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IKZF1 deletion is an independent prognostic marker in
childhood B-cell precursor acute lymphoblastic leukemia, and
distinguishes patients benefiting from pulses during
maintenance therapy: results of the EORTC Children's
Leukemia Group study 58951
E Clappier1,2, N Grardel3, M Bakkus4, J Rapion5, B De Moerloose6, P Kastner7, A Caye1,2, J Vivent1,2, V Costa8, A Ferster9, P Lutz10,
F Mazingue11, F Millot12, D Plantaz13, G Plat14, E Plouvier15, M Poirée16, N Sirvent17, A Uyttebroeck18, K Yakouben19, S Girard20,
N Dastugue21, S Suciu5, Y Benoit6, Y Bertrand22 and H Cavé1,2 on behalf of the EORTC-CLG

The added value of IKZF1 gene deletion (IKZF1del) as a stratifying criterion in B-cell precursor acute lymphoblastic leukemia
(BCP-ALL) is still debated. We performed a comprehensive analysis of the impact of IKZF1del in a large cohort of children (n= 1223)
with BCR-ABL1-negative BCP-ALL treated in the EORTC-CLG trial 58951. Patients with IKZF1del had a lower 8-year event-free survival
(EFS, 67.7% versus 86.5%; hazard ratio (HR) = 2.41; 95% confidence interval (CI) = 1.75–3.32; Po0.001). Importantly, despite
association with high-risk features such as high minimal residual disease, IKZF1del remained significantly predictive in multivariate
analyses. Analysis by genetic subtype showed that IKZF1del increased risk only in the high hyperdiploid ALLs (HR = 2.57; 95%
CI = 1.19–5.55; P = 0.013) and in ‘B-other‘ ALLs, that is, lacking classifying genetic lesions (HR = 2.22; 95% CI = 1.45–3.39; Po0.001),
the latter having then a dramatically low 8-year EFS (56.4; 95% CI = 44.6-66.7). Among IKZF1del-positive patients randomized for
vincristine-steroid pulses during maintenance, those receiving pulses had a significantly higher 8-year EFS (93.3; 95% CI = 61.3–99.0
versus 42.1; 95% CI = 20.4–62.5). Thus, IKZF1del retains independent prognostic significance in the context of current risk-adapted
protocols, and is associated with a dismal outcome in ‘B-other‘ ALL. Addition of vincristine-steroid pulses during maintenance may
specifically benefit to IKZF1del patients in preventing relapses.
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INTRODUCTION
Cure rates of children with B-cell precursor acute lymphoblastic
leukemia (BCP-ALL) have increased considerably during the last
few decades, partly as a result of coupling risk-adapted treatment
intensity with an optimized use of traditional antileukemic
drugs.1–4 However, relapses still occur in ~ 20% of patients, most
of them being not considered at high risk initially. This suggests
that there is still a need for the improvement of therapeutic
stratification using new prognostic markers. Risk stratification in
contemporary protocols is based on clinical and biological
predictors of relapse, mostly related to genetic lesions defining
oncogenic subtypes5,6 and early response to treatment. High
hyperdiploidy and the chromosomal translocation t(12;21)/ETV6-

RUNX1 are usually associated with a favorable outcome, whereas
t(9;22)/BCR-ABL1, MLL gene rearrangements, low hypodiploidy and
intrachromosomal amplification of chromosome 21 (iAMP21) are
associated with a high risk of relapse. However, no classifying
genetic abnormality can be identified by standard laboratory
work-up in about 25% of pediatric BCP-ALL cases, referred to here
as ‘B-other‘ ALL.
Besides classifying lesions, a number of cooperating genetic

lesions have been identified recently.7 Among these, the deletion
of the B-cell transcription factor IKAROS (IKZF1del) emerged as
a promising prognostic marker, as initial studies demonstrated a
very poor outcome for patients having an IKZF1del, with event-free
survival (EFS) rates below 50%.8,9 However, further studies
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conducted on larger series of patients treated with risk-directed
therapy based on minimal residual disease (MRD) found only a
moderately inferior outcome associated with IKZF1del with EFS
rates reaching ~ 70%.10–12 Consequently, using IKZF1del for
treatment stratification could lead to inappropriate over-
treatment in a substantial number of patients. Thus, whether
outcome can be significantly improved by IKZF1-based risk
stratification remains a matter of debate.11 To become a
therapeutic stratification criterion, IKZF1del should be an indepen-
dent prognostic factor and help to identify a subset of patients
with a risk of relapse high enough to warrant treatment
intensification.
To address these issues we analyzed the prognostic impact of

IKZF1del together with several other variables in a large
prospective cohort of children with BCP-ALL treated in a single,
recent trial.

