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Key Points

• The ELN2017 classifi-
cation distinguishes 3
distinct risk groups af-
ter allogeneic HSCT
consolidation in
patients with AML.

• Patients with AML with
TP53 mutation, mono-
somal karyotype, or
MRD positivity at trans-
plantation have poor
prognoses after
allogeneic HSCT.

In 2017, an updated European LeukemiaNet (ELN) risk classification was published

allocating patientswith acutemyeloid leukemia (AML) to 3 risk groups on the basis of certain

cytogenetic and molecular aberrations. To date, studies of the prognostic significance of

the ELN2017 risk classification in the context of an allogeneic hematopoietic stem cell

transplantation (HSCT) are lacking. We performed risk stratification according to the

ELN2017 classification in 234 patients with AML who underwent allogeneic HSCT as

a consolidation therapy. In our cohort, the risk of 39.7% of the patients was classified as

favorable, that of 12.8% as intermediate, and that of 47.4% as adverse. In the context of

allogeneic HSCT, the assignment to the 3 ELN2017 risk groups retained its prognostic

significance, with patients with favorable risk having the best prognosis and those with

adverse risk having the worst one. Subgroup analyses showed that patients with

a monosomal karyotype or TP53 mutation had considerably increased relapse rates, even

in the adverse-risk group. When we analyzed the impact of digital droplet PCR–based

measurable residual disease (MRD) before allogeneic HSCT, MRD1 patients had impaired

prognoses, with cumulative incidence of relapse and overall survival comparable to those

of patients classified as having an ELN2017 adverse genetic risk. This study is the first to

demonstrate that the ELN2017 classification distinguishes the 3 risk groups with

significantly distinct prognoses, even after allogeneic HSCT, and emphasizes the dismal

prognosis of patients with AML with TP53 mutations, monosomal karyotype, or MRD

positivity after allogeneic HSCT.

Introduction

Acute myeloid leukemia (AML) is a highly genetically heterogeneous disease. During recent years, its
molecular landscape has been redefined greatly with the advent of high-throughput sequencing
techniques.1-3

In 2010, an international expert panel came together on behalf of the European LeukemiaNet (ELN) to
establish a risk classification based on cytogenetic and molecular aberrations.4 The definitions of 4 AML
risk groups (favorable, intermediate-I, intermediate-II, and adverse) were shown to have significant value
in predicting outcomes, mainly in patients treated with consolidation chemotherapy regimens.5-7 In
patients who undergo allogeneic hematopoietic stem cell transplantation (HSCT) as a consolidation
therapy, the prognostic impact of the ELN2010 classification was reduced, because patients with
favorable risk have significantly longer survival than the other risk groups.8 In 2017, an updated ELN risk
classification was released that incorporated the most recent insights into the molecular architecture
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of AML and their prognostic significance.9 Compared with the
ELN2010 classification, in the ELN2017 classification, only 3
risk groups were defined: favorable, intermediate, and adverse.
Based on studies showing that only patients with biallelic
CEBPA mutations had significantly improved survival,10-15 the
entity “biallelic mutated CEBPA” was introduced, to define
patients with favorable risk. Because the negative prognostic
impact of fms-related receptor tyrosine kinase-internal tandem
duplications (FLT3-ITDs) depends on a high ITD/wild-type ratio
($0.5),16-18 the FLT3-ITD allelic ratio is now applied, to strat-
ify patients with AML into the 3 risk groups in the context of
nucleophosmin-1 (NPM1) mutation status. Because the pres-
ence of a monosomal karyotype and mutations in the genes
TP53, ASXL1, and RUNX1 were found to be associated with
particularly poor prognoses, they were added to the ELN2017
classification to define patients with adverse risk.3,19-33 In a study
analyzing the prognostic impact of the ELN2017 classification in
3 independent AML cohorts, the allocation to the genetic-risk
groups distinguished significantly different overall survival groups
in at least 2 of the 3 cohorts, mainly among those who under-
went consolidation chemotherapy.34 Boddu et al showed that the
ELN2017 risk group in which patients were classified correlated
significantly with overall survival (OS) in younger patients with AML
(,60 years) who received chemotherapy-based consolidation, with
a caveat regarding the lack of data on the CEBPA mutation status
of the entire cohort.35 In their study, the Japan Adult Leukemia
Study Group demonstrated improved prognostic accuracy of the
ELN2017 classification compared with that of the ELN2010.36

