
two main independent prognostic factors for the outcome, and their evaluation, thus,
seemed of key importance in planning post-induction therapy [68].

Freeman et al. evaluated the CR and MRD status as assessed by MFC in a large set
of 2450 adult AML patients undergoing standard induction chemotherapy. The patients
were explored after one (C1) or two cycles (C2) of induction chemotherapy [69]. After
cycle 1, partial remission (PR) and MRD-positive patients displayed similar outcomes.
CRi/MRD positivity was associated with reduced OS, and MRD positivity appeared to
be less discriminatory in poor-risk patients. For NPM1-WT patients, MRD positivity at C2
was associated with poorer outcomes, and the transplant-related benefit was more evident
in MRD-positive patients than in those who were MRD-negative [69].

A recent study explored 549 younger Chinese AML patients with intermediate risk.
Of these, 154 received chemotherapy, 116 autologous-SCT (auto-SCT), and 279 allogeneic
SCT (allo-SCT), and the MRD status of these patients was evaluated by MFC after 1, 2,
or 3 courses of chemotherapy (a 0.1% cutoff was used to distinguish MRD-positive from
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MRD-negative patients) [70]. Patients who were MRD-negative after 1, 2, and 3 courses
of chemotherapy displayed comparable incidences of leukemia relapse, leukemia-free
survival, and overall survival. Among patients with MRD-positivity after 1 course and
MRD-negativity after 2-3 courses, patients who underwent auto-SCT and allo-SCT showed
a lower incidence of relapse and better overall survival compared to chemotherapy. Among
patients with MRD-positivity after 1 or 2 courses and MRD-negativity after 3 courses, allo-
SCT had improved relapse and leukemia-free survival compared to chemotherapy, but not
to auto-SCT. Among patients with MRD-positivity after all three courses of chemotherapy,
allo-SCT had a better incidence of relapse, leukemia-free survival, and overall survival
compared to chemotherapy or auto-SCT [70].

Other studies have used molecular tools to assess the presence of MRD in peripheral
blood or bone marrow cells; most of these studies used RT-qPCR or NGS to determine the
mutational profile in blood samples at diagnosis and after disease remission.

Klco et al. made a pivotal study, reporting the analysis of 50 AML patients by whole-
genome or exome sequencing both at disease presentation and after clinical remission
following induction chemotherapy [71]. They found that 48% of these patients had persis-
tent leukemia-associated mutations, whereas 52% of the patients cleared all mutations [71].
The presence of persistent-associated mutations was associated with a significantly in-
creased risk of relapse and reduced overall survival [71].

A similar study was performed by Morita et al., who analyzed 131 AML patients
undergoing intensive chemotherapy treatment by targeted capture deep sequencing. They
found that 30% achieved a complete molecular response, 32% achieved a mutation clearance
with a VAF <1%, and 38% with a mutation clearance with VAF <2.5% [72]. Patients who
achieved a complete molecular response or a mutation clearance with VAF<1% had better
OS and RFS than those who achieved a molecular remission if the VAF was <2.5% [72].

Thol et al. developed an error-corrected NGS MRD approach for the evaluation of 116
AML patients undergoing allogeneic SCT in complete morphologic remission; a suitable
mutation for NGS detection was observed in 93% of these patients [70]. MRD evaluation
was performed before allo-SCT and showed MRD positivity in 45% of cases; cumulative
incidence of relapse was higher in MRD-positive than in MRD-negative patients [61]. In
multivariate analysis, MRD positivity was an independent predictor of relapse incidence,
in addition to FLT3-ITD and NPM1 mutation status at diagnosis, conditioning regimen,
TP53, and KRAS mutation status [61].

A study by Hourigan et al. provided evidence that modulation of the intensity of the
allo-SCT conditioning regimen in MRD-positive AML patients can prevent relapse and
improve survival [73]. Ultra-deep, error-corrected sequencing for 13 commonly mutated
genes in AML was performed in pre-transplantation AML patients in complete morpho-
logic remission randomly assigned to a non-myeloablative (RIC) or to a myeloablative
conditioning (MAC) regimen. A total of 32% of MAC and 37% of RIC patients were MRD-
negative, and these patients displayed a similar survival [73]. In MRD-positive patients,
relapse and survival were less favorable in the RIC arm compared to the MAC arm [73].