SUBJECTS AND METHODS
Patients
Between December 1998 and July 2008, 1654 children (⩾1 and o18 years
old) diagnosed with BCP-ALL were consecutively enrolled in the Children's
Leukemia Group of the European Organisation for Research and Treatment
of Cancer (EORTC-CLG) trial 58951 (ClinicalTrials.gov Identifier:
NCT00003728).13,14 The study included 1253 cases for which standard
cytogenetic/molecular diagnosis was performed and tumoral DNA was
available (Figure 1). This cohort did not differ from the entire cohort with
respect to the main features (Supplementary Table 1). Patients with
BCR-ABL1-positive ALL (n= 30) were excluded from the present study and
analyzed separately because from 2005 they were switched to another
treatment protocol (EsPhALL) after the induction phase.15,16 The remaining
patients (n=1223) were uniformly treated with a Berlin-Frankfurt-Münster
(BFM)-like regimen consisting of four-drug induction, post-induction, late
intensification and maintenance, without irradiation (except for

transplanted patients who received total body irradiation). Patients were
assigned to different risk groups: very low risk (VLR), average risk (AR) and
very high risk (VHR). VLR criteria were high hyperdiploidy (⩾51
chromosomes or DNA index 41.16 and o1.5), white blood cell (WBC)
counts o10 × 109/l and no central nervous system or gonadal involve-
ment. VHR criteria were the presence of any of the following: 11q23/MLL
rearrangement, low hypodiploidy or near haploidy, poor response to
prephase (blast counts in peripheral blood ⩾ 1× 109/l at completion of the
prephase—1 week of corticosteroids and intrathecal injection of metho-
trexate), lack of complete remission (CR) or MRD ⩾ 10− 2 after induction
(day 35). MRD monitoring was based on PCR quantification of T-cell-
receptor and immunoglobulin gene rearrangements.17 AR patients were
children without VLR or VHR characteristics. The trial included three
randomized comparisons: (i) dexamethasone 6mg/m2/day versus pre-
dnisolone 60mg/m2/day in induction,14 (ii) conventional versus prolonged
administration of E. coli asparaginase for non-VHR patients and (iii) the
presence versus the absence of vincristine-steroid pulses during main-
tenance for AR patients only, 6 pulses at intervals of 10 weeks during the
first 60 weeks of maintenance therapy.13 The pulses consisted of 7 days of
corticosteroids, either prednisolone 60mg/m2/day or dexamethasone
6mg/m2/day depending on the first randomization, and vincristine
1.5 mg/m2 on day 1 and day 8. Pulses improved outcome of AR patients,
whereas no impact could be demonstrated for the type of
corticosteroid.13,14

This protocol was accepted by the EORTC Protocol Review Committee
and the Ethics Committee of each participating center. Outcome data for
patients enrolled in EORTC 58951 were frozen on March 2012; the median
follow-up of the study cohort was 6.61 years.

Genomic analyses
Standard karyotype and/or DNA index, fluorescence in situ hybridization
and/or reverse-transcriptase PCR and multiplex ligation probe assay
(SALSA kit P327 iAMP21, MRC-Holland, Amsterdam, the Netherlands) were
used to screen for the most frequent classifying genetic lesions. ERG
deletion18 (ERGdel) was detected by breakpoint-specific genomic PCR. Data
were centrally reviewed. High hyperdiploidy (⩾51 chromosomes), low
hypodiploidy/near haploidy (o40 chromosomes), t(12;21)/ETV6-RUNX1, t
(1;19)/TCF3-PBX1, t(9;22)/BCR-ABL1, t(4;11)/MLL-AF4 or other MLL rearrange-
ments, iAMP21 and ERGdel were considered distinct genetic subtypes. BCP-
ALLs negative for all of these lesions were pooled and named ‘B-other‘.
IKZF1 deletions were analyzed using both a genomic breakpoint-specific

multiplex fluorescent PCR19 and multiplex ligation probe assay method
(SALSA P335 ALL-IKZF1-A3 and SALSA P202 IKZF1 kits, MRC-Holland). Cases
found positive by either of two methods were considered positive.