Another study recently demonstrated that the ELN2017 genetic-
risk classification could be combined with monitoring of the
peritransplantation measurable residual disease (MRD) to refine
the prediction of relapse after allogeneic HSCT.37 The importance
of MRD monitoring was also emphasized by the introduction in
the updated ELN2017 classification of the new response category
“complete remission (CR) without MRD.”9

In the context of allogeneic HSCT, the prognostic efficacy of the
updated ELN2017 classification has not been evaluated. To our
knowledge, ours is the first study that has been undertaken to
investigate the impact of the allocation to the 3 ELN2017 risk
groups on prediction of relapse and survival in an AML cohort that
homogeneously underwent allogeneic HSCT as a consolidation
therapy.

Methods

Patients and treatment

The cohort consisted of 234 patients with AML (median age, 59.9
years; range, 14.3-75.8) who underwent allogeneic HSCT at the
University Hospital Leipzig from September 1998 through October
2018. All patients were treated with standard cytarabine-based
chemotherapy and underwent consolidation treatment with alloge-
neic HSCT after achieving CR (n 5 170; 74.9%), CR with
incomplete peripheral recovery (CRi; n5 34, 15.0%), or CR with
partial response (PR; n 5 23; 10.1%). In our cohort, patients
received consolidation therapy in the form of 1 of the following
conditioning protocols: myeloablative (MAC; n 5 49; 21.5%),38

reduced-intensity (RIC; n 5 4; 1.8%), and nonmyeloablative
(NMA; n 5 162; 71.1%).39,40 Patients with insufficient response
received a conditioning regimen according to investigators’

discretion.41-43 The decision to perform allogeneic HSCT was
based on institutional protocol or the patient’s request and was
dependent on the biological and clinical information available
at the time of HSCT. Written informed consent for participation
in the study was obtained in accordance with the Declaration of
Helsinki. For detailed information on treatment regimens, please
refer to the supplemental Data.

Genetic-risk groups were defined according to the ELN2017
recommendations based on the molecular and cytogenetic
aberrations identified in bone marrow samples at diagnosis.9

Basic clinical characteristics of the patients are shown in
Table 1. The median follow-up of patients who remained alive
was 4.7 years after allogeneic HSCT.

Cytogenetic and mutation analyses of NPM1, FLT3,
and CEBPA

Pretreatment bone marrow cytogenetics were determined using
standard techniques for banding and fluorescence in situ hybrid-
ization. Genomic DNA of pretreatment samples was screened for
the presence of the FLT3-ITD and NPM1 mutations, as previously
described.8,44,45 TheNPM1mutation type was determined by applying
Sanger sequencing of exon 12, as published before.8We analyzed the
presence of biallelic CEBPA mutations in diagnostic samples,
applying the sequencing approach described by Benthaus et al.46

Next-generation sequencing of pretreatment bone

marrow samples

In patients with adequate sample available, we performed targeted
amplicon sequencing, using the TruSight Myeloid Sequencing
Panel (Illumina, San Diego, CA). This panel covers 568 amplicons
across 54 genes recurrently mutated in myeloid malignancies,
including the genes TP53, ASXL1, and RUNX1. Next-generation
sequencing was performed on the MiSeq platform (Illumina). We
performed alignment and variant calling, as previously described.47

ASXL1 mutations at codon 646 were validated by applying a
proofreading polymerase-based Sanger sequencing approach.29

MRD detection

In patients with NPM1-mutated AML at diagnosis and sufficient
sample available (n 5 45), we performed NPM1-mutated MRD
assessment before allogeneic HSCT by applying a digital droplet
PCR assay, as previously described.48 In addition, MRD was de-
termined based on the expression of meningioma-1 (MN1; n5 71) and
brain and acute leukemia, cytoplasmic (BAALC; n 5 72) genes in
pretransplant samples, as published before.49,50 Patients with only
PR before allogeneic HSCT were excluded from MRD assessment.

Statistical analyses

Statistical analyses were performed using the R statistical software
platform (version 3.4.3). Further details on statistical analyses,
clinical end points, and multivariate analyses are provided in the
supplemental Data.

