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KEY PO INT S

l The presence ofNPM1
mutation is the
primary prognostic
factor for OS in IDH1-
or IDH2R140-mutated
AML treated by IC.

l In nonfavorable
European LeukemiaNet
2010 IDH-mutated
AML, patients achieving
transplantation in CR1
had longerOS andDFS.

In patients with isocitrate dehydrogenase (IDH)–mutated acute myeloid leukemia (AML)
treated by intensive chemotherapy (IC), prognostic significance of co-occurring genetic
alterations and allogeneic hematopoietic stem cell transplantation (HSCT) are of par-
ticular interest with the advent of IDH1/2 mutant inhibitors. We retrospectively analyzed
319 patients with newly diagnosed AML (127 with IDH1, 135 with IDH2R140, and 57 with
IDH2R172 mutations) treated with IC in 3 Acute Leukemia French Association pro-
spective trials. In each IDH subgroup, we analyzed the prognostic impact of clinical and
genetic covariates, and the role of HSCT. In patients with IDH1mutations, the presence of
NPM1 mutations was the only variable predicting improved overall survival (OS) in
multivariate analysis (P < .0001). In IDH2R140-mutated AML, normal karyotype (P5 .008)
and NPM1 mutations (P 5 .01) predicted better OS. NPM1 mutations were associated
with better disease-free survival (DFS; P 5 .0009), whereas the presence of DNMT3A
mutations was associated with shorter DFS (P 5 .0006). In IDH2R172-mutated AML,

platelet count was the only variable retained in the multivariate model for OS (P 5 .002). Among nonfavorable
European LeukemiaNet 2010–eligible patients, 71 (36%) underwent HSCT in first complete remission (CR1) and had
longer OS (P 5 .03) and DFS (P 5 .02) than nontransplanted patients. Future clinical trials testing frontline IDH
inhibitors combined with IC may consider stratification on NPM1 mutational status, the primary prognostic factor in
IDH1- or IDH2R140-mutated AML. HSCT improve OS of nonfavorable IDH1/2-mutated AML and should be fully
integrated into the treatment strategy. (Blood. 2021;137(20):2827-2837)
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Introduction
Point mutations in isocitrate dehydrogenase (IDH) genes (IDH1
and IDH2) are found in 7% to 14% and in 8% to 19% of adult
patients with acute myeloid leukemia (AML), respectively.1

IDH1/2-mutant enzymes gain neomorphic enzymatic activity,
producing an excess of D-2-hydroxyglutarate,2-4 leading to
histone and DNA hypermethylation and cell differentiation
blockade.5-9 Despite a shared oncogenic mechanism, IDH mu-
tation subtypes (IDH1, IDH2R140, and IDH2R172) have distinct
patterns of co-occurring genetic alterations that may correspond
to distinct entities.10-13 However, risk stratification within each
IDH mutation subtype remains conflicting in patients with AML
treated with intensive chemotherapy (IC).11,14-22 One large
comprehensive series investigated the mutational landscape of
patients with AML that have different IDH mutation subtypes,
but it did not investigate the prognostic impact of co-occurring
mutations in each group.12 Furthermore, some studies addressed
the role of allogeneic hematopoietic stem cell transplantation
(HSCT) in limited cohorts of IDH-mutated AML, but none analyzed
its impact in specific IDH subgroups.23,24 Oral targeted inhibitors
ofmutant IDH1 and IDH2 enzymes (ivosidenib25 and enasidenib,26

respectively) were recently approved by the US Food and Drug
Administration for the treatment of relapsed/refractory AML as
single agents, but also for the treatment of newly diagnosed AML
with a susceptible IDH1 mutation for ivosidenib, in patients who
are at least 75 years old or who have comorbidities that preclude
the use of intensive induction chemotherapy.27-29 In the context
of clinical trials evaluating the combination of IDH inhibitors

plus IC (#NCT02632708,30 #NCT03839771), it seems important to
identify the main prognostic factors for each IDH mutation sub-
type to guide study design (ie, patients stratification) and data
interpretation. Here, we report an IDH subgroup analysis of the
prognostic impact of clinical and genetic covariates and the
outcome after HSCT in a large cohort of 319 newly diagnosed
patients with IDH-mutated AML who were treated with IC in
3 prospective Acute Leukemia French Association (ALFA)
clinical trials.