Statistical analyses
EFS was calculated from the date of CR to the date of first relapse or death.
Patients who failed to reach CR by the end of induction-consolidation were
considered as having an EFS at time 0. All patients alive and still in their
first CR were censored at their last follow-up. Disease-free survival (DFS)
was defined as EFS, but only in patients who reached CR. Overall survival
(OS) was calculated from the date of the start of treatment until the date of
death; patients still alive were censored at their last follow-up.
Survival distributions were estimated according to the Kaplan–Meier

technique and compared using the two-tailed log-rank test. The Cox
proportional hazards model was used to obtain the estimate and the 95%
confidence interval (CI) of the hazard ratio (HR) of the instantaneous event
rate in one group versus another. The possible heterogeneity of the
prognostic importance of IKZF1del in the different genetic subgroups was
explored by estimation of the HR for each subgroup, together with the
95% CI and a test for interaction. All analyses were based on the intent-to-
treat principle.
The relationship between the presence/absence of IKZF1del and

categorical variables was tested for significance using the χ2 or Fisher
test, and for continuous variables using the Wilcoxon test.
SAS 9.3 statistical software (Cary, NC, USA) was used.

RESULTS
The presence of IKZF1del is associated with high-risk features
Of 1223 BCR-ABL1-negative BCP-ALL cases, 179 (14.6%) had a
deletion involving the IKZF1 gene. Clinical and biological features

BCP-ALL in EORTC-CLG 58951
(N = 1655)

Material available for standard laboratory 
diagnosis and IKZF1del testing

(n = 1253)

BCR-ABL1-positive patients 
excluded (n = 30)

IKZF1del (n = 179/1223; 14.6%)
No IKZF1del (n = 1044/1223; 85.4%) 

Randomization for vincristine-steroid 
pulses during maintenance therapy

(n = 219)

VLR
(n = 178/1223; 14.6%)

AR 
(n = 924/1223; 75.6%)

VHR
(n = 120/1223; 9.8%)

Pulses (n = 111) No pulses (n = 108)

Patients not randomized
(n = 705)

Figure 1. CONSORT diagram. Patients eligible for randomization
were patients from average risk (AR) group who were still in
continuous complete remission at the beginning of maintenance
therapy. Randomization was stopped at the end of 2002 when a
preliminary analysis of the intergroup trial results suggested that the
pulses would fail to provide any benefit.21 BCP-ALL, B-cell precursor
acute lymphoblastic leukemia; EORTC-CLG, EORTC Children’s Leuke-
mia Group; IKZF1del, deletion of IKZF1 gene; VLR, very low risk; VHR,
vey high risk.
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Table 1. Characteristics and outcomes of BCP-ALL patients according to IKZF1 status

Characteristic Total, N= 1223 No IKZF1 deletion, N= 1044 IKZF1 deletion, N= 179 P value

No. % No. % No. %

Sex 0.78
Male 644 52.7 548 52.5 96 53.6
Female 579 47.3 496 47.5 83 46.4

Age, years
Median 4.9 4.6 6.9 o0.001
Range 0.6–18.0 0.6–17.7 1.0–18.0
1–5 633 51.8 569 54.5 64 35.8
6–9 351 28.7 285 27.3 66 36.9
⩾ 10 239 19.5 190 18.2 49 27.4

WBC count, ⨯ 109/l
Median 7.9 7.8 8.4 0.037
Range 0.2–454.0 0.2–423.0 0.5–454.0
o50 1073 87.7 926 88.7 147 82.1
⩾ 50 150 12.3 118 11.3 32 17.9

NCI risk groupa 0.001
Standard risk 858 70.2 751 71.9 107 59.8
High risk 365 29.8 293 28.1 72 40.2

CNS involvement 0.056
Data missing 5 5 0
CNS 1 or 2 1203 98.8 1029 99.0 174 97.2
CNS 3 15 1.2 10 1.0 5 2.8