Results

Associations between the ELN2017 risk groups and

clinical and biological characteristics

In the AML cohort, 93 patients were classified as favorable (39.7%),
30 as intermediate (12.8%), and 111 as adverse (47.4%). The most
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Table 1. Clinical characteristics, according to ELN2017 genetic-risk group, of patients with AML who underwent allogeneic HSCT

Characteristics All (N 5 234) ELN2017 favorable (n 5 93) ELN2017 intermediate (n 5 30) ELN2017 adverse (n 5 111) P*

Age at diagnosis, y .01

Median 59.9 55.1 60.8 62.7

Range 14.3-75.8 14.3-73.9 19.2-72.2 20.0-75.8

Sex, n (%) .33

Female 116 (49.6) 48 (51.6) 11 (36.7) 57 (51.4)

Male 118 (50.4) 45 (48.4) 19 (63.3) 54 (48.6)

WBC at diagnosis, 3109/L ,.001

Median 6.9 15.8 2.5 4.7

Range 0.7-385 1-324 0.7-146 0.7-385

Platelets at diagnosis, 3109/L .49

Median 66.5 75 77 60.5

Range 3-950 3-238 10-268 3-950

Hemoglobin at diagnosis, g/dL .43

Median 8.8 8.9 9.2 8.2

Range 4.2-14.9 4.3-14.7 5.2-13.4 4.2-14.9

Peripheral blasts at diagnosis, % .32

Median 26 32 14 22

Range 0-97 2-97 1-96 0-97

Bone marrow blasts at diagnosis, % .73

Median 50 53.7 51 50

Range 3-100 20-100 21-95 3-95

NPM1 mutation at diagnosis, n (%) ,.001

Absent 162 (71.4) 25 (28.7) 27 (90.0) 110 (100)

Present 65 (28.6) 62 (71.3) 3 (10.0) 0 (0)

FLT3-ITD mutation at diagnosis, n (%) .41

Absent 191 (84.1) 73 (83.9) 23 (76.7) 95 (86.4)

Present 36 (15.9) 14 (16.1) 7 (23.3) 15 (13.6)

DNMT3A mutation at diagnosis, n (%) .07

Absent 112 (84.8) 36 (75.0) 25 (89.3) 51 (91.1)

Present 20 (15.2) 12 (25.0) 3 (10.7) 5 (8.9)

FLT3-TKD mutation at diagnosis, n (%) .09

Absent 195 (89.0) 69 (83.1) 29 (96.7) 97 (91.5)

Present 24 (11.0) 14 (16.9) 1 (0.3) 9 (8.5)

JAK2 mutation at diagnosis, n (%) .008

Absent 98 (92.5) 26 (100.0) 23 (79.3) 49 (96.1)

Present 8 (7.5) 0 (0.0) 6 (20.7) 2 (1.9)

EVI1 expression at diagnosis, n (%) ,.001

Absent 98 (77.8) 44 (95.7) 15 (71.4) 39 (66.1)

Present 28 (22.2) 2 (4.3) 6 (28.6) 20 (33.9)

Remission status at HSCT, n (%) .03

CR 170 (74.9) 73 (80.2) 25 (83.3) 72 (67.9)

CR, MRD2 47 (27.6) 27 (37.0) 7 (28.0) 13 (18.1)

CR, MRD1 24 (14.1) 16 (21.9) 4 (16.0) 4 (5.6)

CR, no information on MRD 99 (58.2) 30 (41.1) 14 (56.0) 55 (76.4)

CRi 34 (15.0) 14 (15.4) 1 (3.3) 19 (17.9)

PR 23 (10.1) 4 (4.4) 4 (13.3) 15 (14.2)

EVI1, ecotropic viral integration site-1; TKD, tyrosine kinase domain; WBC, white blood cell.
*P values are from Fisher’s exact or Kruskal-Wallis test and compare the 3 ELN2017 genetic-risk groups.
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frequently observed genetic aberrations were mutated NPM1
without FLT3-ITD or with a low FLT3-ITD allelic ratio in the
favorable-risk group (66.7%), wild-type NPM1 without FLT3-ITD
or with low FLT3/ITD allelic ratio in the intermediate-risk group

(46.7%), and a complex karyotype in the adverse-risk group
(21.5%). A detailed list of genetic characteristics according to
the ELN2017 risk classification is provided in supplemental
Table 1.