Patients and methods
Patients
We analyzed 319 newly diagnosed patients with IDH1/2-
mutated AML treated with IC in 3 ALFA prospective clinical trials
(supplemental Figure 1, available on the Blood Web site). Pa-
tients provided written consent, and the study was conducted
according to the Declaration of Helsinki and approved by in-
stitutional review boards. Eight patients with dual IDH1 and
IDH2mutations were excluded. Fifty-eight older patients (50-70
years) were treated between 2008 and 2010 in ALFA-070131

(EudraCT 2007-002933-36), 132 younger patients (18-60 years)
were treated between 2009 and 2013 in ALFA-070232

(#NCT00932412), and 129 older patients (.60 years) were
treated between 2012 and 2016 in ALFA-120033 (#NCT01966497)
trials. All patients received an induction course, including
anthracycline and cytarabine. Patients in ALFA-0701 who were
randomized to receive gemtuzumab ozogamicin were excluded
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from survival analyses to obtain a homogenous patient cohort
treated with IC. ALFA-0701 and ALFA-0702 trials included a
salvage course based on high-dose cytarabine. Patients in ALFA-
1200 received a second intermediate-dose course of cytarabine
(IDAC), regardless of response. Consolidation included daunoru-
bicin plus cytarabine in ALFA-0701, high-dose cytarabine or clo-
farabine plus IDAC in ALFA-0702, and IDAC in ALFA-1200. Patients
with nonfavorable risk according to the 2010 European LeukemiaNet
study (ELN 2010)34 were eligible for HSCT if they had a sibling donor
or a fully 10/10 HLA-matched unrelated donor.

Cytogenetic and molecular analyses
Conventional karyotype and fluorescence in situ hybridization
were centrally reviewed. Molecular analyses were performed in
the ALFA Central Laboratory (Lille University Hospital; C.P.) by
high-throughput sequencing on diagnostic peripheral blood
or bone marrow samples, as reported previously for the
ALFA-0701,35 ALFA-0702,36 and ALFA-120033 studies.
Analyses focused on the 37 genes overlapping in the 3 studies:
IDH1, IDH2, ASXL1, BCOR, BCORL1, CALR, CBL, CEBPA, CSF3R,
DNMT4A, ETV6, EZH2, FLT3, GATA2, JAK2, KIT, KRAS, MPL,
NIPBL, NPM1, NRAS, PHF6, PTPN11, RAD21, RIT1, RUNX1,
SETBP1, SF3B1, SMC1A, SMC3, SRSF3, STAG2, TET3, TP53,

U2AF1, WT1, and ZRSR2 (supplemental Table 1). Screening for
NPM1mutations andFLT3 internal tandemduplications (FLT3-ITD)
was also performed by fragment analysis; screening for mutations
in CEBPA was performed by Sanger sequencing.

Statistical analyses
Continuous variables are reported as median and interquartile
range (IQR), and categorical and ordinal variables are reported
as number and proportion. Differences in quantitative variables
between groups was assessed using the Kruskal-Wallis test,
followed by a pairwise Mann-Whitney U test, if significant.
Correlation between genotype and frequent covariates (present
in .5% of the whole IDH cohort) was made using point biserial
correlation for continuous variables and evaluated with the
F coefficient and tested with the Fisher test for dichotomic
variables. P values were corrected for multiple testing using the
Benjamini-Hochberg procedure37 (q values). Standard National
Cancer Institute criteria were used to define CR and CRp38 after
the first course and salvage therapy in ALFA-0701 and ALFA-
0702 and after the first and second courses in ALFA-1200. Pa-
tients alive after induction or induction and salvage, but not
reaching CR/CRp criteria, were considered to have refractory
disease. Relapse was defined as reappearance of circulating

Table 1. Characteristics of patients

All IDH1R132 IDH2R140 IDH2R172

Patients 319 (100) 127 (40) 135 (42) 57 (18)

Age, median (IQR), y 61 (52-67) 61 (52-67) 61 (50-67) 62 (56-68)

Males 164 (52) 68 (54) 74 (55) 22 (39)

sAML 16 (5) 10 (8) 4 (3) 2 (4)

WBCs, median (IQR), 3109/L 3.7 (1.6-23.8) 4.5 (1.6-20.7) 8.8 (2.3-31.6) 1.8 (1.2-2.7)

Cytogenetics
Normal 198 (67) 72 (63) 98 (77) 28 (52)
Complex 11 (4) 9 (8) 2 (2) 0
Trisomy 8/8q 31 (10) 16 (14) 10 (8) 5 (9)
Monosomy 7 12 (3) 10 (9) 2 (2) 0
Trisomy 11/11q 13 (4) 3 (3) 2 (2) 8 (15)
Not available, n 22 12 7 3