Tsai et al. addressed the important problem of the most appropriate timing of MRD
evaluation after induction chemotherapy [74] by exploring the mutational profile using
targeted NGS in 335 de novo AML patients at diagnosis, first complete remission (MRD''),
and after the first consolidation chemotherapy (MRD?"Y). They found that 46.4% of these
patients were MRD-positive after MRD'! and 28.9% after MRD?" [74]. Patients who are
MRD-positive at either time point have shorter relapse-free survival and overall survival,
and patients who are MRD-positive at MRDt and MRD-negative at MRD?"? have a
prognosis similar to patients negative at both MRD evaluations [74].

A pivotal study carried out in 346 NPM1-mutant AML patients enrolled in the AML17
trial allowed defining the role of MRD in predicting the risk of disease relapse in these
patients. In this study, the analysis of mutant NPM1 transcripts by RT-PCR was used to
track MRD in PB. The persistence of mutant NPM1 transcripts was detected in 15% of
patients after the second chemotherapy cycle and was associated with an increased risk of
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relapse after 3 years of follow-up and a lower rate of survival compared to patients with
undetectable abnormal NPM1 transcript (MRD-negativity) [75]. In multivariate analysis,
MRD-positivity was the only independent prognostic factor for death in these patients [75].
Importantly, NPM1 mutations were detectable in 69/70 patients at the time of disease
relapse, thus supporting NPM1 mutations as a suitable, leukemic-specific marker to monitor
disease evolution and response to therapy [75].

Using ddPCR, Bill et al. evaluated in 51 NPM1-mutant AML patients whether the
level of NPM1 mutation burden predicts relapse following SCT. MRD-positive patients
displayed a higher incidence of relapse and shorter overall survival, and this finding was
observed for patients receiving either myeloablative or non-myeloablative conditioning
regimens [76]. Dillon et al. evaluated pretransplant NPM1-mutant levels by RT-qPCR
in bone marrow and blood samples and, according to these levels, they subdivided the
patients into negative, low, and high. Following transplantation, MDR negative, low, and
high patients displayed a 2-year overall survival of 83%, 63%, and 13%, respectively [77].
Among patients with low MDR values, those with FLT3-ITD mutations had significantly
poorer outcomes [77].

A recent study explored the impact of the MRD status in AML patients undergoing
allo-SCT in first versus second remission and showed that the MRD status at SCT was
an independent prognostic factor irrespective of the number of remissions at allo-SCT.
MRD-positive patients transplanted in first remission and MRD-negative patients in the
second remission had similar outcomes. In the ELN2017 AML-intermediate risk group,
the assessment of MRD status provided the highest predictive value, with a very negative
prognosis for patients with MRD positivity in second remission [78].

Three recent studies performed a comparative analysis of MRD detection by MFC
and NGS.

Getta and coworkers compared the MRD assessment in AML patients by MFC-DfN
and by targeted 28-gene NGS, the concordance between the two techniques was observed
in 71% of evaluable cases, and the discordance between the two techniques was related
to the presence of residual mutations in DNMT3A and TET2 and presence of residual
leukemia mutations with VAF below the thresholds for mutation calling [79]. Residual
disease detected by concurrent MFC and NGS positivity was associated with the highest
relapse risk [79].

Patkar et al. performed the analysis of 201 adult AML patients treated with conven-
tional induction chemotherapy [62]. Patients with post-induction NGS MRD positivity
displayed inferior outcomes; furthermore, patients with an NGS MDR negative status
post-induction therapy displayed a significantly improved survival compared to patients
who became NGS MRD-negative at later stages of treatment [62]. The comparative analysis
of post-induction MRD evaluation by MFC and NGS assays showed that NGS identified
more than 80% of the cases identified by MFC, while MFC identified only 49% of the
cases identified by NGS [62]. Most NGS MDR-negative and MFC MDR-positive cases did
not relapse and were therefore considered false positives [62]. Interestingly, AML cases
displaying double MFC and NGS MDR positivity showed a higher prevalence of RUNX1
mutations [62].

In conclusion, the studies carried out in AML patients after induction chemotherapy,
and pre-transplantation have shown a good predictivity capacity of MDR assessment and
that molecular MRD detection possesses a higher sensitivity compared to MDR assay
by MFC.

