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Simple Summary: Several factors, both patient- and disease-related, are essential to accurately
estimate acute myeloid leukemia (AML) prognosis. The rapidly evolving field, from both the genetic
and therapeutic standpoints, and the availability of measurable residual disease (MRD) data have
made traditional prognostic factors less reliable. Consequently, updated recommendations are trying
to recapitulate the current scenario, but several questions remain to be answered, including the
impact of complex co-mutational patterns and the role of clonal architecture. In the present review,
we summarize established and new AML risk factors, and we discuss the emerging comprehensive
approaches to effectively integrate all relevant prognostic data to better inform patient care.

Abstract: An accurate estimation of AML prognosis is complex since it depends on patient-related
factors, AML manifestations at diagnosis, and disease genetics. Furthermore, the depth of response,
evaluated using the level of MRD, has been established as a strong prognostic factor in several AML
subgroups. In recent years, this rapidly evolving field has made the prognostic evaluation of AML
more challenging. Traditional prognostic factors, established in cohorts of patients treated with
standard intensive chemotherapy, are becoming less accurate as new effective therapies are emerging.
The widespread availability of next-generation sequencing platforms has improved our knowledge
of AML biology and, consequently, the recent ELN 2022 recommendations significantly expanded
the role of new gene mutations. However, the impact of rare co-mutational patterns remains to be
fully disclosed, and large international consortia such as the HARMONY project will hopefully be
instrumental to this aim. Moreover, accumulating evidence suggests that clonal architecture plays a
significant prognostic role. The integration of clinical, cytogenetic, and molecular factors is essential,
but hierarchical methods are reaching their limit. Thus, innovative approaches are being extensively
explored, including those based on “knowledge banks”. Indeed, more robust prognostic estimations
can be obtained by matching each patient’s genomic and clinical data with the ones derived from
very large cohorts, but further improvements are needed.

Keywords: acute myeloid leukemia; prognosis; precision medicine; measurable residual disease;
clonal architecture

1. Introduction

The estimation of prognosis in acute myeloid leukemia (AML) is the result of a
multilayered, integrated evaluation, which should consider several factors, both clinical,
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such as patient characteristics and disease manifestations at time of presentation, and
biological ones (e.g., cytogenetic abnormalities and gene mutations). In addition to baseline
variables evaluable at diagnosis, prognostic stratification of AML patients should consider
evolutive parameters, such as measurable residual disease (MRD) at different pre-defined
time points during therapy (Figure 1).
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Several steps contribute to AML outcome, including early death rate, refractoriness to
induction, disease relapse, response after salvage therapy, and treatment-related mortality,
and distinct prognostic variables impact differently on them. Indeed, disease characteristics
at diagnosis and patient clinical conditions strongly impact early mortality, while the AML
genetic background could predict the likelihood of achieving remission and the risk of
relapse.

Importantly, the impact of each prognostic factor can be influenced by therapy, and
several discrepancies among published studies could be due to differences in treatment
intensity or the drugs used, both in induction and during post-remission therapy (e.g.,
chemotherapy only versus allogeneic hematopoietic cell transplantation, HCT). This con-
cept has become even more relevant in recent years, since new agents have been added
to standard intensive chemotherapy regimens (e.g., midostaurin) and novel formulations
of drugs have been approved (e.g., CPX-351), which may modify the prognostic value of
different clinical and biological factors. In addition, effective combinations of non-intensive
treatments, such as hypomethylating agents (HMAs) plus venetoclax, are being increas-
ingly used (mostly) for unfit patients, but assuming that traditional prognostic factors could
play the same role in this new therapeutic context without adequate validation could be
misleading.

Treatment decisions are highly influenced by prognostic stratification, in particular, the
allocation to HCT is usually limited to patients predicted to have a high risk of relapse with
chemotherapy consolidation. However, it is important to consider that prognostic stratifi-
cation in a specific therapeutic context significantly differs from a theragnostic-oriented
approach. In the present review, we will focus on prognosis only, as an extensive discussion
on how prognostic factors influence treatment choices can be found elsewhere [1,2].

Biological prognostication of AML has relied mostly on cytogenetics for a long time.
In recent years, an increasing number of gene mutations have emerged as prognostic-
relevant, initially in patients with normal karyotype and then regardless of cytogenetics,
challenging conventional hierarchical risk stratification models. Furthermore, other factors
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such as gene expression signatures and clonal architecture are being confirmed as extremely
relevant to further improve stratification accuracy. Finally, the role of a dynamic parameter
such as MRD and its integration with baseline factors is being actively explored. Here,
we review the established AML prognostic factors, and we discuss the emerging ones,
focusing on innovative comprehensive approaches aiming to integrate and weight them.
Summarizing the prognostic risk stratification of AML in specific contexts, such as children
or relapsed patients, goes beyond the scope of this review, and these subjects have been
recently reviewed elsewhere [3,4].

2. Clinical Risk Profile
2.1. Patient-Related Risk Factors: Age, Performance Status, and Frailty

Age has been confirmed as one of the most relevant determinants of AML outcome
in virtually all published studies, with 5-year survival for patients above 60 years not
exceeding 10–15% even in recent reports, and particularly dismal results for those above
70 years [5]. On the one hand, this consistency is due to the strong association between
advanced age and adverse risk cytogenetic abnormalities and gene alterations, such as
complex karyotype, myelodysplasia-related gene mutations, and secondary disease [6–8].

On the other hand, older patients often present with poor performance status and
several comorbidities, which increase the chance of early death and treatment-related
complications, also reducing the possibilities of effective salvage treatment in case of
relapse or refractoriness to initial therapy [5,8].

Performance status is an easy and instantaneous picture of general conditions, with a
clear impact on early mortality, the chance to achieve a complete response, and long-term
survival [7]. Indeed, performance status is strongly correlated to age and comorbidities,
but it could also be determined by disease presentation, and could sometimes significantly
improve when initial complications are resolved and treatment is started [9].

Comorbidities are evaluated using different scores able to identify patients who would
not benefit from intensive chemotherapy [10], which could also be used to estimate patients’
outcomes [1]. Indeed, simple parameters such as NT-proBNP could be particularly helpful
for identifying patients at higher risk of early mortality [11]. Frailty is better evaluated
using geriatric-inspired assessment tools, which could capture weaknesses sometimes
difficult to fully understand using clinical evaluation only [12,13].