Table 1. (continued)

Characteristics All (N 5 234) ELN2017 favorable (n 5 93) ELN2017 intermediate (n 5 30) ELN2017 adverse (n 5 111) P*

Chemotherapy cycles before HSCT, n (%) .09

1 44 (25.6) 12 (17.6) 6 (23.1) 26 (33.3)

2 97 (56.4) 38 (55.9) 16 (61.5) 43 (55.1)

$3 31 (18.0) 18 (26.5) 4 (15.4) 9 (11.5)

EVI1, ecotropic viral integration site-1; TKD, tyrosine kinase domain; WBC, white blood cell.
*P values are from Fisher’s exact or Kruskal-Wallis test and compare the 3 ELN2017 genetic-risk groups.
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Figure 1. Prognostic impact of the ELN2017 risk classification in patients with AML who undergo allogeneic HSCT. Allocation to the 3 risk groups according to

the ELN2017 classification predicted CIR (A) and OS (B) in patients with AML who undergo allogeneic HSCT. The prognostic impact, CIR (C) and OS (D) was retained in

patients who underwent allogeneic HSCT after NMA conditioning.
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When we analyzed clinical associations, we observed that patients
classified as favorable according to the ELN2017 risk classification
were younger (P 5 .01) and had significantly higher white blood
cell count at diagnosis than that of patients in whom risk was
intermediate or adverse (P , .001; Table 1). Patients in the
adverse-risk group were less likely to receive allogeneic HSCT after
attaining CR (67.9%), compared with those with favorable or
intermediate risk (80.2% and 83.3% respectively; P5 .03, Table 1).
The different genetic-risk groups were associated with the
presence of additional somatic mutations that are not included in
the ELN2017 risk classification. Those with favorable risk were
more likely to harbor DNA methyltransferase-3a (DNMT3A; P 5 .07)
and FLT3-tyrosine kinase domain mutations by trend (P 5 .09),
whereas 75.0% of the identified JAK2 mutations were observed in
patients with intermediate risk (P 5 .008; Table1). Expression of EVI1
was rarely seen in patients with favorable risk (4.3%), but it occurred
in approximately one third of patients with intermediate or adverse
risk (28.6% and 33.9%, respectively; P , .001; Table 1).

Prognostic impact of the ELN2017 classification of

patients with AML who undergo allogeneic HSCT

In our cohort of patients with AML who underwent allogeneic
HSCT, the cumulative incidence of relapse (CIR) was 35.8%
(95% confidence interval [CI], 29.6-42.1), and OS was 57.3%
(95% CI; 51.1-64.4) 2 years after allogeneic HSCT (supple-
mental Figure 1).

The allocation to the 3 ELN2017 risk groups separated outcome
groups after transplantation (CIR, P , .001; OS, P 5 .001;
Figure 1A-B). In a comparison of the 3 risk groups performed
2 years after allogeneic HSCT, patients classified as favorable
had the lowest CIR (12.8%; 95% CI, 6.7-20.8), compared with
patients in the intermediate (30.7%; 95% CI, 14.3-49.0) and
adverse (54.0%; 95% CI, 43.0-63.9) risk groups. In the same
comparison, these results translated into the longest OS for
patients with favorable risk (69.9%; 95% CI, 61.0-80.1), whereas
patients with adverse risk had the shortest OS (47.0%; 95% CI,
37.9-58.2). The OS of patients with intermediate risk ranged
between those of the favorable- and adverse-risk groups (52.9%;
95% CI, 37.7-74.4).

In multivariate analyses, the ELN2017 risk classification remained
a significant prognostic factor for CIR and OS after adjustment for
age at allogeneic HSCT, hemoglobin level, platelets, and blast
count in peripheral blood and bone marrow at diagnosis (Table 2;
supplemental Figure 7).

When we restricted our 2-year postallogeneic HSCT analyses to
patients with AML who underwent NMA-HSCT, the ELN2017 risk
classification retained its prognostic impact on CIR (favorable,
18.8%; intermediate, 32.0%; and adverse; 55.7%; P , .001;
Figure 1C) and OS (favorable, 65.1%; intermediate, 53.6%; and
adverse, 41.1%; P 5 .02; Figure 1D). A prognostic significance
of the ELN2017 risk classifications was also observed when we
restricted our analyses to patients who underwent allogeneic
HSCT after attaining CR1 (CIR, P, .001; OS, P5 .03; supplemental
Figure 2), patients who underwent HSCT after attaining CR without
detectable MRD (CIR,P, .001; OS,P5 .09; supplemental Figure 3),
and older patients with AML ($60 years at diagnosis; CIR,
P , .001; OS, P 5 .03; supplemental Figure 4).