4.3. Clonal Hematopoiesis and MRD Evaluation Post-Chemotherapy

The evaluation of MRD in AML patients is consistently complicated by the fact that
many treated patients have persistent clonal hematopoiesis after chemotherapy, and its
presence may not reflect residual leukemic disease [80]. The presence of clonal hemtopoiesis
in AML patients in complete remission may imply the existence of different conditions,
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from the presence of CH ancestral to the AML condition to the presence of true residual or
early recurrent AML [80].

Murphy et al. explored a group of 283 AML patients undergoing chemotherapy treat-
ment and screened 54 myeloid neoplasia-associated mutations, including CH-associated
mutations DNMT3A, TET2, ASXL1, or SRSF2 (DTAS), present at diagnosis in 30%, 17%,
8%, and 10%, respectively, of these patients [81]. Times to platelet and neutrophil recovery
post-chemotherapy were significantly delayed in AMLs bearing DNMT3AR82? mutations
compared to those observed in patients without DTAS. Similarly, platelet and neutrophil
recovery was significantly delayed also in AML patients bearing ASXL1, TET2, or SRSF2
mutations. In contrast, AMLs bearing non-DNMT3AR22 mutations did not display a
delayed time to platelet recovery [81]. In contrast, patients not displaying DTAS-like mu-
tations, such as NPM1, NRAS, KRAS, or FLT3 mutations, did not show delayed platelet
or neutrophil recovery [81]. In 86 of these patients explored at CR, it was observed that
the most common persistent mutations were found in TET2 and DNMT3A. The large
majority of persistent mutations with VAF >20% were in the genes TET2, DNMT3A, and
ASXL1, and these patients displayed significantly longer times of platelet and neutrophil
recovery compared to patients with no detectable mutations in remission [81]. These ob-
servations support a model in which the persistence of mutations associated with clonal
hematopoiesis and preleukemic conditions in stem/progenitor cells compromise their
hematopoietic capacity not under steady-state conditions but under stress conditions
related to hematopoietic reconstitution [81].

Two recent studies have shown that there is a consistent difference in MRD post-
chemotherapy involving CHIP-related and CHIP-unrelated mutations. Cappelli et al.
explored 150 NPM1-mutated AML patients undergoing standard induction and consolida-
tion therapy and achieving a condition of complete remission, as assessed by the absence
of NPM1 transcripts after treatment [82]. These patients were explored by targeted NGS
with the aim of distinguishing between CHIP-like mutations and mutations with oncogenic
potential (defined as clonal hematopoiesis of oncogenic potential, CHOP). At complete
molecular remission, 27% of these patients displayed CHIP-associated DTA (DNMT3A,
TET2, ASXL1) mutations and 15% had persisting non-DTA gene mutations. Patients
with either persistent or acquired non-DTA mutations at complete molecular remission
displayed a worse prognosis than those who had only persistent/acquired DTA muta-
tions [82]. Tanaka et al. explored the prevalence, dynamics, and clinical implications of
post-remission clonal hematopoiesis in 164 AML patients who achieved complete remission
after induction chemotherapy [83]. Post-remission CHIP was identified in 48% of these
patients. In 91% of these patients, CHIP-associated mutations remained positive after
various types of consolidation and maintenance therapies; post-remission CHIP-associated
mutations were eradicated in 20/21 patients undergoing allo-SCT [83]. The post-remission
clonal hematopoiesis had no significant impact on hematopoiesis compared to patients
with no-CHIP, with the exception of significant neutropenia observed in patients with
persistent TET2 mutations; persistent post-remission CHIP had no impact on relapse risk
and non-relapse mortality [83].

Onate et al. analyzed the impact of co-mutational status in NPMI1-mutant AMLs
on the clearance of MRD following induction chemotherapy. DNMT3A-mutant patients
(either in the presence or in the absence of concomitant FLT3-ITD mutations) showed a
higher number of mutated NPM1 transcripts following induction and first consolidation;
furthermore, these patients presented a trend of a greater risk of molecular relapse [84].
However, the presence of DNMT3A mutations did not impact overall survival and relapse
rate; furthermore, the presence of DNMT3A mutations does not seem to have any significant
impact on the prognosis exerted by FLT3-ITD in these AMLs [84].