ELN 2010 risk groups
Favorable 86 (29) 38 (33) 48 (37) 0 (0)
Intermediate-1 112 (38) 34 (29) 50 (39) 28 (52)
Intermediate-2 75 (25) 25 (22) 24 (19) 26 (48)
Adverse 24 (8) 18 (16) 6 (5) 0 (0)
Not available, n 22 12 7 2

Trials
ALFA-0701 58 (18) 26 (20) 21 (16) 11 (19)
ALFA-0702 132 (41) 54 (43) 57 (42) 21 (37)
ALFA-1200 129 (41) 47 (37) 57 (42) 25 (44)

HSCT in CR1
Eligible patients* 197 (62) 69 (54) 77 (57) 51 (89)
HSCT performed 71 (36) 23 (33) 28 (36) 20 (39)

Unless otherwise noted, data are n (%).

sAML, secondary AML; WBCs, white blood cells.

*Patients with nonfavorable AML and not receiving gemtuzumab ozogamicin in ALFA-0701.
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Figure 1. Characteristics of the IDH1/2-mutated AML cohort. (A) Molecular and cytogenetic characteristics of the IDH-mutated AML cohort according to IDH subgroup.
(B) Box plots showing the number of co-occurring mutations in each IDH subgroup. (C) Violin plots showing the variant allele frequency of the IDH variant in each IDH subgroup.
(D) Bar graph showing the CR/CRp rates after 1 and 2 courses of IC in each IDH subgroup. The error bars represent the upper limit of the 95% confidence interval. OS (E) and DFS
(F) censored at HSCT according to IDH subgroup. *q , 0.05; **q , 0.01; ***q , 0.001.
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leukemic blasts, recurrence of .5% marrow blasts, and/or ap-
pearance of extramedullary leukemia. Bivariate analyses for
response were done by logistic regression stratified on the trial.
Follow-up duration was calculated with the inverse method.
Overall survival (OS) analyses were considered from the date of
diagnosis to the date of death or last follow up. Analyses of
disease-free survival (DFS) were restricted to patients achieving
complete remission (CR)/CR with incomplete platelet recovery
(CRp) after 2 courses and were considered from the date of
response to the date of death, relapse, or last follow-up. OS and
DFS were obtained according to the Kaplan-Meier method and
censored at HSCT. For survival analysis, frequent variables
(present in .10% of each IDH subgroup) were selected using a
LASSO penalized regression with the R package glmnet, using
the regularization parameter l-min determined on 100 cross-
validations. Selected variables were included in multivariate Cox
models, followed by backward regression. The proportional-
hazards assumption was tested on the basis of Schoenfeld re-
siduals. To determine the role of HSCT in first CR, HSCT was
considered a time-dependent covariate; survival curves for OS and

DFS were obtained using the Simon-Makuch method and com-
pared using a time-dependent bivariate Cox model. All tests were
2 sided, and statistical significance was defined as a P value or
q value ,.05; all analyses for response and survival were stratified
on the clinical trial. All analyses were performed with R version 3.5.2.