2.2. Disease-Related Risk Factors: Disease Presentation, Extramedullary Disease, and
Inaugural Complications

In the context of AML, hyperleukocytosis (leucocytes >50,000 or 100,000/mL, ac-
cording to different study groups) is present in 5–20% of cases, and it is associated with
an elevated risk of complications and early death [14]. Indeed, severe inaugural com-
plications such as leukostasis, tumor lysis syndrome, and disseminated intravascular
coagulation could jeopardize the possibilities of successful treatment. These types of com-
plications, which are strongly associated with hyperleukocytosis, in addition to severe
infections, should be therefore carefully assessed, prevented when possible, and promptly
treated [15–17]. Furthermore, even accounting for genetic risk factors, a higher leucocyte
count seems to be associated with an increased relapse risk and inferior survival, although
to a lesser extent than initially hypothesized [18–20].

Extramedullary disease, including central nervous system localizations, is associated
with hyperleukocytosis, but its prognostic relevance is not firmly established. Indeed,
the largest report published so far did not find an independent prognostic value after
accounting for genetics and leukocyte count [21].

2.3. Disease Ontogeny

Considering prior disease history, two ontological families can be distinguished: de
novo and secondary AML (sAML).
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Secondary AML is itself a heterogeneous group, which includes AML deriving from
an antecedent hematological disorder, namely myelodysplastic syndrome (MDS), myelo-
proliferative neoplasm (MPN), or aplastic anemia (AA), and therapy-related AML (t-AML),
as a late adverse effect of prior cytotoxic chemotherapy or radiotherapy [22].

Inferior outcomes and lower response rates to intensive chemotherapy have been
consistently reported [23,24], with a higher incidence of high-risk cytogenetics and a
different genetic signature when compared to de novo AML [25]. Among t-AML, patients
with previous treatment with topoisomerase-II inhibitors present a higher incidence of
balanced translocations [26,27]. On the other hand, t-AML induced using alkylating agents
is characterized by a high frequency of TP53 and PPMD1 mutations [28].

Although globally associated with inferior outcomes, response to treatment and prog-
nosis can vary considerably among patients. Along with clinical differences (e.g., AML
evolved from an MPN, and possibly AA [29], are generally associated with even worse
outcomes compared to AML secondary to MDS [23]), the genetic profile plays a crucial
role. Unfavorable cytogenetic subtypes are overrepresented in sAML, and cytogenetic
risk classification remains a major determinant of the outcome for sAML patients. Indeed
most, but not all [30], studies suggested that the prognostic impact of sAML could lose its
significance when cytogenetic risk is considered [31]. Specifically, favorable rearrangements
such as t(15;17) or core binding factor (CBF) translocations induced by topoisomerase-II
inhibitors exposures retain their favorable prognosis also for sAML, although to a lesser
extent for CBF AML [32–35]. Consistently, adverse risk mutations maintain their adverse
impact in sAML [36], with a recent study showing that the prognostic impact of secondary
versus de novo ontogeny is predominantly, albeit not completely, accounted for using the
ELN 2022 risk classification [37].

Given the extreme relevance of gene mutations and the strong association with on-
togeny [27], according to the recent International Consensus Classification (ICC), the pres-
ence of ASXL1, BCOR, EZH2, RUNX1, SF3B1, SRSF2, STAG2, U2AF1, or ZRSR2 mutations
defines the category of AML with myelodysplasia-related gene mutations and identifies a
high-risk subgroup according to the ELN 2022 recommendations [38,39] (see below).

Finally, the group of treated sAML, i.e., occurring in patients who received an active
treatment during the previous disease phase (e.g., hypomethylating agents for MDS),
should also be recognized, since it is characterized by particularly poor outcomes [40].

3. Genetic Risk Profile

The advances in understanding the biological mechanisms behind AML oncogenesis
have uncovered complex interactions between cytogenetic aberrations and gene mutations,
which are essential for an accurate prognostic estimation. Thus, risk classifications have
moved away from a hierarchical approach, in which gene mutations were only considered
in cytogenetically normal AML, to a more integrated one.

3.1. Cytogenetics

Cytogenetic lesions and copy number alterations are reported in 50–60% of AML, and
their role in determining risk stratification is a mainstay in biology-driven medicine [41],
being confirmed in ELN and NCCN guidelines [39,42,43].

3.1.1. Favorable Risk Recurrent Rearrangements

The best example of good cytogenetic risk leukemia is represented by acute promyelo-
cytic leukemia (APL), identified with t(15;17) in the vast majority of cases [44]. Given the
uniqueness of this entity, it will not be further discussed in this report.

The other recognized favorable cytogenetic risk group is represented by CBF leukemias,
including AML with t(8;21)(q22;q22) and inv(16)(p13.1q22) or t(16;16)(p13.1;q22), whose
fusion products are RUNX1::RUNX1T1 and CBFB::MYH11, respectively [45,46]. CBF
leukemias represent 10–15% of newly diagnosed AML and are characterized by younger
age at diagnosis, de novo ontogeny, and a high probability of response after intensive
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chemotherapy, with a CR rate of 85–90% [47]. However, the group of CBF AML is
heterogeneous in terms of additional cytogenetic abnormalities (ACAs) and associated
gene mutations, with relevant differences between RUNX1::RUNX1T1 and CBFB::MYH11
AML [48–50]. Globally, while several reports suggested better long-term survival for
CBFB::MYH11 [20,51,52], this finding was not consistent in all studies [47,48,53,54].

In the pivotal Medical Research Council (MRC) cytogenetic study on 5876 young
adults with AML, including 705 cases of CBF leukemias [41], no significant survival impact
of ACAs on OS was observed among these patients, consistent with other reports, possibly
retaining the positive role of trisomy 22 in CBFB::MYH11 cases [20,55–57].

Among co-occurring gene mutations, c-KIT has been the most widely studied, and its
negative impact in RUNX1::RUNX1T1 AML emerged in several [58–61] but not all [62,63]
reports. Thus, whether its presence should reclassify t(8;21) AML patients to a higher-risk
group remains controversial.

FLT3-ITD mutations are present in 10–20% of CBF leukemias [56], and some reports
suggest a negative prognostic impact [55,64], possibly restricted to high allelic ratio (AR)
cases [56], or when patients with inv(16) and trisomy 22 are excluded [64]. Nonetheless, in
other works, FLT3-ITD was of negligible clinical significance in this context [63,65].