Immunophenotype 0.005
Data missing 203 173 30
Pro-B ALL 50 4.9 34 3.9 16 10.7
Common ALL 673 66.0 580 66.6 93 62.4
Pre-B ALL 281 27.5 243 27.9 38 25.5
Mature B ALL 16 1.6 14 1.6 2 1.3

Genetic subtype o0.001
High hyperdiploidy 419 34.3 380 36.4 39 21.8
ETV6-RUNX1 305 24.9 292 28.0 13 7.3
ERGdel 38 3.1 22 2.1 16 8.9
TCF3-PBX1 49 4.0 47 4.5 2 1.1
iAMP21 27 2.2 17 1.6 10 5.6
MLL translocation 20 1.6 15 1.4 5 2.8
Low hypo/near-haploidy 11 0.9 7 0.7 4 2.2
'B-other' 354 28.9 264 25.3 90 50.3

Genetic risk groupsb o0.001
Good 762 62.3 694 66.5 68 38.0
Intermediate 403 33.0 311 29.8 92 51.4
Poor 58 4.7 39 3.7 19 10.6

Prephase response 0.001
Data missing 1 1 0
o1000 blasts/μl 1154 94.4 994 95.3 160 89.4
⩾ 1000 blasts/μl 68 5.6 49 4.7 19 10.6

MRD at day 35 o0.001
Not evaluable 158 131 27
o10-3 965 90.6 845 92.6 120 78.9
⩾ 10-3 ando10-2 70 6.6 51 5.6 19 12.5
⩾ 10-2 30 2.8 17 1.9 13 8.6

Treatment risk group o0.001
Data missing 1 1 0
VLR 178 14.6 159 15.2 19 10.6
AR 924 75.6 800 76.7 124 69.3
VHR 120 9.8 84 8.1 36 20.1

EFS status
Continuous CR 1037 84.8 910 87.2 127 70.9
Induction failure 14 1.1 10 1.0 4 2.2
Relapse 159 13.0 113 10.8 46 25.7
TRM 13 1.1 11 1.1 2 1.1

Survival status
Alive 1129 92.3 971 93.0 158 88.3
Dead 94 7.7 73 7.0 21 11.7

Abbreviations: AR, average risk; BCP-ALL, B-cell precursor acute lymphoblastic leukemia; CNS, central nervous system; CR, complete remission; EFS, event-free
survival; MRD, minimal residual disease; NCI, National Cancer Institute; TRM, treatment-related mortality (that is, death in CR) ; VHR, very high risk; VLR, very low
risk; WBC, white blood cell. aNCI standard risk group includes all patients with WBC count o50× 109/l and age ⩾ 1 and o10 years. bGenetic risk groups were
defined as follows: the good-prognosis group includes all patients with high hyperdiploidy, ETV6-RUNX1 or ERGdel; the intermediate-risk group includes
patients with TCF3-PBX1 and 'B-other' patients; the poor-prognosis group includes all patients with an MLL translocation, low hypodiploidy/near-haploidy or
iAMP21.
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at presentation were analyzed with respect to the presence or
absence of IKZF1del (Table 1). Patients with IKZF1del were
significantly older (Po0.001), had a higher WBC count at
diagnosis (P= 0.037) and presented more frequently with Pro-B
immunophenotype (10.7% versus 3.9%; P= 0.001). There was also
a trend toward a more frequent central nervous system
involvement at diagnosis in patients with IKZF1del (2.8% versus
1.0%; P= 0.056).
IKZF1del was unevenly distributed among genetic subtypes as

defined by the main classifying genetic lesions (Table 2). IKZF1del

was very frequent in the newly described group of patients having
ERGdel (42% of these), as reported recently.18,20 IKZF1del was
relatively frequent in patients having iAMP21, low hypodiploidy/
near-haploidy or MLL translocations (37%, 36% and 25%,
respectively), which are all known to be associated with poor
prognosis, and also in the ‘B-other‘ subgroup (25%), which has an
intermediate outcome.18 In contrast, IKZF1del was rarely found in
association with the recognized good-prognosis genetic lesions
high hyperdiploidy and ETV6-RUNX1 (9.3% and 4.3%, respectively).
Altogether, the proportion of genetic lesions of poor and
intermediate risk was higher in patients with IKZF1del (10.6% and
51.4%, respectively, versus 3.7% and 29.8% in IKZF1del-negative
patients, Po0.001).
Regarding response to treatment, patients with IKZF1del

compared with those without IKZF1del more frequently displayed
a ‘poor response‘ to prephase (10.6% versus 4.7%; P= 0.001), and
also had higher levels of MRD at the end of the induction phase
(⩾10− 2: 8.6% versus 1.9%; ⩾10− 3 to o10− 2: 12.5% versus 5.6%;
Po0.001). Consequently, they received the VHR regimen more
frequently (20.1% versus 8.1%; Po0.001).