4.4. MRD in AML Patients in Post-Transplantation

Allogeneic SCT exerts a curative effect on a high number of patients with AML and
other myeloid malignancies; however, relapse is frequent following allo-SCT and is the
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most frequent cause of death in these patients [85]. The longitudinal post-transplantation
evaluation of MRD represents an important strategy for monitoring transplanted patients
and the early detection of relapse [86].

Several studies have explored the prognostic relevance of MRD evaluation in post-
transplant AML patients.

Zhou et al. evaluated MRD in the pre- and post-transplant period in 279 adult
AML patients undergoing allogeneic HSCT after myeloablative conditioning. MRD was
evaluated at +28 after transplantation by MFC [87]. They found that 49/63 patients cleared
MRD positivity with HSCT conditioning. The MRD-negative patients both in pre- and
post-transplant displayed good outcomes; patients with an MRD-positive status pre-HSCT
had poor outcomes regardless of post-HSCT status. Survival beyond 3 years was only
observed in patients exhibiting a decreasing MRD expression level [87].

Other studies have explored post-HSCT MRD using the MFC assay. Shah et al.
explored MRD by MFC in 269 AML patients at various time points: pre-HSCT, at day
+30, +100, and +180 after HSCT. In pre-HSCT, 30.8% of patients were MRD-positive; at
day +30, +100, and +180 post-HSCT MRD-positive patients were 3.7%, 3.1%, and 3%,
respectively [88]. MRD positivity at day +30 post-HSCT predicted the highest risk of
leukemia relapse within one year, and MRD positivity beyond day +30 predicted impending
relapse [88].

Heuser et al. reported the study of MRD evaluation by NGS in 138 AML patients
with at least one mutation not related to clonal hematopoiesis. The patients were explored
at day 90 and/or 180 post-allogeneic HSCT; in parallel, the patients were also explored
for clonal hematopoiesis-related mutations (DTA: DNMT3A, TET2, ASXL1) [89]. In this
study, a low VAF (0.01%) was applied to define MRD positivity /negativity by NGS, and
using this approach, 25% of patients were classified as MRD-positive after allo-HSCT [89].
NGS-MRD monitoring using non-DTA mutations after HSCT was prognostic for PFS and
OS, in that MRD-positive patients had a higher incidence of relapse and a shorter PFS and
OS compared to MRD-negative patients post-transplant. MRD status had the strongest
prognostic impact for patients MRD-positive before transplantation [89]. In contrast, there
was no prognostic impact of DTA mutations on RFS and OS [89]. Almost all (90%) patients
who were MRD-positive before allo-HSCT and who remained MRD-positive on day 90
post HSCT relapsed within 5 years [90]. Importantly, post-transplantation MRD monitoring
on day 90 and 180 after allo-HSCT in these patients is highly predictive of relapse and
OS after HSCT [89]. The predictive value of this post-HSCT MRD evaluation is further
enhanced by the inclusion in the analysis of 2—4 molecular markers instead of a limited
number (1-2 markers) [90].

A recent study by Martin-Rojas and coworkers reported the analysis of the impact of
MRD and chimerism monitoring at different time points after HSCT for AML. MRD was
evaluated by both MFC and quantitative RT-PCR and chimerism by STR pre-HSCT and
at day +30 and +90 post-HSCT [91]. A total of 115 patients were analyzed, and pre-HSCT
MRD was positive in 49.6% and negative in 50.4%. Patients with negative MRD at day +30
showed a 2-year survival of 83% compared to 58% of those who were MRD-positive; EFS
was 79% vs. 48%. Patients with mixed chimerism at day +30 showed a significantly lower
3-year OS and EFS than those with complete chimerism [91].

In conclusion, the monitoring of MRD after allo-SCT remains problematic, particularly
concerning the optimal timing of MRD assay post-transplant and its clinical interpretation,
due to the slow mechanisms of anti-leukemia effects exerted by allo-SCT through graft-
versus-leukemia effects.