Prognostic impact of distinct mutations in the context

of the ELN2017 risk classification

In the updated ELN2017 risk classification, TP53, RUNX1, and
ASXL1 mutations were added to the definition of patients with
AML with adverse prognosis in the absence of favorable risk
aberrations. When we analyzed patients classified as adverse
according to ELN2017 classification, the subgroup of patients
harboring TP53 mutations had significantly impaired outcomes.
Two years after allogeneic HSCT, patients with the TP53mutation
had higher CIR (81.8% vs 50.0%; P5 .02; Figure 2A) and shorter
OS (16.7% vs 48.4%; P 5 .017; Figure 2B) compared with
patients who had adverse risk without TP53mutations. In contrast,
the presence of ASXL1 or RUNX1 mutation was not associated
with a worse prognosis compared with patients adverse risk who
lacked those mutations (ASXL1: CIR, P 5 .70; Figure 2C and
OS, P5 .17; Figure 2D; RUNX1: CIR, P5 .61; Figure 2E and OS,
P 5 .45; Figure 2F).

In addition, we analyzed the impact of the newly introduced
FLT3-ITD allelic ratio across all 3 ELN2017 genetic-risk groups
in our cohort consisting exclusively of patients with AML whose

Table 2. Multivariate analyses of patients with AML who underwent allogeneic HSCT

Variable
CIR OS

HR (95% CI)* P OR (95% CI)† P

ELN2017 genetic-risk group (adverse vs intermediate vs favorable) 2.95 (2.09-4.18) ,0.001 0.69 (0.54-0.90) .005

Age at HSCT, y — — .95 (0.93-0.97) ,.001

Hemoglobin at diagnosis, g/dL — — 1.13 (1.0-1.26) .04

Platelets at diagnosis, 3109/L — — 1.00 (1.00-1.01) .06

Bone marrow blasts at diagnosis, % — — 1.02 (1.00-1.03) .01

Peripheral blasts at diagnosis, % — — 0.99 (0.98-1.00) .07

Variables considered in the models were those significant at a 5 0.20 in univariate analyses. For the CIR end point, the variables were ELN2017 genetic-risk group (adverse vs
intermediate vs favorable), hemoglobin at diagnosis, bone marrow blasts at diagnosis, age at HSCT, disease origin (secondary vs de novo), and remission status at HSCT (complete
remission vs no complete remission). For the OS end point, the variables were ELN2017 genetic-risk group, hemoglobin at diagnosis, platelets at diagnosis, bone marrow blasts at diagnosis,
peripheral blood blasts at diagnosis, age at HSCT, disease origin (secondary vs de novo), remission status at HSCT (complete remission vs no complete remission), HLA antigen match
(antigen match vs mismatch), and application of the MAC regimen (MAC vs RIC vs NMA).
EVI1, ecotropic viral integration site-1; HR, hazard ratio.
*Hazard ratio, ,1 (.1) indicates a lower (higher) risk of relapse for the first category of dichotomous variable.
†Odds ratio, ,1 (.1) indicates a lower (higher) chance of survival for the first category of dichotomous variable.
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consolidation therapy was allogeneic HSCT. In this relatively
small subset of patients with FLT3-ITD and available outcome
data (n 5 33), we observed no significant difference in CIR or
OS between patients with a low (,0.5) or high ($0.5) FLT3-ITD
allelic ratio (CIR, P 5 .45; OS, P 5 .73; supplemental Figure 5).
However, these findings should be validated in larger trans-
plantation cohorts.

Association of the ELN2017 classification and

presence of MRD before allogeneic HSCT

We also sought to determine whether assignment to a specific
ELN2017 risk group correlates with the presence of MRD in
patients in CR or CRi before undergoing allogeneic HSCT. There
was no association between the presence of MRD, based on the

expression of BAALC and MN1 or detectable NPM1 mutation and
ELN2017 risk group (BAALC, P 5 .99; MN1, P 5 .99; mutated
NPM1, P 5 .55; Table 3). Regarding outcome, patients who were
BAALCMRD1 before allogeneic HSCT had unfavorable outcomes
2 years after allogeneic HSCT, irrespective of the ELN2017 risk
category, comparable to patients allocated to the ELN2017 adverse-
risk group (CIR, 52.4% vs 60.0%; Figure 3A; OS, 27.5% vs 46.7%;
Figure 3B). Patients in theMN1MRD1 and the ELN2017 adverse-
risk groups consistently showed comparably impaired outcomes
2 years after allogeneic HSCT (CIR, 55.0% vs 57.9%; Figure 3C;
OS, 36.7% vs 41.2%; Figure 3D). Outcomes of patients with
NPM1-mutated MRD before allogeneic HSCT were considerably
worse at the 2-year follow-up, compared with the patients who were
MRD2 with NPM1 mutations (CIR, 53.8% vs 36.8%; Figure 3E;
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Figure 2. Impact of MRD on the outcome of patients

with AML in the context of ELN2017 risk classification.