Results
Characteristics of patients
A total of 319 patients with IDH1/2-mutated AML from ALFA-
0701 (n 5 58), ALFA-0702 (n 5 132), and ALFA-1200 (n 5 129)
prospective clinical trials was analyzed in the study, including
127with IDH1-mutated AML (40%), 135with IDH2R140-mutated
AML (42%), and 57 with IDH2R172-mutated AML (18%) (sup-
plemental Figure 1). Characteristics of patients at diagnosis are
listed in Table 1. Overall, 164 were men (52%) with a median age
of 61 years (IQR, 52-67). Most patients had a normal karyotype
(67%); ELN 2010 risk was favorable, intermediate-1, intermediate-
2, and high in 29%, 38%, 25%, and 8% of evaluable patients,
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Figure 2. Characteristics of patients with IDH1-mutated AML. (A) Volcano plot representing the association between IDH1, IDH1R132C, and IDH1R132H variants and
covariates (estimate of the point-biserial correlation [continuous variables] or F [dichotomous variables] on the x-axis) and the significance of the difference. The P value was
calculated using theMann-WhitneyU test (for continuous variables) or Fisher’s exact (dichotomous) test, expressed on an inverted logarithmic scale on the y-axis). The size of the
circle corresponds to the frequency of the variable in the cohort. Only covariates with q, 0.05 are highlighted. (B) OS censored at HSCT according to the type of IDH1 variant. (C)
OS censored at HSCT according to the mutational status of NPM1.
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respectively. Among patients with IDH1, 60 had a p.R132C
mutation (47%), 44 had a p.R132H mutation (35%), 11 had a
p.R132G mutation (9%), 10 had a p.R132S mutation (8%), and
2 had a p.R132L mutation (1%). Among patients with IDH2R140
mutations, 127 had a p.R140Qmutation (94%), 7 had a p.R140W
mutation (5%), and 1 had a p.R140L mutation (1%). The
IDH2R172 variants were p.R172K (n 5 56) and p.R172S (n 5 1).
The majority of patients with IDH mutations (.95%) had $1
comutation, primarily in DNMT3A (42%), NPM1 (40%), SRSF2
(20%), FLT3-ITD (15%), or NRAS (14%) (Figure 1A-B; supple-
mental Figure 2). Patiens with IDH2R172 mutations had signif-
icantly fewer comutations than did other patients: a median of
2 (IQR, 1-3) for IDH2R172 vs amedian of 3 (IQR, 2-4) for IDH1 and
a median of 3 (IQR, 2-4) for IDH2R140; q 5 0.004 and q 5 0.01,
respectively (Figure 1B). Patients with IDH2R172 mutations also
had a significantly smaller allele burden (median variant allele
frequency of 27% [IQR, 18-38] vs 38% [IQR, 15-43] for IDH1 and
42% [IQR, 24-47] for IDH2R140, q 5 0.04 and q , 0.001, re-
spectively; Figure 1C).

After exclusion of the 26 patients who received gemtuzumab
ozogamicin, 224 patients (76%) and 244 patients (83%) achieved
a CR/CRp after 1 and 2 courses of IC, respectively. Upon bi-
variate analyses stratified on the trial, IDH2R140 mutations
predicted higher response rates after 1 course of IC (86% vs 74%
for IDH1 mutations and 59% for IDH2R172 mutations, q 5 0.03
and q , 0.001, respectively) and after 2 courses of IC (91% vs
79% for IDH1 mutations and 74% for IDH2R172 mutations,
q 5 0.02 and q 5 0.02, respectively; Figure 1D). Of note,
concomitant NPM1 mutations were associated with signifi-
cantly higher CR/CRp rates for IDH1 mutations (94% [50/53] vs
66% [41/62] for NPM1 wild-type; P 5 .0002) and for IDH2R140
mutations (100% [62/62] vs 82% [51/62] for NPM1 wild-type;
P 5 .0003).

Median follow-up was 46.0 months (IQR, 38.0-58.4). Median OS
censored at HSCT was 39.7 months (IQR, 14.7-not reached); in
bivariate analyses stratified on the clinical trial, patients with
IDH2R140 mutations had better OS censored at HSCT than did
patients with IDH1 mutations (3-year OS, 61% vs 46%; hazard
ratio [HR], 0.60; 95% confidence interval [CI], 0.40-0.93; P5 .02),
but it was not better than for patients with IDH2R172 mutations

(3-year OS, 61% vs 39%; HR, 0.65; 95% CI, 0.38-1.09; P 5 .10;
Figure 1E). Median DFS censored at HSCT was 22.3 months
(IQR, 10.8-not reached), and there was no significant difference
according to IDH subtype (Figure 1F). Of note, the ELN 2010 and
the most recent ELN 2017 risk stratification poorly discriminated
intermediate-risk and adverse-risk patients with IDH-mutated
AML (supplemental Figure 3).

IDH1R132-mutated cohort
Only frequent covariates (.5% of the entire IDH cohort; sup-
plemental Table 2) were included in the correlation analyses. The
only covariate associated with IDH1 mutations was NRAS mu-
tation (24% vs 8% in IDH1wild-type; q5 0.003). We investigated
the associations of the 2 most frequent IDH1 variants (ie, p.R132H
and p.R132C) within the IDH1-mutated cohort. p.R132H variants
were present in younger patients (median age, 56 years vs
63 years for other IDH1 variants; q 5 0.02) and were associated
with higher rates of NPM1mutations (64% vs 34%; q 5 0.01) and
FLT3-ITD (27% vs 6%; q 5 0.01), as well as higher white blood
cell (WBC) counts (17.9 3 109/L vs 2.4 3 109/L; q 5 0.0006).
p.R132C variants were significantly associated with higher rates
of trisomy 8 (23% vs 5%; q5 0.01), as well as mutations in PHF6
(13% vs 0%; q 5 0.01), BCOR (15% vs 1%; q 5 0.03), and
BCORL1 (13% vs 1%, q 5 0.048; Figure 2A). Despite these 2
distinct mutational patterns, there was no difference in survival
between patients with p.R132C or p.R132H variants (Figure 2B).