4.5. MRD in Refractory/Relapsing AML (R/R AML)

About 10-40% of newly diagnosed AML patients do not achieve complete remission
following induction chemotherapy (primary refractory AMLs) or relapse within <6 months
after CR1 (early relapsing AMLs).
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Few studies have explored MRD evaluation in R/R AML patients. A retrospective
study evaluated the prognostic role of MRD assessment in R/R AMLs [92]. The evaluation
of some key prognostic factors is of key importance for risk stratification of patients in
first relapse: length of relapse-free survival time after first relapse, including cytogenetic
features at diagnosis, age at relapse, and prior allogeneic HSCT. A total of 141 AML patients
with R/R disease were evaluated for MRD status by MFC analysis: 67% of these patients
achieved CR, 18% achieved CR with incomplete hematologic recovery (CRi), and 14%
achieved a morphologic leukemia-free status (MLFS); 61% of patients achieved MRD
negativity at the time of best response [92]. Patients who achieved MRD negativity vs.
those who remained MRD-positive had a lower rate of relapse and better relapse-free
survival, but not overall survival [92]. In spite of the lack of a statistically significant impact
of MRD status on OS, there was a strong trend toward better OS in patients who achieved
MRD negativity [92]. The lack of a significant difference in OS related to MRD status may
be dependent on the increased availability of effective salvage regimens for many relapsing
AML patients [92]. AML patients who achieved both CR and MRD negativity displayed
the lowest rates of relapse and best overall survival, a phenomenon seemingly due to the
lower rates of early relapse and an increased ability to undergo HSCT [92].

Hao et al. retrospectively analyzed 197 AML R/R AML patients who underwent
allogeneic HSCT for MRD status by MFC. They found that 86 of these patients achieved
a morphological CR before HSCT, and 32 of these patients displayed an MRD-positive
status [93]. The 3-year OS was 59.5%, 34.5%, and 14.5% for MRD-negative, and MRD-
positive 1+ and 2+, respectively [93]. Another retrospective study of 56 R/R AML patients
treated with allo-HSCT evaluated the prognostic impact of MRD evaluation by MFC on day
100 post-transplantation; 71% of these patients were MRD-negative and 29% MRD-positive.
A median follow-up of 16 months suggested that MRD status was predictive of OS [94].

The treatment of R/R AML patients remains a very challenging medical problem, and
there is an absolute need to develop more efficacious drug regimens. In this context, recent
studies support the promising clinical efficacy in R/R AML patients of a BCL2 inhibitor,
Venetoclax, in association with intensive chemotherapy. Di Nardo et al. reported that
of 68 AML patients, 29 with newly diagnosed AML and 39 with R/R AML, all treated
with Venetoclax plus FAG-IDA (fludarabine, cytabarine, G-CSF, and idarubicin), 69%
of R/R AML patients achieved composite CR/MRD-negativity and 46% of R/R AML
patients proceeded to HSCT. The 1-year survival in all R/R patients was 78%, and in
those undergoing HSCT, it was 87% [95]. Another recent study presented at the annual
congress of the European Hematology Association confirmed these findings. The addition
of venetoclax to the intensive FLAG-IDA chemotherapy regimen elicited a high rate of
overall responses (73%) and MRD negativity (43%) in R/R AML patients [96]. Survival
outcomes were better for patients who achieved MRD negativity. The median event-free
survival of 9.5 months in MRD-positive compared to not reached in MRD-negative patients;
median OS of 11.3 months in MRD-positive vs. not reached in MRD-negative patients [96].

In conclusion, additional studies on larger numbers of R/R AML patients are required
to assess the predictive value of MRD detection in these AML patients; however, in spite
of this limitation, the studies carried out support the predictive role of MRD evaluation
in R/R AML patients and suggest that MRD assessment may help to define possible
candidates for early post-transplantation interventions aiming to decrease the relapse risk
and improve survival.

4.6. MRD Evaluation in Elderly AML Patients Undergoing Reduced-Intensity Treatments

While younger AML patients can be treated with induction chemotherapy, often
achieving remission, older (>65-70 years) AML patients are poor candidates for induction
chemotherapy and need to be treated with low-intensity therapies. These low-intensity ther-
apies involve either low-dose chemotherapy or hypomethylating agents, such as azacitidine
or decitabine. The mechanisms of action and the dynamics of response of hypomethylating
agents considerably differ from conventional chemotherapy approaches; therefore, it is
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important to evaluate whether the clinical response to these agents can be measured in
terms of MRD clearance.