3.1.2. Intermediate and Adverse Risk Recurrent Rearrangements

KMT2A (MLL) rearrangements occur in roughly 5% of AML, in the context of balanced
translocations involving 11q23 breakpoints with various possible partner loci [41].

Among KMT2A-rearranged AML, t(9;11)(p21.3;q23.3)/KMT2A::MLLT3 are associated
with a higher response rate to intensive chemotherapy compared to other translocations [66]
and are thus included in the intermediate risk category when using the ELN 2022 classifica-
tion, unlike the remaining high-risk KMT2A-rearranged subtypes [39].

Among adverse cytogenetic lesions, t(6;9)(p23.3;q34.1)/DEK::NUP214 is frequently
characterized by bone marrow dysplasia and additional cytogenetic abnormalities. The fre-
quent (70–80% of the cases) co-occurring FLT3-ITD aberrations lack a confirmed prognostic
significance in this already poor-risk group [67,68].

AML with inv(3;3)(q21.3q26.2) or t(3;3)(q21.3;q26.2) depicts a subset of particular
poor-outcome with long-term survival chances extremely unlikely with conventional treat-
ments [41,69,70]. Other 3q26 rearrangements, thus involving the MECOM (EVI1) gene as
well, are also associated with dismal prognosis and were added to the 2022 ELN adverse
risk group [39,71].

AML with t(9;22)(q34.1;q11.2)/BCR::ABL1 is now recognized by the fifth WHO and the
ICC classification [22,38], but it remains challenging to distinguish it from chronic myeloid
leukemia blast crisis [72]. This entity remains classified in the adverse-risk group [39],
although ACAs may play a central role in defining the outcome in these cases, and the
impact of the addition of tyrosine kinase inhibitors to treatment has not been fully ad-
dressed [73–75].

Recently, the rare t(8;16)(p11.2;p13.3)/KAT6A::CREBBP rearrangement was better
characterized, and its poor prognostic significance was confirmed [39,76].

3.1.3. Aneuploidies

Among partial deletions and monosomies, those involving chromosomes 5, 7, and 17
are well-established poor prognostic factors [39,41,42]. Among these recurrent abnormal-
ities, which are more common in older patients and frequently co-occurring, cases with
isolated del(7q) are usually considered at intermediate risk [39,43], consistent with MDS
data [77].

Complex karyotype (CK) is commonly defined by the presence of three or more
cytogenetic unrelated chromosome abnormalities in the absence of other recurring class-
defining genomic lesions and is invariably associated with poor prognosis [41,43,78,79].
However, this group of patients is quite heterogeneous. The number of alterations can
matter, and generally, each additional aberration worsens the prognosis [20,41]. While the
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MRC group required four or more abnormalities to define a complex karyotype [41], Stölzel
and colleagues showed that patients with ≥ four abnormalities have an adverse risk per se,
while the outcome for patients with three abnormalities was dependent on the presence of
abnormalities of strong influence, such as chromosome 5, 7 or 17 deletions [79], consistent
with previous studies [80]. As a matter of fact, depending on the chromosomes involved,
CK can be further stratified into typical CK, which harbors deletions/monosomies of
chromosomes 5, 7, and 17 [81] and presents with a higher degree of cytogenetic complexity,
and commonly TP53 mutations, and atypical CK, which is associated with slightly better
outcomes [82].

The importance of monosomies has been confirmed both within and outside CK, in
particular in cases with a monosomal karyotype (MK), defined by Breems and colleagues
as the presence of two or more monosomies or autosomal monosomy together with at
least another karyotype abnormality [83]. Indeed, MK has been consistently associated
with a dismal prognosis, with long-term survival rates often below 5% [83,84] and with the
co-occurrence of CK and MK associated with an inferior OS compared to the sole CK.

Finally, chromosome trisomies appear to exert a different impact, being more often
associated with intermediate risk [85], with isolated trisomy 4 recently suggested as favor-
able [86]. Hyperdiploid karyotype, usually referred to as AML with 49–65 chromosomes,
represents a heterogeneous group that should be differentiated from CK [57,87]. Indeed, the
ELN 2022 excludes hyperdiploid karyotypes with three or more trisomies (or polysomies)
without structural abnormalities from the adverse CK group [39].

3.2. Gene Mutations
3.2.1. FLT3

Mutations in FMS-like tyrosine kinase 3 (FLT3) occur in approximately 30% of AML
and are frequently associated with normal karyotype, NPM1 mutations (40%), and
DEK::NUP214-AML (70%) [88]. More than two-thirds of the cases present with an in-
ternal tandem duplication (FLT3-ITD), while the remaining ones harbor point mutations in
the tyrosine kinases domain (TKD), more frequently in the D835 residue.

FLT3-ITD has been consistently associated with poor prognosis and high relapse risk,
which can vary according to its AR (higher being worse, see also below), size (longer being
worse), and location of ITD insertion (TKD1 site being worse) [86,89–91].

Recently, in the genetic classification proposed by Tazi and colleagues, FLT3-ITD
showed independent prognostic information in each genic class and could upgrade risk for
all intermediate-risk patients to adverse-risk [57].

FLT3-TKD mutations do not exert an independent prognostic impact [39], albeit with
some conflicting results [92,93], possibly depending on the context (i.e., CBF, NPM1 vs.
KMT2A-PTD-positive AML) [20,90,94].

3.2.2. NPM1

Nuclophosmine 1 (NPM1) mutation is a class-defining genetic lesion, as consistently
confirmed [22,38,57]. It frequently occurs in the context of normal karyotype, and it is
accompanied by additional gene mutations in almost 70 % of cases [20,95,96].

As mentioned above, NPM1 and FLT3 mutations often co-occur [88], and NPM1-
related good prognosis is mostly restricted to those cases not harboring FLT3-ITD [97].

In addition, the presence of DNMT3A mutations in patients co-harboring NPM1 and
FLT3-ITD could identify a subgroup with poor outcomes [20,98]. Indeed, clearly depicting
the impact of co-mutations in NPM1-mutated AML has been particularly challenging,
with recent data suggesting that the co-occurrence of MDS-related gene mutations might
translate into inferior survival [99]. Probably, very large patient cohorts will be required to
robustly address this issue, and this effort is actively being pursued in the context of the
HARMONY project (see below).