CIR and OS of patients who were MRD2 categorized

according to the ELN2017 classification compared with

BAALC MRD1 (A-B) and MN1 MRD1 (C-D) patients or

those with NPM1-mutated MRD (E-F).
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OS, 30.8% vs 72.8%; Figure 3F), which is in line with previously
published data.9,48

Discussion

With the introduction of high-throughput sequencing, the molecular
landscape of AML is evolving into a complex network with distinct
mutation patterns, and the identification of significant novel genetic
aberrations is continuous. Therefore, a reliable disease classifica-
tion based on the AML genetic background is needed to stratify
patients into clinical risk groups and to subsequently identify the
optimal treatment of individual patients. The updated ELN2017 risk
classification includes novel findings on cytogenetic and molecular
aberrations.9 However, its prognostic value, especially in the context of
an allogeneic HSCT, remains to be fully investigated. We present, to
our knowledge, the first study to examine the prognostic impact of the
ELN2017 classification in an AML cohort homogeneously treated
with allogeneic HSCT.

In our cohort of 234 patients with AML, the ELN2017 classification
distinguished 3 risk groups, with patients with favorable risk having
the lowest relapse and longest survival rates and those with adverse
risk having significantly impaired outcomes, even after undergoing
allogeneic HSCT. In addition, in multivariate analyses, the allocation
to the 3 ELN2017 risk groups was an independent predictor of
CIR and OS after allogeneic HSCT. We previously examined the
prognostic impact of the ELN2010 risk classification in an AML
cohort homogeneously treated with allogeneic HSCT after NMA
conditioning. In this study Bill et al found reduced prognostic
significance of the ELN2010 risk classification after allogeneic
HSCT, and CIR only trended toward significance in their 4 risk
groups.8 For the ELN2017 classification, we observed a signif-
icant association of the allocation to the 3 risk groups and CIR
after allogeneic HSCT, which may indicate an improved prognostic
influence of the updated ELN classification in the context of an
allogeneic HSCT. This result was supported by the lower Bayesian
information criterion of the ELN2017, compared with the ELN2010
classification for the prediction of CIR (872.7 vs 882.9). In our
cohort, most patients received NMA conditioning (71.1%) which
may bias the statistical analyses and subsequent conclusions.
However, when we excluded all NMA-conditioned patients, the
ELN2017 classification retained its prognostic impact on CIR after
allogeneic HSCT (P , .001). In addition, the conditioning regimen

was not an independent predictor of CIR or OS in multivariate
analyses of this AML set.

Comparable to our results, the Japan Adult Leukemia Study Group
demonstrated improved prognostic significance of the ELN2017
risk classification compared with the ELN2010 version in a hetero-
geneously consolidated cohort.36 In line with our findings, the
outcome of patients with low and high FLT3-ITD allelic ratio did not
differ significantly in this cohort.36 Similarly, Boddu et al reported
a caveat related to the lack of data on the presence of biallelic
CEBPA mutations, with significantly different outcomes according
to allocation to the 3 ELN2017 risk groups, but no significant impact
of the FLT3-ITD allelic ratio on survival in the context of the NPM1
mutation status in this cohort of mainly younger patients with AML
(median age, 51 years).35 This finding was attributed mainly to the
high percentage of patients who underwent allogeneic HSCT in the
subgroup with NPM1 wild-type and high FLT3-ITD allelic ratios.35

In another study, Sakaguchi et al also questioned the prognostic
impact of the newly introduced FLT3-ITD allelic ratio and showed
that patients with the NPM1 mutation and a low FLT3-ITD allelic
ratio and, although classified as favorable according to ELN2017
recommendations, had significantly improved survival when they
underwent allogeneic HSCT after attaining CR1.51 Straube et al
validated the prognostic significance of the ELN2017 classification
in 3 independent AML cohorts (2 consisting of adult patients and 1
of pediatric patients). They also analyzed the prognostic impact of
the FLT3-ITD allelic ratio and reported that patients with NPM1
mutation and low FLT3-ITD allelic ratio seemed to have impaired
prognoses compared with patients with NPM1 mutation and wild-type
FLT3, especially in the subset of younger patients (,60 years).34