To identify the prognostic impact of covariates in IDH1-mutated
AML, we included all covariates present in $10% of IDH1 pa-
tients (list in supplemental Table 3) in a LASSO penalized
regression for OS and DFS censored at HSCT. The final multi-
variate Cox models stratified on the trial are summarized in
Table 2.NPM1mutational status was the only variable predicting
prolonged OS (3-year OS of 65% in mutated NPM1 vs 28% in
wild-type NPM1; HR, 0.29; 95% CI, 0.16-0.54; P , .0001;
Figure 2C). No variable was retained in the multivariate analysis
for DFS.

IDH2R140-mutated cohort
Compared with other IDH mutations, IDH2R140 variants were
associated with higher rates of NPM1 mutations (53% vs 30%;
q5 0.0005), FLT3-ITD (22% vs 10%; q5 0.01), SRSF2mutations

Table 2. Multivariate analyses for survival

OS censored at HSCT, stratified on the trial DFS censored at HSCT, stratified on the trial

IDH1 IDH2R140 IDH2R172 IDH1 IDH2R140 IDH2R172

NPM1, mutated 0.29 (0.16-0.54)
P , .0001

0.41 (0.21-0.81)
P 5 .01

— — 0.33 (0.17-0.63)
P 5 .0009

—

DNMT3A, mutated — — — — 3.05 (1.61-5.78)
P 5 .0006

—

Karyotype, normal — 0.38 (0.19-0.78)
P 5 .008

— — — —

Log10(platelets) — — 0.19 (0.07-0.53)
P 5 .002

— — —

Data are shown as HR (95% CI).

—, variable not retained in the multivariate analysis.
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(28% vs 14%; q 5 0.01), normal karyotypes (77% vs 59%;
q 5 0.01), and higher WBC counts (median, 8.80 3 109/L vs
2.60 3 109/L; q 5 0.0005; Figure 3A).

Results of the multivariate analyses for OS and DFS censored at
HSCT are summarized in Table 2. Normal karyotype (3-year OS
of 67% vs 28%; HR, 0.38; 95%CI, 0.19-0.78; P5 .008) andNPM1
mutations (3-year OS of 77% vs 40%; HR, 0.41; 95% CI, 0.21-
0.81; P 5 .01) predicted prolonged OS (Figure 3B). NPM1 mu-
tations predicted prolonged DFS (3-year DFS of 63% vs 23%; HR,
0.33; 95% CI, 0.17-0.63; P5 .0009), whereasDNMT3Amutations
were detrimental (3-year DFS of 22% vs 67%; HR, 3.05; 95% CI,
1.61-5.78; P 5 .0006; Figure 3C).

IDH2R172-mutated cohort
IDH2R172 variants were associated with higher rates of BCOR
mutations (30% vs 8%; q , 0.001), no NPM1 mutations (0% vs

49%; q, 0.001), fewer SRSF2mutations (2% vs 24%; q, 0.001)
and FLT3-ITD (2% vs 18%; q , 0.001), and lower WBC count
(median, 1.80 3 109/L vs 6.25 3 109/L; q , 0.001; Figure 4A).

Results of the multivariate analyses for OS and DFS censored at
HSCT are summarized in Table 2. Log-transformed platelet
count was the only variable retained in themultivariate model for
OS (HR, 0.19; 95% CI, 0.07-0.53; P 5 .002). Using an arbitrary
cutoff for platelets of 1003 109/L, 3-year OS was 17% for patients
with thrombocytopenia vs 52% for those without (Figure 4B).
Patients with IDH2R172 mutations that have low platelet counts
(,100 3 109/L) suffered more early deaths (3/20 vs 0/34 with
high platelet counts) and had significantly higher rates of in-
duction failure after 1 course of IC (CR/CRp rates of 25% vs 79%;
P 5 .001) or 2 courses of IC (CR/CRp rates of 45% vs 91%;
P 5 .001). No variable was retained as an independent prog-
nostic factor for DFS. Of note, the 16 patients with IDH2R172
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Figure 3. Characteristics of patients with IDH2R140-mutated AML. (A) Volcano plot representing the association between IDH2R140 variants and covariates (estimate of the
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PROGNOSIS OF COMUTATIONS IN IDH1/2-MUTATED AML blood® 20 MAY 2021 | VOLUME 137, NUMBER 20 2833

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/137/20/2827/1807504/bloodbld2020010165.pdf by guest on 31 M

ay 2024



mutations without other classifying abnormalities, as defined by
Papaemmanuil et al,11 did not have distinct comutations or pro-
longed outcomes (supplemental Figure 4).