Cytogenetic abnormalities can occur in 15% of NPM1-AML and, while globally, they
did not show a significant impact [100], Angenendt et al. demonstrated that high-risk
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chromosomal abnormalities (3.4% of the cases) significantly and independently worsen
prognosis, moving these cases into the adverse-risk category [101].

Rarely, NPM1-mutations occur in the context of therapy-related AML (t-NPM1), but
their genetic signature and prognosis overlapped with that of de novo NPM1-mutated
AML, outlining the genetic and prognostic diversity between t-NPM1 and t-AML [102]. In
accordance, going beyond the 2016 WHO classification [103], the current 2022 International
Consensus Classification and the fifth WHO classification of myeloid neoplasms both
classify NPM1-mutated AML as such, independently of the previous clinical history [22,38].

3.2.3. CEBPA

CCAAT/enhancer binding protein α (CEBPA) mutations are found in roughly 10% of
AML patients [104], and only biallelic-mutated cases seem to be associated with favorable
outcomes [105–107]. However, two large studies recently demonstrated that in-frame muta-
tions occurring in the bZIP domain of the CEBPA site were associated with good prognosis,
irrespective of their occurrence as biallelic or monoallelic, prompting a modification of the
current classifications and prognostic stratifications [39,108,109].

GATA2 mutations are frequently found in CEBPA-AML and, although sometimes
associated with better outcomes, further confirmation is needed. Conversely, the presence
of WT1 and TET2 mutations have been associated with lower response rates and survival
in some reports [110,111], but their independent relevance is not firmly established [108].

3.2.4. TP53

Mutations in this onco-suppressor gene are among the commonest in cancer and
account for about 10% of AML cases. TP53 mutations frequently co-occur with CK/MK and
in therapy-related settings, showing invariably poor response to intensive chemotherapy
and dismal outcomes, predicating even worse survival in the context of CK [20,36,112].

As boundaries between AML and MDS fade in current classifications [38], recent data
indicate that TP53-mutated AML and MDS with excess blasts share similar characteris-
tics and prognoses, suggesting they should be regarded as a specific molecular disease
entity [112–114].

In MDS, multi-hit TP53 disruption (in the subsets of multiple mutations, mutation plus
17p deletion, or mutation plus loss of heterozygosity) frequently presents with a higher rate
of additional chromosomal abnormalities compared to monoallelic/single-hit mutation
and significantly worse prognosis [115]. Indeed, the detrimental impact of multi-hit TP53
was also shown in AML [112,116,117], in accordance with data on the negative impact of
high TP53 variant allele frequency (VAF) [118]. However, this finding was not confirmed in
the large analysis by Tazi and colleagues [57], suggesting further research on this issue is
needed.

3.2.5. RUNX1, ASXL1, and Other Myelodysplasia-Related Gene Mutations

RUNX1 mutations have been associated with reduced response and survival in sev-
eral studies [119–122], with some contrasting results [20]. Similarly, ASXL1 aberrations
consistently showed an adverse prognostic impact [20,123,124], mainly when co-occurring
with mutated RUNX1 and other epigenetic modifiers. Thus, both gene mutations were
introduced as poor prognostic markers in the ELN 2017 risk classification [125].

More recently, these genes together with BCOR, EZH2, SF3B1, SRSF2, STAG2, U2AF1,
and ZRSR2 were recognized in the ICC as determinants for the entity of “AML with
myelodysplasia-related gene mutations” irrespective of previous disease history [38], and
the prognostic relevance of this entity was recognized in the ELN 2022 recommenda-
tions [27,39]. However, patients harboring these sAML mutations seem to experience rather
heterogeneous outcomes. The study by Tazi et al. suggested that among these cases (which
included the aforementioned mutations plus SETBP1 and KMT2A-PTD aberrations), the
association with adverse prognosis was specific to patients with ≥two mutations (5-year
survival rate of 16%, identified as sAML2,) while the minority of patients with a single
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gene mutation experienced an intermediate outcome (5-year survival rate of 37%) [57].
Furthermore, the availability of new treatments, including CPX-351, could further com-
plicate the scenario, as this agent seems to work particularly well in patients harboring
myelodysplasia-related gene mutations, potentially overcoming their adverse prognostic
value [126,127].

3.2.6. Other Genes

The role of several gene mutations has been explored in the last decade, mostly with
inconclusive results [3,128,129].

DNMT3A mutations, strongly associated with age-related clonal hematopoiesis, were
associated with unfavorable outcomes in older studies [130,131], but their role was not
always confirmed, as their prognostic impact could be influenced by age, co-occurring
molecular aberrations, and the type of mutations (i.e., R882 versus others) [20,122,132].
Recently, DNMT3A mutations were shown to be useful to refine the 2017 ELN stratification,
since their presence worsen the prognosis in each subgroup [52].

Roughly 5% of AML cases harbor partial tandem duplication of KMT2A (KMT2A-PTD),
which was associated with unfavorable prognosis in several studies [104,133]. However,
this abnormality is not commonly recognized as an independent prognostic marker [39],
possibly because of the weight of co-mutations [20] and some discordant results [122,134].
As mentioned above, this mutation was recently included in the s-AML group by Tazi and
colleagues [57].

The WT1 prognostic role has been suggested in some studies, but the inconsistency
among reports prevented its uniform acceptance [20,135,136]. In the study by Tazi and
colleagues, WT1 mutations in the absence of other classifying events identified a specific
AML cluster with intermediate risk [57,137].

Mutations of PTPN11, a regulator involved in RAS signaling, have been associated
with poor prognosis in three recent reports [138–140]. However, these findings should
be interpreted with caution, as the negative impact of PTPN11 appeared restricted to
NPM1-wild-type patients in one report [140] and to ELN2017 favorable cases in another
one [139].

The CREBBP gene is rarely disrupted in AML and mainly rearranged with different
translocation partners, most frequently KAT6A at 8p11 [76,141], see above. However, data
about gene mutations, including single nucleotide variants, are less robust. Recently, the
Children Oncology Group explored the role of these genetic lesions in a large retrospective
cohort of pediatric and young adult de novo AML patients (aged 0–29.8 years), showing that
CREBBP-disrupted cases experience worse event-free survival and increased relapse risk
compared to wild type ones [142]. However, this preliminary finding needs confirmation
in the adult population.

Among germline mutations predisposing to MDS and AML, those affecting DDX41 are
the most common ones and are often found in advanced age. Recently, DDX41 mutations
have been associated with increased complete remission rates and rather favorable survival,
both in real-life analyses and prospective clinical trials [143,144].