Boddu et al. examined the prognostic value of MRD detection by MFC in a group
of older AML patients treated with hypomethylating agents [97]. Patients with an MRD-
negative status at CR had an inferior incidence of relapse compared to those with an
MRD-positive condition; however, the difference in relapse rate did not translate into
significant differences at the level of OS [97].

Simoes et al. reported the results of MRD evaluation in elderly AML patients enrolled
in the phase III PETHEMA-FLUGAZA clinical trial. In this study, the patients were
randomized to induction and consolidation therapy with fludarabine plus cytarabine vs.
5-azacitidine. After consolidation, patients continued treatment if MRD was >0.01% or
stopped the treatment if MRD was <0.01%, as evaluated by MFC assay [98]. In patients
achieving CR, MRD status was the only independent prognostic factor for relapse-free
survival, undetectable MRD improved the RFS of AML patients with adverse genetics.
Longer OS was observed in patients with negative MRD after induction chemotherapy but
not after consolidation [98]. Therefore, the achievement of an MRD-negative status after
reduced-intensity chemotherapy or hypomethylating agents is prognostically relevant in
older AML patients [98].

Maiti et al. reported the evaluation of the prognostic impact of MRD after venetoclax
and decitabine treatment in a group of 97 older AML patients [99]. In this study, MRD
was evaluated in bone marrow by MFC. A total of 85% of these patients achieved a CR
and 54% MRD negativity; higher levels of MRD negativity were observed among patients
with intermediate-risk cytogenetics (67%) compared to those with high-risk cytogenetics
(33%) [99]. Patients achieving an MRD-negative CR within 1 month displayed an improved
overall survival compared with MRD-positive patients (median OS 25.1 vs. 3,4 months);
this trend was confirmed at 2 and 4 months after starting therapy [99].

In the phase III VIALE-A trial, the rates of complete responses and MRD negativity
(MRD < 10-3) were higher in patients treated with venetoclax + azacitidine compared to
those treated with azacytidine alone [100]. Patients who achieved a complete response
and an MRD negative status exhibited a longer duration of response, overall survival, and
event-free survival [100].

Vazquez et al. reported the study of 19 AML patients ineligible for standard induction
chemotherapy treated with venetoclax combination therapy and found that 84% of these
patients achieved complete remission. MFC MRD evaluation was negative in 9/11 patients
achieving complete remission and remained negative in 4/6 patients achieving a durable
remission condition [101]. Interestingly, in some responding patients, venetoclax treatment
induced eradication of the leukemic stem cell fraction [101].

A small clinical study reported the effects of venetoclax-based treatments on MRD
status in a small group of mutant N°PM1 AML patients either in CR with MRD positivity
or with molecular relapse/progression [102]. These patients were treated with venetoclax
either in association with low-dose AraC or with azacitidine. Five patients with persis-
tent NPM1™"t -MRD at the end of chemotherapy received venetoclax-based treatment,
and all five patients achieved CR-MRD negativity in response to 1, 2, or 4 cycles of this
treatment [102]. In patients with NPM1™" progression after the end of chemotherapy, a
CR-MRD-negative condition was achieved in 6/7 cases; none of these responding patients
displayed molecular or hematological relapse after a median of 10.8 months follow-up [102].

An interesting area of ongoing clinical studies explores the possible clinical efficacy of
hypomethylated agents in the maintenance therapy of MRD-positive AML patients in CR.
The aim of these studies consists in evaluating the capacity of hypomethylating agents to
induce the clearance of MRD, reduce the rate of relapse events, and delay the occurrence
of relapse.

Ragon et al. reported the results of a study carried out on 23 CBF-AML exhibiting low
levels of MRD after consolidation therapy and then treated with hypomethylating agents.
All MRD-negative patients (6/6) remained negative at a median follow-up of 11.3 months,
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12/17 AML patients MRD-positive before therapy with hypomethylating agents remained
in remission at follow-up, and 11/12 displayed a decrease in MRD levels [103].

Platzbecker et al. reported the results of a multicenter phase II clinical study based
on MRD-guided treatment with azacitidine to prevent relapse in patients with MDS and
AML in CR with MRD positivity, as assessed by molecular studies or by MFC [104]. After
azacitidine treatment, 19/53 patients converted from an MRD-positive to an MRD-negative
condition; in the whole population, RFS and OS after the start of azacitidine treatment were
46% and 75%, respectively. Patients converted to an MRD-negative status exhibited RFS
and OS rates of 88% and 91%, respectively [104].