Impact of HSCT in patients with IDH mutations
Finally, we investigated the role of HSCT in first complete re-
mission (CR1) for the 197 eligible patients (ie, patients with
nonfavorable AML according to ELN 2010 risk and who did not
receive gemtuzumab ozogamicin). Overall, 71 (36%) eventually
received an HSCT after a median time from diagnosis of
5.3 months (IQR, 4.5-6.1), including 23 (33%), 28 (36%), and
20 (39%) patients in the IDH1R132-mutated, IDH2R140-mutated,

and IDH2R172-mutated groups, respectively (Table 1). The main
characteristics were similar between the transplant and notrans-
plant cohorts; however, most transplanted patients came from
the ALFA-0702 trial, resulting in a younger age in this group
(supplemental Table 4). When we considered HSCT as a time-
dependent covariate in bivariate analyses stratified on the
clinical trial, transplantation in CR1 was associated with a pro-
longed OS (HR, 0.60; 95% CI, 0.37-0.96; P5 .03; Figure 5A) and
a prolonged DFS (HR, 0.55; 95% CI, 0.34-0.89; P 5 .02;
Figure 5B). Analyses in IDH subtypes revealed a benefit in OS
only for patients with IDH1R132 mutations (HR, 0.48; 95% CI,
0.23-0.99; P 5 .048) and a trend toward better DFS for patients
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with IDH2R172 mutations (HR, 0.41; 95% CI, 0.14-1.20; P 5 .10;
supplemental Figure 5).

Discussion
In recent years, there has been renewed interest in IDH1/2 mu-
tations in AML with the advent of specific inhibitors. However, the
prognostic impact of IDH1/2 mutations and their comutations
remained unclear because, in most studies, IDH1, IDH2R140, and
IDH2R172mutations were analyzed together12,20,21 and in cohorts
treated with different-intensity regimens.21,39 The present study
represents one of the largest series of patients with IDH1/2-
mutated AML prospectively enrolled in 3 clinical trials with se-
quencing data on 37 genes; we assessed the prognostic impact of
clinical and genetic covariates, as well as the impact of HSCT in
CR1, for each IDH mutation subtype.

Our cohort included 127 patients with IDH1 mutations (40%),
135 patients with IDH2R140 mutations (42%), and 57 (18%)
patients with IDH2R172 mutations; these proportions are in line
with previous reports.12,17,40 Clinical and genetic covariates differed
between IDH mutation subtypes. Among patients with IDH1
mutations, we could emphasize that p.R132H variants weremore
frequently associated with NPM1 and FLT3-ITD mutations than
were other IDH1 subtypes, as reported previously.13 In line with
previous reports,11,12 patients with IDH2R140 mutations had
significantly higherWBC counts, as well as more frequent normal
karyotypes andNPM1, FLT3-ITD, and SRSF2mutations, whereas
patients with IDH2R172mutations had lower WBC counts, more
frequent BCOR mutations, and no NPM1 mutations. These
differences in clinical and genetic covariates suggest that IDH
mutation subtypes are distinct entities that should be considered
separately; which is supported by biological differences.41,42

After intensive treatment, CR/CRp rates were significantly higher
in patients with IDH2R140 mutations (86%) than in patients
with IDH1 (74%) and IDH2R172 (59%) mutations, as reported
previously.40 NPM1 mutations were associated with remarkably
high CR/CRp rates in IDH1R132-mutated (94%) and IDH2R140-
mutated (100%) patients. Considering long-term outcome, pa-
tients with IDH2R140 mutations had a significantly prolonged
OS comparedwith patients who had IDH1mutations (P5 .02), as
well as a trend toward prolonged OS compared with patients
who had IDH2R172 mutations (P 5 .1). Higher rates of NPM1
mutations and normal karyotypes may account for the better
outcome in patients with IDH2R140 mutations. In keeping with
studies on patients accrued to the ALFA,16 MRC,40 and CALGB10

clinical trials, patients with IDH2R172 mutations did not have a
prolonged survival compared with other patients who had IDH
mutations in our cohort, even in the 16 patients with IDH2R172
mutations without other classifying abnormalities, as defined by
Papaemmanuil et al11 (supplemental Figure 4). These results
conflict with 2 other studies,11,12 perhaps owing to the greater
treatment heterogeneity in them.