IKZF1del is an independent predictor of poorer outcome
For the entire group of 1223 BCR-ABL1-negative BCP-ALL patients,
the 8-year EFS and OS rates were 83.6% and 91.5%, respectively.
As expected, IKZF1del was associated with a lower 8-year EFS rate
(Figure 2a), because of a higher rate of relapse (25.7% versus

10.8%; Po0.001). IKZF1del was also associated with a moderately
lower 8-year OS rate (Figure 2b).
To address the added value of IKZF1del in the context of current

risk stratification, we performed multivariate analyses after
adjusting for conventional risk criteria (Table 3 and
Supplementary Table 2). In a Cox model including National Cancer
Institute criteria, response to prephase and genetic risk groups,
IKZF1del was significantly related to a lower EFS (HR = 1.70; 95%
CI = 1.22–2.38; P= 0.002). It was also related to a lower DFS when
including day 35 MRD (⩾ versus o10−3) in the model (HR = 1.57;
95% CI = 1.10-2.22; P= 0.012). Notably, the strong prognostic
significance of MRD observed for the entire cohort was also
found in patients with IKZF1del (Supplementary Figure 1). Thus,
IKZF1del, genetic classification, and MRD have independent
prognostic value, definitely confirming that the poor outcome
associated with IKZF1del was not merely the result of association
with current high-risk features.

Combining IKZF1del and classifying genetic abnormalities refines
genetic risk stratification
The biology and response to treatment of BCP-ALL cases primarily
depends on classifying genetic abnormalities. We hypothesized
that the effect of additional lesions would differ according to the

Table 2. Distribution of IKZF1del according to BCP-ALL genetic
subtype and genetic risk group

Total,
N= 1223

No IKZF1
deletion,
N=1044

IKZF1
deletion,
N=179

No. No. % No. %

Genetic subtype
High hyperdiploidy 419 380 90.7 39 9.3
ETV6-RUNX1 305 292 95.7 13 4.3
ERGdel 38 22 57.9 16 42.1
TCF3-PBX1 49 47 95.9 2 4.1
iAMP21 27 17 63.0 10 37.0
MLL translocation 20 15 75.0 5 25.0
Low hypo/near-haploidy 11 7 63.6 4 36.4
'B-other' 354 264 74.6 90 25.4

Genetic risk groupsa

Good 762 694 91.1 68 8.9
Intermediate 403 311 77.2 92 22.8
Poor 58 39 67.2 19 32.8

Abbreviation: BCP-ALL, B-cell precursor acute lymphoblastic leukemia.
aGenetic risk groups were defined as follows: the good-prognosis group
includes all patients with high hyperdiploidy, ETV6-RUNX1 or ERGdel; the
intermediate-risk group includes patients with TCF3-PBX1 and ‘B-other‘
patients; the poor-prognosis group includes all patients with an MLL
translocation, low hypodiploidy/near-haploidy or iAMP21.
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Figure 2. Kaplan–Meier estimates of event-free survival (a) and
overall survival (b) in BCR-ABL1-negative BCP-ALL patients with or
without IKZF1del. HR, hazard ratio; CI, confidence interval.
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oncogenic background. In this regard, we and others have
previously observed that IKZF1del does not hamper the good
outcome of ERGdel ALL cases.18,20 To this purpose, we used Forest
plots to analyze the prognostic impact of IKZF1del in association
with distinct classifying genetic lesions (Figure 3a). Strikingly,
IKZF1del was significantly associated with a lower 8-year EFS in only
two groups: high hyperdiploidy and ‘B-other‘ (Figures 3b and c).
In patients with high hyperdiploidy, the 8-year EFS rate was
76.2% in patients with IKZF1del versus 90.7% in non-IKZF1del

patients (HR = 2.57; 95% CI = 1.19–5.55; P= 0.013). In ‘B-other‘
patients, the 8-year EFS rate was 56.4% in patients with
IKZF1del versus 79.0% in non-IKZF1del patients (HR = 2.22; 95%
CI = 1.45–3.39; Po0.001). In multivariate analyses focused on each
of these two groups, IKZF1del was independently related to a lower
EFS and DFS (Supplementary Tables 3 and 4).