4. Measurable Residual Disease

Although it is widely agreed that residual leukemic cells lead to recurrent disease in
acute leukemias, the recognition of the role of MRD in AML has been slower compared
to acute lymphoblastic leukemia (ALL), a disease in which MRD has been accepted as the
strongest prognostic factor [145]. MRD assessment and clinical application are challenging
in AML, in part because of its genetic and immunophenotypic heterogeneity. Thus, differ-
ent MRD detection methods have been developed, namely multiparameter flow cytometry
(MFC), polymerase chain reaction (PCR), and next-generation sequencing (NGS). In addi-
tion, it is known that not all AML mutations have clinical utility for MRD monitoring, such
as those found in age-related clonal hematopoiesis (e.g., DNMT3A, TET2, ASXL1) or in
germline predisposition syndromes (e.g., DDX41, RUNX1, GATA2). Moreover, mutations in
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signaling pathway genes (e.g., FLT3, KIT, RAS) likely represent residual leukemia when de-
tected, but being often sub-clonal, they have a low negative predictive value. Finally, most
studies exploring the prognostic value of MRD in AML are heterogeneous in terms of the
patient population (age and AML subtypes), the timing of MRD assessment, and the source
(peripheral blood vs. bone marrow) [146]. However, in 2017, the ELN introduced MRD
response as a subcategory of CR, acknowledging that patients achieving MRD-negative
CR after intensive chemotherapy experience better outcomes compared to MRD-positive
ones [125], and in 2018, the first ELN MRD consensus guidelines addressed comprehen-
sively the role of MRD in AML [3,147]. Indeed, a large 2020 meta-analysis including 81
publications with 11151 AML patients treated with intensive chemotherapy clearly demon-
strated the strength of the association between MRD and survival outcomes, regardless
of patient- and disease-related factors and methodologic variables. In this meta-analysis,
the 5-year estimated OS for the MRD-negative group was 68% compared with 34% for
the MRD-positive group. MRD negativity was associated with improvement in long-term
survival outcomes in all evaluated subgroups across different clinical contexts [118]. Given
the enormous interest in this field and the new evidence, in 2021, the ELN MRD consensus
guidelines were updated, allowing hematologists to standardize the use of MRD testing in
clinical practice and indicating the directions for future improvements. Recommendations
were given on the MRD detection method to use in different AML subtypes, on the timing
of MRD testing, and on the source to use. Moreover, the role of NGS in MRD assessment
was more comprehensively covered [148] (Table 1). Finally, the MRD consensus recommen-
dations were integrated into the recently published 2022 ELN AML guidelines for AML
diagnosis and management [39].

Table 1. Current MRD recommendations according to 2021 ELN consensus guidelines.

Detection Methods

qPCR NPM1-mutated AML, CBF AML (RUNX1::RUNX1T1 or
CBFB::MYH11)

MFC * AML lacking a molecular marker

NGS At present, there are insufficient data to recommend it as a
stand-alone technique

Timing Assessment

qPCR-MRD
In PB, after two cycles of chemotherapy; in BM, at the end of
consolidation; and in BM, every 3 months; or in PB, every 4–6

weeks for 24 months after the end of consolidation

MFC-MRD In BM, after two cycles of chemotherapy, at the end of
consolidation and prior to HCT

MRD-Driven Treatment Decisions

Additional consolidation
strategies

(1) MRD-pos using MFC after two cycles of intensive
chemotherapy or consolidation chemotherapy and prior to
or after HCT;

(2) MRD-pos with ≥2% NPM1 mutant copies per ABL1 copies
measured in BM or transcript levels of NPM1 or CBF
fusions failed to reach a 3–4 log reduction in the same tissue
after completion of consolidation chemotherapy;

(3) MRD relapse.

No change in treatment Patients with NPM1-mutated or CBF AML who have stable
molecular MRD detection at low level (MRD-LL)

Abbreviations: qPCR: quantitative polymerase chain reaction, MFC: multiparameter flow cytometry, NGS: next-
generation sequencing, AML: acute myeloid leukemia, CBF: core-binding factor, MRD: measurable residual
disease, PB: peripheral blood, BM: bone marrow, HCT: allogeneic hematopoietic cell transplantation. * Combining
the two available approaches: leukemia-associated immunophenotypes (LAIP) identification and difference from
normal (DfN) strategy.
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4.1. MRD in Less-Intensively Treated Patients

While the prognostic role of MRD is established in young and fit patients receiving
intensive chemotherapy, there is limited evidence for its clinical significance in patients
treated with low-intensity prolonged regimens, probably reflecting the low chances of deep
and prolonged remissions. Recently, the introduction of venetoclax-based combinations
led to increased CR rates and response durations, prompting researchers to evaluate MRD
impact in this setting as well [149].

In the VIALE-A study, MRD-negative responses were achieved in 41% (67/164) of
patients obtaining composite CR, with significantly prolonged remission duration and
survival compared to MRD-positive cases. Multivariate analysis confirmed that MRD-
negative CR was a strong independent predictor of OS [150]. The role of MRD was
also evaluated in patients treated with 10-day decitabine plus venetoclax with similar
results, supporting the relevance of MRD evaluation in patients treated with HMA and
venetoclax [151].

4.2. MRD and HCT

Several studies have shown that patients undergoing HCT in MRD-positive CR have
worse survival and increased relapse risk compared to MRD-negative ones [152,153]. Buck-
ley et al. addressed this issue in a meta-analysis including 19 transplant studies, confirming
a robust association between pre-HCT MRD positivity and post [154]. Nonetheless, the
2021 MRD consensus guidelines recommend that pre-transplant MRD positivity should not
be considered as a contraindication to HCT but, when feasible, myeloablative conditioning
should be used [148].

5. Current Risk Stratification Algorithms

Risk stratification algorithms are widely used to estimate AML patients’ prognoses
and make therapeutic decisions. Indeed, these simplified systems are built to summarize
the available evidence and, importantly, to identify prognostic factors whose role is robust
and reproducible enough to inform clinical practice. The classification proposed by ELN is
probably the most widely used, including by the last version of the NCCN guidelines, and
it has recently been updated [39,125,155]. The main differences between the 2022 and the
2017 classification systems are outlined in Table 2.

Table 2. ELN 2017 versus ELN 2022.