However, only a small number of patients who underwent allogeneic
HSCT were included, preventing a further subgroup analyses based on
the application of consolidation therapy. With the drawback of a low
sample of patients, patients with high and low FLT3-ITD allelic ratio
had a comparable outcome after allogeneic HSCT in our cohort
(supplemental Figure 5), which is in context with other publications
and suggests that a potentially negative prognostic impact of a high
FLT3-ITD allelic ratio may be overcome by allogeneic HSCT.

When we analyzed the subgroups in the ELN2017 adverse-risk
group based on the newly introduced aberrations, we noted that
patients with TP53 mutations or a monosomal karyotype had
particularly impaired outcomes compared with others in the group

Table 3. Association of ELN2017 genetic-risk group and the presence of MRD in patients with AML before allogeneic HSCT

Characteristics All (N 5 234) ELN2017 favorable (n 5 93) ELN2017 intermediate (n 5 30) ELN2017 adverse (n 5 111) P*

BAALC MRD at HSCT, n (%) .99

Negative 49 (68.1) 21 (67.7) 8 (66.7) 20 (69.0)

Positive 23 (31.9) 10 (32.3) 4 (33.3) 9 (31.0)

MN1 MRD at HSCT, n (%) .99

Negative 50 (70.4) 22 (71.0) 8 (66.7) 20 (71.4)

Positive 21 (29.6) 9 (29.0) 4 (33.3) 8 (28.6)

Mutated NPM1 MRD at HSCT, n (%) .55

Negative 32 (71.1) 29 (69.0) 3 (100.0) —

Positive 13 (28.9) 13 (31.0) 0 (0.0) —

*Fisher’s exact test, comparing the 3 ELN2017 genetic-risk groups.
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(Figure 2A-B; supplemental Figure 6). This observation indicates
the lack of sufficient treatment strategies for this subgroup of patients,
nearly all of whom had relapsed at 2 years after allogeneic HSCT
(TP53-mutated CIR, 81.8%; monosomal karyotype CIR, 77.3%).

We also analyzed whether the ELN2017 risk classification correlates
with the presence of MRD before allogeneic HSCT. For the available
MRD data in our cohort consisting of mutatedNPM1MRD and MRD
based on the expression of the genes BAALC and MN1 we did not
observe significant differences in the presence of MRD pre-HSCT for

the 3 risk groups. Regarding outcomes, patients who had detectable
NPM1, BAALC, or MN1 MRD at allogeneic HSCT had unfavorable
prognoses, irrespective of the allocated ELN2017 risk group,
comparable to patients with AML ELN2017 classified as having
an adverse genetic risk. These findings demonstrate that detectable
MRD in AML is a negative predictor,52,53 and that the MRD status,
if available, should be considered in addition to the genetic risk at
diagnosis and closely monitored during the disease course to
further optimize treatment decisions. The impaired prognosis
of MRD1 patients with AML, even after allogeneic HSCT, also
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Figure 3. Prognostic impact of TP53, ASXL1,

and RUNX1 mutations in the ELN2017

adverse-risk group. In patients with adverse risk,

the presence of a TP53 mutation associated with

higher CIR (A) and shorter OS (B). In contrast,

patients who harbored mutations in ASXL1 (C-D)

or RUNX1 (E-F) had CIR and OS comparable to

that of patients with adverse risk who lacked these

mutations.
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raises the question of whether these patients may benefit from
treatment intensification, such as additional therapy before or
additional maintenance therapy after allogeneic HSCT. However,
prospective randomized data on how MRD could guide treatment
decisions are scarce, preventing the routine use of MRD-guided
therapy in clinical practice, to date.

In this study, we are the first, to our knowledge, to validate the
prognostic impact of the ELN2017 genetic-risk classification in an
AML cohort that homogeneously underwent consolidation therapy
with allogeneic HSCT. Our data emphasize the exceptional adverse
prognosis of patients with the TP53mutation, monosomal karyotype,
or MRD present before allogeneic HSCT. In addition to determining
the ELN2017 genetic risk, detection of MRD in AML should be further
standardized in the near future to help guide treatment decisions.
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