Clinical significance of distinct types of IKZF1 deletions
Different types of IKZF1 deletions can be observed, but whether
they equally affect prognosis is still an open question. We
subdivided IKZF1del cases into three groups: whole-gene deletions
resulting in haploinsufficiency, including the loss of chromosome
7p (n= 66, 37%), intragenic deletion of exons 4–7, producing
dominant negative isoforms (Δ4–7, n= 62, 35%) and rare
intragenic deletions (n= 51, 28%). There was no significant
difference (P= 0.72) in EFS according to the type of deletion
(Supplementary Figure 2). Yet, examination of clinical and
biological characteristics revealed that high-risk features were
unequally distributed among these three groups (Supplementary
Tables 5 and 6). Whole-gene deletions were more frequently
associated with poor-prognosis genetic abnormalities (13/66, 20%,
as compared with 5/62, 8% for Δ4–7 and 1/51, 2% for rare
intragenic deletions). On the other hand, patients with rare
intragenic deletions had higher WBC counts (median 20.1 × 109/l)

and more frequently presented a poor early response to treatment
(poor response to prephase: 17.6%; induction failure: 5.9%; MRD
level ⩾ 10− 2: 17.1%). Accordingly, patients with whole-gene
deletion and rare intragenic deletions were more often treated
with the VHR regimen than patients with Δ4–7 (25.8% and 23.5%,
respectively, versus 11.3%; Po0.001), and yet this resulted in
similar EFS rates.

Pulses during maintenance prevent relapses in patients with
IKZF1del

One of the aims of the EORTC-CLG 58951 trial was to evaluate the
benefit of vincristine and corticosteroid pulses during maintenance
therapy, as part of a large intergroup I-BFM study.21 The randomiza-
tion applied to patients from the AR group who were in CR at the end
of late intensification. We previously showed that the administration
of such pulses improved outcome of these patients.13

When analyzing the prognostic value of IKZF1del in the three
distinct risk groups (VLR, AR and VHR), the negative impact
was restricted to AR patients (8-year EFS 64.5% versus 87.6% in
non-IKZF1del patients; HR = 2.90; 95% CI = 2.00–4.22; Po0.001;
Supplementary Figure 3). Notably, most of the relapses in the
IKZF1del-positive AR group of patients occurred rather late, after
maintenance therapy. This prompted us to check whether the
pulse randomization that was conducted during maintenance in
AR patients had an effect on IKZF1del-related relapses. Character-
istics of patients eligible for randomization from the studied
cohort are shown in Supplementary Table 7. Among them, 220
patients, including 34 (15.5%) having IKZF1del were randomized.
Strikingly, in this post-hoc analysis, the outcome of IKZF1del

patients who received pulses was identical to that of non-IKZF1del

patients (8-year DFS: 93.3% versus 89.5%; P= 0.6), whereas the
outcome of IKZF1del patients who did not receive pulses was
significantly worse than that of non-IKZF1del patients (8-year DFS

Table 3. Univariate and multivariate analyses for EFS and DFS

EFS DFS

Hazard ratio 95% CI P value Hazard ratio 95% CI P value

Univariate analyses
IKZF1 deletion: positive versus negative 2.41 1.75–3.32 o0.001 2.42 1.73–3.38 o0.001
Age: ⩾ versus o10 years 1.65 1.19–2.28 0.002 1.70 1.21–2.37 0.002
WBC count:⩾ versus o50 x 109/l 1.63 1.12–2.37 0.01 1.60 1.08–2.38 0.018
NCI risk groupa: high versus standard 1.63 1.22–2.19 0.001 1.66 1.22–2.25 0.001
Genetic risk groupb: poor versus intermediate 1.90 1.20–3.00 0.006 2.15 1.35–3.40 0.001
Genetic risk group: good versus intermediate 0.36 0.26–0.48 o0.001 0.37 0.27–0.51 o0.001
Response to prephase:⩾ versus o1000 blasts/μl 2.31 1.45–3.67 o0.001 1.71 0.99–2.96 0.051
MRD at day 35:⩾ versus o10-3 NA NA NA 3.58 2.45–5.23 o0.001
MRD at day 35: unknown versus o10-3 NA NA NA 1.52 0.98–2.37 0.06