ELN 2017 ELN 2022 Comments

Favorable Risk

t(8;21)(q22;q22.1)/
RUNX1::RUNX1T1

t(8;21)(q22;q22.1)/
RUNX1::RUNX1T1

inv(16)(p13.1q22) or
t(16;16)(p13.1;q22)/

CBFB::MYH11

inv(16)(p13.1q22) or
t(16;16)(p13.1;q22)/

CBFB::MYH11

Mutated NPM1 without
FLT3-ITD or with FLT3-ITD

low

Mutated NPM1 without
FLT3-ITD (and without

adverse-risk cytogenetics)

FLT3-ITD allelic ratio is no
longer considered due to the
impact of midostaurin-based
regimens and the absence of a
standardized assay to assess it

Biallelic mutated CEBPA bZIP in-frame mutated CEBPA

Mono- or biallelic mutational
state lost its prognostic weight
in the latter classification, with

inframe bZIP mutations
gaining a predominant role
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Table 2. Cont.

ELN 2017 ELN 2022 Comments

Intermediate Risk

Mutated NPM1 with
FLT3-ITD high

Mutated NPM1 with
FLT3-ITD (and without

adverse-risk cytogenetics)

Wild-type NPM1 without
FLT3-ITD or with FLT3-ITD
low (without adverse-risk

genetic lesions)

Wild-type NPM1 with
FLT3-ITD (without

adverse-risk genetic lesions or
favorable cytogenetics)

FLT3-ITD showed an
independent prognostic
impact, globally placing

patients at intermediate risk

t(9;11)(p21.3;q23.3)/
MLLT3::KMT2A

t(9;11)(p21.3;q23.3)/
MLLT3::KMT2A

Cytogenetic abnormalities not
classified as favorable or

adverse

Cytogenetic abnormalities not
classified as favorable or

adverse

Adverse Risk

t(6;9)(p23;q34.1);
DEK::NUP214

t(6;9)(p23;q34.1);
DEK::NUP214

t(v;11q23.3); KMT2A
rearranged

t(v;11q23.3);
KMT2A-rearranged

t(9;22)(q34.1;q11.2);
BCR::ABL1

t(9;22)(q34.1;q11.2);
BCR::ABL1

t(8;16)(p11.2;p13.3)/
KAT6A::CREBBP

New cytogenetic abnormality
included in the ELN 2022

classification

inv(3)(q21.3q26.2) or
t(3;3)(q21.3;q26.2); GATA2,

MECOM(EVI1)

inv(3)(q21.3q26.2) or
t(3;3)(q21.3;q26.2)/GATA2,

MECOM(EVI1)

t(3q26.2;v)/MECOM(EVI1)-
rearranged

New cytogenetic abnormality
included in the ELN 2022

classification

−5 or del(5q); −7;
−17/abn(17p)

−5 or del(5q); −7;
−17/abn(17p)

Complex karyotype,
monosomal karyotype

Complex karyotype,
monosomal karyotype

Multiple trisomies or
polysomies no longer

define CK

Mutated RUNX1, ASXL1

Mutated ASXL1, BCOR, EZH2,
RUNX1, SF3B1, SRSF2,
STAG2, U2AF1, and/or

ZRSR2

Additional gene mutations are
added, irrespective of prior

MDS history

Mutated TP53 Mutated TP53
At least a 10% VAF is required

to classify patients as
TP53-mutated

Wild-type NPM1 and
FLT3-ITD high

FLT3-ITD define an
intermediate risk, irrespective
of its allelic ratio or concurrent

NPM1 mutations
Abbreviations: ELN, European Leukemia Net; CK, complex karyotype.

Probably the most relevant changes regarded FLT3-ITD AR and its interaction with
NPM1. Patients harboring FLT3-ITD with low AR (i.e., 0.5 or less in the ratio of the
area under the curve “FLT3-ITD” divided by the area under the curve “FLT3-wild-type”)
with NPM1 mutations and those without NPM1 aberrations but with FLT3-ITD with
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high AR were categorized as favorable and adverse-risk using the 2017 classification,
respectively [125]. Conversely, the 2022 recommendations classified all FLT3-ITD patients
lacking favorable cytogenetics or adverse genetic lesions in the intermediate risk group,
given the challenges posed by the standardization of the assay measuring AR, the evidence
of a beneficial impact of midostaurin-based regimens in FLT3-ITD AML irrespective of AR
and NPM1 mutational status, and the increased role of MRD [39,156].

Furthermore, the ELN 2022 considered several of the studies discussed above to
update its classification:

• Patients with in-frame bZIP CEBPA mutations are now considered favorable-risk
irrespective of CEBPA biallelic or monoallelic mutational status.

• NPM1-mutated patients with adverse cytogenetics are considered at adverse risk.
• Hyperdiploid karyotypes with three or more trisomies without structural abnormali-

ties are excluded from the group of CK.
• In addition to RUNX1 and ASXL1, other MDS-related gene mutations (BCOR, EZH2,

SF3B1, SRSF2, STAG2, U2AF1, and ZRSR2) are added as poor-risk prognostic markers
in the absence of favorable risk genetics.

• New high-risk rearrangements are included, namely t(3q26.2;v)/MECOM and t(8;16)
(p11;p13)/KAT6A::CREBB.

• At least a 10% VAF is required to classify patients as TP53-mutated.

Recently, the updated classification was validated in large cohorts of intensively treated
younger de novo AML patients [137,157], although some refinements were proposed [158–160],
suggesting further improvements are likely possible.

Conversely, a recent analysis of the VIALE-A outlined how the ELN classification
does not adequately stratify patients treated with HMA and venetoclax, confirming that
different prognostic algorithms will be needed in this therapeutic context. Thus, the author
proposed a stratification system based on the mutational status of TP53, N/K RAS, and
FLT3-ITD, which requires validation [161].

Finally, dynamic parameters, i.e., treatment response including MRD, are increasingly
stressed in the guidelines (see also above), as they significantly modify baseline prognostic
stratification, in addition to informing treatment decisions [39].

6. Emerging Biological Risk Factors

The prognostic impact of several biological factors has been explored in AML, although
they have not entered clinical practice yet.

6.1. RNA

Long noncoding RNAs (lncRNAs), microRNAs (miRNAs), and circular RNAs (cir-
cRNAs) are three noncoding RNA molecules that regulate DNA transcription and trans-
lation [162]. The expression level of lncRNAs could predict AML outcome, with several
lncRNAs associated with prognosis in relatively small studies [163,164]. Interestingly, a
four-gene lncRNA expression signature was shown to predict outcome in AML indepen-
dently of ELN risk stratification in a rather large study including a validation cohort [165]
and, more recently, the prognostic role of a 37 lncRNA signature was demonstrated on over
1000 patients, mostly in the pediatric setting [166].