Most importantly, our study identified the main prognostic
factors for long-term outcome in each IDH mutation subtype.
NPM1 was the only mutation predicting OS in multivariate
analysis for patients with IDH1 and IDH2R140 mutations. Sur-
prisingly, other stratifyingmutations, such as FLT3mutations11,43,44

(supplemental Figure 6), did not have any significant prognostic
impact in our cohort; however, we acknowledge that the number

of patients with a high allelic ratio of FLT3-ITD was low (n 5 11).
We report for the first time the negative impact of cytogenetic
abnormalities in IDH2R140 on OS, such as in NPM1-mutated
AML.45 We also found that platelet count was the only variable
retained in the multivariate model for OS in IDH2R172. Patients
with IDH2R172 mutations who had low platelet counts (,100 3
109/L) had a more advanced and resistant disease with higher
rates of induction failure. Interestingly, no variable was retained
as an independent prognostic factor for DFS in patients with
IDH1 or IDH2R172 mutations. In patients with IDH2R140 mu-
tations, NPM1 mutations were associated with prolonged DFS
only in patients with wild-typeDNMT3A. These results are in line
with previous results in NPM1-mutated AML.46 In patients with
both IDH andDNMT3Amutations (n5 135), cancer cell fractions
of IDH and DNMT3A mutations were similar across all 3 IDH
subgroups (supplemental Table 5). However, in patients with
IDH1 and IDH2R140 mutations, NPM1 mutations had a lower
allelic burden (P , .001), suggesting that they are later events.
The poorer prognosis related to the association between
IDH2R140 andDNMT3Amutations has already been reported.11

Both mutations are early events and are associated with clonal
dominance in single-cell genotyping studies,47 a feature that
is associated with a poorer prognosis in AML.48 Mouse models
suggest an epigenetic cooperation between the 2 alterations,
leading to activation of a stem cell–like gene signature.49

Following previous reports in refractory/relapsing IDH-mutated
AML,50,51 it will be interesting to further study the genetic
landscape and molecular predictors in patients with relapsed
IDH-mutated AML, to compare trials conducted in this
population.

In the 3 prospective trials, HSCT in CR1 was only recommended
for patients with intermediate- or adverse-risk AML, according to
the ELN 2010 classification, when a fully 10/10 HLA-matched
donor could be identified. ELN 2010 is a valid stratification for
allogeneic HSCT, and the more recent ELN 2017 reclassifies
,5% of patients considered as favorable.52 Seventy-one (36%)
of the eligible patients aged 70 years or younger underwent
transplantation in CR1, and we were able to compare transplant
and no-transplant cohorts with similar primary characteristics. As
expected, HSCT in CR1 was associated with improved OS and
DFS. However, analyses in IDH-mutated subtypes were impaired
by limited power and only revealed a benefit in OS for patients
with IDH1R132 mutations.

Combining IDH inhibitors with intensive induction and consol-
idation chemotherapy could be synergistic because primary
resistance to IDH inhibitors is related to the number of co-occurring
mutations,28,50 as well as to the expansion of a clone harboring
mutations in receptor tyrosine kinase pathway genes (ie, NRAS,
KRAS, PTPN11, KIT, and FLT3), which are associated with sig-
nificantly lower CR with partial hematologic recovery rates.28,50 In
the present cohorts, mutations in signaling pathway genes, in-
cluding FLT3 mutations, did not have any impact on the out-
come after IC (supplemental Figure 6). Thus, the combination of
IC plus IDH inhibitors might prevent primary resistance and
relapses conveyed by signaling mutations. This is supported by
a recent report of a phase 1 study evaluating the association
between IDH inhibitors and IC in newly diagnosed AML,30 in
which FLT3 and RAS mutations were cleared after induction
chemotherapy. It has yet to be proven whether combination
therapies might also prevent secondary resistance to IDH
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inhibitors related to second site mutations hampering the
binding of the drugs or a mutational switch.50,53,54

Thus, future clinical trials testing frontline IDH inhibitors with IC
should consider stratification on NPM1 mutational status. HSCT
should be fully integrated into the treatment strategy, with
important implications for trial design (guidelines for HSCT
indications, censoring at HSCT in survival outcomes analyses,
post-HSCT maintenance). Future studies should also evaluate al-
ternative strategies (ie, HSCT indications basedonminimum residual
disease levels, maintenance therapy with IDH inhibitors).
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1. Döhner H, Weisdorf DJ, Bloomfield CD. Acute

myeloid leukemia. N Engl J Med. 2015;
373(12):1136-1152.