Multivariate analysis: model 1
IKZF1 deletion: positive versus negative 1.71 1.23–2.39 0.002 1.76 1.24–2.48 0.001
Genetic risk group: poor versus intermediate 1.73 1.09–2.74 0.02 1.97 1.24–3.14 0.004
Genetic risk group: good versus intermediate 0.40 0.29–0.55 o0.001 0.42 0.29–0.57 o0.001
Response to prephase:⩾ versus o1000 blasts/μl 1.54 0.96–2.47 0.07 — — —

Multivariate analysis: model 2
IKZF1 deletion: positive versus negative 1.57 1.11–2.23 0.012
Genetic risk group: poor versus intermediate 1.85 1.16–2.95 0.01
Genetic risk group: good versus intermediate 0.42 0.30–0.58 o0.001
MRD at day 35:⩾ 10-3 versus o10-3 2.81 1.90–4.13 o0.001
MRD at day 35: unknown versus o10-3 1.36 0.88–2.12 0.17

NOTE: By definition, MRD analysis applies only to patients who reached CR, so prognostic importance of MRD level cannot be evaluated for EFS end point.
Variables with no relative prognostic importance were not retained in the models. In model 1, where MRD was not considered, response to prephase appeared
to be of prognostic importance for EFS but no longer for DFS. In model 2, MRD level at end of induction was considered; this one was influenced by IKZF1
deletion (see Table 1), but both variables were retained in the model along with genetic risk groups. Abbreviations: CI, confidence interval; DFS, disease-free
survival; EFS, event-free survival; MRD, minimal residual disease; NA, not applicable; NCI, National Cancer Institute; WBC, white blood cell. aNCI standard risk
group includes all patients with WBC count o50x109/l and age ⩾ 1 ando10 years. bGenetic risk groups were defined as in Table 2.
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42.1% versus 88.8%; HR= 6.65; Po0.001; Figure 4). A significant
interaction between IKZF1del and treatment (pulses versus no
pulses) was also found in multivariate analyses for DFS
(Supplementary Table 8). These findings suggest that the
intensification of maintenance therapy with vincristine-steroid
pulses has contributed to prevent relapses in patients with
IKZF1del. Interestingly, in a forest plot analysis including other
variables such as age, WBC, MRD and genetic groups
(Supplementary Figure 4), IKZF1del was the main factor that
influenced the outcome in relation to treatment difference, with
HR= 0.09 in patients with IKZF1del versus HR= 1.02 in patients
without IKZF1del (P= 0.012).

DISCUSSION
Our results are consistent with previous data showing inferior
outcome in patients with IKZF1del mainly in the intermediate risk

groups.10–12,22 In addition, our large cohort of BCP-ALL children
treated in a single MRD-stratified protocol allowed us to
definitively confirm the independent prognostic value of IKZF1del,
together with MRD and genetic classification. Importantly, the
majority of IKZF1del-positive patients who relapsed had no other
high-risk features, emphasizing the value of including IKZF1del in
risk-stratification algorithms. However, it could be argued that an
8-year EFS rate of nearly 70% is not low enough to warrant the use
of IKZF1del for treatment intensification. In addition, the fact that
most of these relapses can be rescued by second-line treatment
raises the question of the appropriateness of exposing a large
number of patients who will not relapse to the toxicity of
therapeutic intensification.
We showed here that the significant impact of IKZF1del was

restricted to two genetic subgroups, high hyperdiploidy and
‘B-other‘, although in other subtypes the small number of cases
and/or low frequency of IKZF1del do not allow definite conclusions.
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Interestingly, although IKZF1del in those two subgroups was
associated with a comparable increased risk in terms of HR, this
resulted in strikingly distinct EFS rates. The presence of IKZF1del