MiRNAs are involved in tumorigenesis both as oncogenes and tumor suppressors. In
rather old studies, the up-regulation of miR-181a was associated with a favorable prognosis,
while higher expression of miR-155, miR-196b, and miR-644 was associated with a shorter
OS [167–169].

Finally, circular RNAs (circRNAs) can be overexpressed in AML, but data are scantier.
CircPVT1 was shown to be overexpressed in AML harboring oncogene MYC amplification,
but survival implications are yet to be proven [170].
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6.2. Methylation

DNA hypermethylation and the subsequent inactivation of tumor suppressor genes
play a key role in AML pathogenesis, with methylation genes (i.e., DNMT3A, TET2, IDH1/2)
being among the most frequently mutated in AML [88].

Different cytogenetic subgroups of AML have distinct DNA methylation profiles [171],
and DNA methylation signatures could sub-stratify large genetic groups, such as NPM1-
mutated AML, possibly identifying new prognostically relevant disease entities [171,172].
Several studies have explored the clinical and prognostic implications of DNA methylation
patterns, concluding that aberrant DNA methylation is independently associated with
clinical outcomes. Indeed, patients with a higher proportion of methylation changes
at diagnosis showed shorter time to relapse [173–175]. Finally, Luskin and colleagues
developed a microsphere-based assay to assess DNA methylation status, generating a
methylation-based risk score (M-score) that was independently associated with CR and OS
in different AML cohorts [176,177].

6.3. Leukemia-Stem Cells

The persistence of leukemia stem cells (LSCs) plays a pivotal role in driving AML
relapse; thus, assessing AML LSC gene expression signatures has been proposed as a
method to further refine prognosis. Indeed, several signatures and scores have been
proposed [178–180]. Among them, LSC17, a 17-gene stemness score, was associated with
poor clinical outcomes in multiple AML cohorts, even in the context of ELN 2017 classifica-
tion [181–184].

6.4. Proteomics

The impact of protein expression in AML has long been studied, with an early focus on
proteins involved in chemotherapy resistance, such as P-glycoprotein (the MDR1 gene prod-
uct), whose hyperexpression was mostly associated with worse prognosis [185,186]. The
prognostic impact of the expression of anti- (e.g., BCL-2) or pro- (e.g., BAX or BAX/BCL2 ra-
tio) apoptotic proteins was suggested, despite some inconsistencies [187–190]. In addition,
subsequent studies indicated that specific functional proteomic profiles were associated
with outcomes [191].

Recently, Jayavelu and colleagues performed a large proteogenomic analysis on uni-
formly treated AML patients that included, in addition to in-depth quantitative proteomics,
cytogenetic profiling and DNA/RNA sequencing. The authors identified five distinct
proteomic AML subtypes, reflecting specific biological characteristics, which could not be
recapitulated with genetics. Importantly, one subtype captured only in the proteome (Mito-
AML) was characterized by high expression of mitochondrial proteins and was associated
with poor prognosis, with low CR rates and shortened survival after intensive chemother-
apy. Finally, functional analyses suggested that Mito-AML could be more responsive to
venetoclax-based treatments [192].

6.5. BH3 Profiling

BH3 profiling is a functional approach that can predict the cellular dependence on
anti-apoptotic proteins like BCL-2 or MCL-1, based on mitochondria depolarization in
response to a panel of BH3 sensitizer peptides. BH3 profiling was hypothesized to predict
response to chemotherapy in AML some years ago [193], and recently, Dal Bello et al.
showed in a uniformly intensively treated cohort of older AML patients that mitochondrial
blast priming predicted prolonged OS in non-adverse risk AML [194].

7. Prognostic Impact of Clonal Architecture in AMLs

Beyond the prognostic impact of individual mutations in AML, their association with
a patient could refine prognosis prediction [195]. Allelic mutational status is important
for some of them such as TP53, as discussed above. Specific combinations seem to be
synergistic, such as DNMT3A and IDH1/2, as they frequently co-occur in AML [20], are
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associated with clonal dominance when they co-occur in single cells [196], and convey
poorer prognosis compared to single-mutated cases [20,197]. Higher numbers of leukemic
clones, determined using conventional cytogenetic analyses [198] or inferred from bulk
sequencing with the number of driver mutations and the number of epialleles [199], have
also been associated with shorter survival. Phylogeny structure and clone size distribution
are also important. Clonal dominance, i.e., the preponderance of one clone over the others,
correlates with poorer prognosis [195,200]. Branching architecture owing to the parallel
evolution of signaling mutations (i.e., clonal interference) predicts higher relapse rates in
core-biding factor AML [63]. Most of these correlations were performed using imperfect
clonal architecture inference on bulk sequencing data. Recent technological developments
now give access to information on single-cell mutation co-occurrence, deciphering the
precise clonal composition of leukemic samples [196,201]. Single-cell DNA sequencing
in a large cohort of AML patients will probably refine the prognostic impact of clonal
architectures. However, these associations with prognosis are correlative, and it is likely
that in some cases, they result from an underlying biological process rather than a direct
role of clonal structure on treatment resistance [202]. Emerging multi-omic, single-cell
protocols would probably shed some light on these complex mechanisms by linking clonal
architecture and functional diversity of leukemic cells [203,204].

8. Global Risk Assessment in AML

Despite the effectiveness of current prognostic stratification algorithms, such as the
ELN2022 one, other clinical parameters, such as age, leukocytosis, or performance status
exert a relevant prognostic impact, as previously discussed. Indeed, they interact with
genetic lesions and can influence patients’ outcomes [20]. In the last years, some recom-
mendations for transplant in first CR have included several of these parameters together
with genetic risk, weighting them against the risk of non-relapse mortality, thus proposing
a form of integrated approach [205].

Another strategy to integrate cytogenetic, molecular, and clinical factors has been the
development of scoring systems [206], which, however, could not keep up with the rapidly
evolving molecular landscape, and whose use is not common in clinical practice.