A randomized clinical trial further supported the clinical benefit deriving from azaciti-
dine administration to older AML patients. Thus, in the randomized QUAZAR AML-001
study, older AML patients who achieved remission after intensive chemotherapy, but
were evaluated as ineligible for HSCT, were randomized to be treated either with CC-486
(oral formulation of azacitidine) or placebo as maintenance therapy [105]. Both patients
with MRD-positive and MRD-negative status received a benefit from CC-486 administra-
tion: (i) patients with MRD-negative condition at the start of the study showed an OS
of 30.1 months in the group of CC-486-treated patients compared to 24.3 for the corre-
sponding placebo group; (ii) patients with an MRD-positive status displayed an OS of
14.6 months in the CC-486-treated group, compared to 10.4 months in the corresponding
placebo group [106]. Importantly, about one-fourth of MRD responders treated with CC-486
achieved MRD negativity >6 months after study entry [106]. CC-486 was approved by
the FDA for use as maintenance therapy in AML patients who cannot complete a curative
therapeutic approach.

In conclusion, the studies on MDR evaluation in elderly AML patients undergoing
reduced-intensity treatment support their predictivity and their potential clinical utility.

5. Conclusions

The studies carried out in the last two decades have shown that AML is a highly
heterogeneous hematologic malignancy characterized by the progressive acquisition of a
variable set of gene mutations or chromosomal aberrations that induce the proliferation
(clonal expansion) and differentiation block of hematopoietic stem/progenitor cells. Several
genetic abnormalities have emerged as markers of disease and therapeutic targets for the
development of new treatments. The understanding of this molecular heterogeneity has
permitted a more accurate classification of AMLs. A combination of clinical parameters
and cytogenetic and gene alteration profiles are required for an appropriate diagnosis
classification, risk stratification, and treatment strategy of AMLs.

In spite of the consistent progress in the understanding of the molecular basis of AMLs
and the development of therapeutic approaches, the current treatments are unable in most
cases to completely eradicate the leukemic disease, and it is essential in these patients
to define minimal/measurable residual disease remaining after the various treatments.
Thus, MRD monitoring was introduced into clinical practice as a tool for early prediction
of subsequent relapse and as a tool for improving outcomes through the planning of
the therapeutic strategy, including transplantation. However, several methodological
limitations complicate MRD testing in AML patients, such as not having a well-defined
cutoff between positivity and negativity and testing timing and intervals, the lack of
leukemia-specific markers in some cases, the use of not fully standardized techniques, and
possible loss of MRD-targets as a consequence of clonal/molecular evolution.

The most challenging issue in future studies concerning the clinical application of
MRD evaluation is related to its use as a surrogate endpoint in clinical trials and its
incorporation in tailored medicine. This advancement in the clinical use of MRD assays is
made difficult by several limitations. For example, (i) MRD predictivity is not sufficiently
accurate at the level of some individual AML patients who relapse in spite of an apparently
negative MRD condition; (ii) the technique of optimal MRD detection for the various AML
patients remains, in many instances, to be determined; (iii) the optimal timing for MRD
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evaluation during the clinical course remains, in many instances, to be determined; (iv) the
usage of bone marrow or peripheral blood for MRD evaluation remains to be elucidated.
Ongoing clinical trials incorporating MRD evaluation at the level of primary or secondary
endpoints should clarify some of these issues. Molecular monitoring of MRD seems to be
more sensitive than MFC; however, at the level of molecular techniques, q-PCR has limited
applicability for MRD detection, while NGS has a much more wide extension to virtually all
AML subtypes. However, the experience with NGS is still limited, and additional studies
are absolutely required to validate the use of NGS. Particularly, future studies are required
to validate the value of rare variants as targets for MRD analyses.

In conclusion, a better definition of molecular alterations occurring in AML, associated
with the identification of molecular targets and their therapeutic targeting, represents the
main way to improve the outcomes of AML patients. In parallel, careful and real-time
monitoring of MRD in these patients may offer the unique opportunity to try to prevent or
treat disease relapse better.
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