turned the normally excellent prognosis of patients with high
hyperdiploidy into an intermediate prognosis, whereas in the
‘B-other‘ ALLs, the presence of IKZF1del was associated with an EFS
of 56%, which is as low as that of patient subgroups with
well-recognized very-high-risk features, such as MLL transloca-
tions, low hypodiploidy/near-haploidy or MRD≥ 10− 2 (8-year EFS
rate of 64%, 55% and 8-year DFS rate of 58%, respectively,
in EORTC-CLG 58951). The ‘B-other‘/IKZF1del-positive ALLs repre-
sented 7.2% of all patients and accounted for up to 20% of
relapses. As genetic classification is already implemented in
routine analyses of ALL at diagnosis in most countries, the
simple addition of IKZF1del testing provides an easy and relatively
cost-effective assay for the identification of a significant fraction of
patients at very high risk of relapse. Therapeutic interventions
focusing on this subgroup of patients may thus be of particular
interest to improve outcome in BCP-ALL while limiting the
inappropriate exposure of other patients to intensified treatment.
The genetic basis of ‘B-other‘ ALL is likely to be heterogeneous.

Recently, several studies identified a high-risk subtype, termed
‘BCR-ABL1-like‘, having a gene expression profile similar to that of
BCR-ABL1-positive ALL, and frequent IKZF1del.8,23–25 BCR-ABL1-like
ALL harbor a large variety of genomic alterations deregulating
signaling pathways26 and their identification is challenging in
terms of prospective diagnosis.27 Noteworthy, both IKZF1del and

BCR-ABL1-like were independently related to a poor prognosis in
a recent study,28 indicating that the poor outcome of ‘B-other‘
patients with IKZF1del is not solely due to ‘BCR-ABL1-like‘ cases.
In addition to the uneven distribution of IKZF1del among genetic

subgroups, our data show the preferential association of distinct
types of deletions with genetic subgroups. For instance, the ERGdel

subtype is frequently associated with IKZF1 Δ4–7. In contrast,
ETV6-RUNX1 ALL have virtually no Δ4–7, which is intriguing since
this deletion is mediated by V(D)J recombination, a process that is
effective in ETV6-RUNX1 ALL.29 In ‘B-other‘ ALL cases, rare
intragenic deletions were more often associated with poor
response to prephase, lack of CR and high MRD (Supplementary
Table 9). Together, these data suggest that the incidence and
clinical impact of distinct types of IKZF1del may vary according to
the oncogenic environment.
The OS of patients with IKZF1del was much less affected than their

EFS, implying that long-term remission could be achieved by
second-line treatment, which relied on intensive chemotherapy
alone in two-thirds of these patients. The fact that recurring
leukemia cells retain chemosensitivity suggests that a more
intensive first-line regimen could have prevented relapses. Although
based on limited patient numbers, our results support an effective
role for the vincristine-steroid pulses during maintenance therapy in
preventing relapses in IKZF1del patients. The administration of pulses
in several ongoing pediatric ALL protocols should therefore improve
the outcome of IKZF1del patients. In addition, the fact that the
benefit of pulses seems to be restricted to IKZF1del patients could
allow pulses to be avoided in non-IKZF1del patients, restricting
needless toxicity. It would have been interesting to confirm these
findings in the patient cohorts of the I-BFM intergroup study, a
meta-analysis evaluating the value of vincristine-dexamethasone
pulses in intermediate risk patients.21 Unfortunately, IKZF1del was not
studied in these patients. Moreover, by contrast with the EORTC
study, no benefit of pulses could be observed in the intergroup
study,13,21 which could be explained by noticeable differences in risk
group definition, and heterogeneity between participating groups.
For instance, the EORTC randomized cohort although including a
larger proportion of patients, excluded those with high MRD levels.
Considering the timing of IKZF1del-associated relapses in AR

patients and the chemosensitivity to second-line therapy, it is
plausible that other modifications intensifying maintenance
treatment will yield a similar effect. In conclusion, IKZF1 status is
a valuable criterion for risk-adapted stratification in the treatment
of children with BCP-ALL. The addition of vincristine-steroid pulses
during maintenance in patients with IKZF1del seems an effective
and reasonable strategy for preventing relapses. It would thus be
worthwhile to confirm our data in other randomized trials.
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