Clearly, hierarchical step-by-step integration approaches including cytogenetic and
molecular aberrations are no longer able to recapitulate the full spectrum of AML. First,
not all mutations in a given gene exert the same impact, as clearly established for FLT3
(ITD vs. TKD), but this may also be the case for DNMT3A (R882 vs. others) [207] or KIT
(exon 8 vs. 17) [55]. Second, three (or more) gene interactions have been confirmed to be
relevant for patients’ stratification [20,208]. Third, the reciprocal relation of mutations and
their repartitions into clones seems to exert a meaningful prognostic impact (see above).

Thus, in recent years, machine learning approaches have been proposed to overcome
these issues.

In the context of the European Union-funded HARMONY project, Hernández Sánchez
and colleagues analyzed 1093 intensively treated NPM1-mutated patients, applying a
machine learning algorithm developed to identify combinations of up to four co-mutated
genes with a potential impact on OS. Using a heuristic search algorithm and bootstrap
sampling, they estimated the impact of all possible gene combinations on OS. Combining
the mutational status of a few genes, namely TP53, FLT3-ITD, IDH, DNMT3A, PTPN11,
N/K RAS, and RAD21, the authors stratified NPM1-mutated cases into four groups with
significantly different outcomes, thus proposing a new genetic stratification model for these
patients [209].

A different emerging approach, aiming to integrate the most available prognostic
information layers without relying on studies on specific genetic interactions, was first
reported by Gerstung and colleagues. The authors developed a multistage model based
on matched clinical and genomic data from more than 1500 AML patients [20], which
could predict for each patient the probability of different causes of mortality, namely,
death without remission, death without relapse, and death after relapse. Indeed, this
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“knowledge bank approach” (KB) was able to improve the prediction of patients’ outcomes
compared to standard risk stratification systems [210]. Furthermore, this method could
estimate the impact of HCT on these probabilities, and it was calculated that following
this tailored approach, the same survival could be maintained by reducing the number
of HCTs by 20–25%. The authors developed an online tool, which allows an accurate
prognostic prediction even in cases of missing data (https://cancer.sanger.ac.uk/aml-
multistage, accessed on 1 June 2023). Huet and colleagues were later able to validate the
KB approach in a real-life setting, confirming that it outperformed the survival prediction
achieved with current risk classifications and the robustness of the algorithm to missing
data [211]. More recently, the Cancer and Leukemia Group B validated this approach
using patients treated in their trials, suggesting that the integration of additional genetic
factors such as atypical complex karyotype, infrequent recurrent balanced chromosome
rearrangements, and mutational status of new genes could improve the performance
of KB algorithms [212]. The Papaemmanuil lab recently updated a somehow similar
patient-tailored clinical decision tool based on an even larger patient cohort, which relied
on a smaller gene panel and on clinical features [57]. An online tool is also available
(https://www.aml-risk-model.com/calculator, accessed on 1 June 2023).

Focusing on its ability to guide HCT decisions in first CR1, Fenwarth and colleagues
analyzed the performance of the KB approach for intensively treated younger patients in
the context of the ALFA-0702 clinical trial. Not only were the authors able to demonstrate
the superiority of this method to standard prognostic stratifications, but a personalized
and appropriate HCT decision was derived using the integration of the KB approach with
ELN 2017 risk score and, importantly, NPM1 MRD. Finally, the authors devised an online
decision tool (https://alfa-group.shinyapps.io/alfa-hsct/ accessed on 1 June 2023) [213]. A
French group was also able to validate the KB approach in elderly patients treated with
intensive chemotherapy, although, in this context, it was not superior to their recently
developed and validated ALFA decision tool [214,215]. Indeed, by combining cytogenetics
and seven gene mutations, the authors were able to identify a “no-go” group of patients
with dismal outcomes when treated with intensive chemotherapy (2-year OS of 3%), clearly
distinct from the intermediate and the favorable-risk ones.

KB-based approaches have been shown to improve tailored therapeutic decisions;
however, several limitations still exist. Since new effective treatments are being ap-
proved [216], the survival estimation using data on patients treated with “7 + 3”-like
traditional chemotherapy programs might become inaccurate, as recently suggested by a
real-life study [217].

Furthermore, inclusive cohorts are required, to avoid overlooking certain subgroups
(e.g., elderly patients less often enrolled in clinical trials). Importantly, when focusing on a
particular setting such as HCT, specific factors should ideally be considered, such as donor
type and conditioning regimens [218].

Despite its enormous prognostic relevance, a detailed genetic characterization and its
integration with clinical data cannot fully depict AML behavior, as all the aforementioned
methods are far from reaching perfect accuracy. Indeed, functional assays could com-
plement genetic risk stratification to identify patients achieving long-term survival with
intensive therapy. With this approach, the direct exposure of patients’ AML primary cells at
diagnosis to several drugs can undercover specific vulnerabilities and resistance patterns,
which could be used to personalize therapeutic choices [219]. In their seminal study, Tayner
and colleagues explored the correlation between drug sensitivity, mutational status, and
gene expression signatures, suggesting the role of specific gene networks in determin-
ing drug response [220]. More recently, Dal Bello and colleagues developed a niche-like
drug sensitivity screening assay combining physiologic hypoxia and mesenchymal stromal
cell co-culture to overcome the limitations of standard cultures and to represent more
closely the conditions in which drugs act in vivo. In addition to predicting the response
to anthracycline–cytarabine induction chemotherapy in a cohort of NPM1-mutated AML
patients, higher relative drug activity was associated with an independent positive impact

https://cancer.sanger.ac.uk/aml-multistage
https://cancer.sanger.ac.uk/aml-multistage
https://www.aml-risk-model.com/calculator
https://alfa-group.shinyapps.io/alfa-hsct/
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on event-free survival in that cohort [221]. Although promising, drug screening approaches
are currently restricted to specialized labs, and a prospective investigation in larger cohorts
is required to confirm the role of functional precision oncology in AML.

9. Conclusions

Huge advances in AML biology have led to an increasing complexity in prognostic
estimation, as newly discovered factors are entering an already challenging scenario. Fur-
thermore, several new treatments have been approved in the last years, and the impact
of prognostic factors established in cohorts of conventionally treated patients should be
confirmed in the new therapeutic context, both with intensive and non-intensive therapies.

Thus, new machine learning-based tools are being developed to integrate established
prognostic factors in an evolving therapeutic scenario of a relatively rare disease, hopefully
increasing the prediction accuracy of current models, which remain limited at the single-
patient level [222], to whom our efforts should be addressed.
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