2. Dang L, White DW, Gross S, et al. Cancer-
associated IDH1 mutations produce 2-
hydroxyglutarate [published correction ap-
pears in Nature. 2010;465(7300):966]. Nature.
2010;462(7274):739-744.

3. Gross S, Cairns RA, Minden MD, et al. Cancer-
associated metabolite 2-hydroxyglutarate ac-
cumulates in acute myelogenous leukemia
with isocitrate dehydrogenase 1 and 2 muta-
tions. J Exp Med. 2010;207(2):339-344.

4. Ward PS, Patel J, Wise DR, et al. The common
feature of leukemia-associated IDH1 and IDH2
mutations is a neomorphic enzyme activity
converting alpha-ketoglutarate to
2-hydroxyglutarate. Cancer Cell. 2010;17(3):
225-234.

5. Lu C, Ward PS, Kapoor GS, et al. IDHmutation
impairs histone demethylation and results in a
block to cell differentiation. Nature. 2012;
483(7390):474-478.

6. Xu W, Yang H, Liu Y, et al. Oncometabolite 2-
hydroxyglutarate is a competitive inhibitor of
a-ketoglutarate-dependent dioxygenases.
Cancer Cell. 2011;19(1):17-30.

7. Chowdhury R, Yeoh KK, Tian Y-M, et al. The
oncometabolite 2-hydroxyglutarate inhibits
histone lysine demethylases. EMBO Rep.
2011;12(5):463-469.

8. Figueroa ME, Abdel-Wahab O, Lu C, et al.
Leukemic IDH1 and IDH2 mutations result in a
hypermethylation phenotype, disrupt TET2

function, and impair hematopoietic differen-
tiation. Cancer Cell. 2010;18(6):553-567.

9. Turcan S, Rohle D, Goenka A, et al. IDH1
mutation is sufficient to establish the glioma
hypermethylator phenotype. Nature. 2012;
483(7390):479-483.

10. Marcucci G, Maharry K, Wu Y-Z, et al. IDH1
and IDH2 gene mutations identify novel mo-
lecular subsets within de novo cytogenetically
normal acute myeloid leukemia: a Cancer and
Leukemia Group B study. J Clin Oncol. 2010;
28(14):2348-2355.

11. Papaemmanuil E, Gerstung M, Bullinger L,
et al. Genomic classification and prognosis in
acute myeloid leukemia. N Engl J Med. 2016;
374(23):2209-2221.

12. Meggendorfer M, Cappelli LV, Walter W, et al.
IDH1R132, IDH2R140 and IDH2R172 in AML:
different genetic landscapes correlate with
outcome and may influence targeted treat-
ment strategies. Leukemia. 2018;32(5):
1249-1253.

13. Falini B, Spinelli O, Meggendorfer M, et al.
IDH1-R132 changes vary according to NPM1
and other mutations status in AML. Leukemia.
2019;33(4):1043-1047.

14. Abbas S, Lugthart S, Kavelaars FG, et al.
Acquired mutations in the genes encoding
IDH1 and IDH2 both are recurrent aberrations
in acute myeloid leukemia: prevalence and
prognostic value. Blood. 2010;116(12):
2122-2126.

15. Paschka P, Schlenk RF, Gaidzik VI, et al. IDH1
and IDH2 mutations are frequent genetic al-
terations in acute myeloid leukemia and

confer adverse prognosis in cytogenetically
normal acute myeloid leukemia with NPM1
mutation without FLT3 internal tandem du-
plication. J Clin Oncol. 2010;28(22):
3636-3643.

16. Boissel N, Nibourel O, Renneville A, et al.
Prognostic impact of isocitrate de-
hydrogenase enzyme isoforms 1 and 2 mu-
tations in acute myeloid leukemia: a study by
the Acute Leukemia French Association
group. J Clin Oncol. 2010;28(23):3717-3723.

17. Green CL, Evans CM, Hills RK, Burnett AK,
Linch DC, Gale RE. The prognostic signifi-
cance of IDH1 mutations in younger adult
patients with acute myeloid leukemia is de-
pendent on FLT3/ITD status. Blood. 2010;
116(15):2779-2782.
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