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" " " We assessed TP53, NRAS/KRAS, PTEN and
NOTCH1 mutation, TP53 alteration and myeloid NOTCH/1/FBXW7 mutations by Sanger sequencing of
antigen expression predict outcome heterogeneity in key exons in 81 and 74 samples, respectively; TP53 copy
children with first relapse of T-cell acute . mberin81 samples and immunophenotype in 74 sam-
lymphoblastic leukemia ples of relapsed pediatric T-ALL (Figure 1). Experimental
details are described in the Online Supplementary Methods.
All patients (n=104) had their first T-ALL relapses with
Relapse of T-cell acute lymphoblastic leukemia (T-ALL)  pone marrow involvement (patients with extramedullary
has a dismal prognosis, with only 20% of afflicted chil- relapse were excluded). The genetics and immunopheno-
dren surviving.' Children with relapsed T-ALL are com- type cohorts overlapped by 51 patients [48 patients for
monly treated within high-risk arms of second-line treat- ~ NOTCH1/FBXW7; (Figure 1)] and were representative
ment protocols that include mandatory hematopoietic  sybsets of the total cohort recruited by the trials (Online
stem cell transplantation (HSCT) if a second complete Supplementary Table S1).
remission can be induced.? Second-line treatment, how- Patients with relapsed T-ALL harbored activating
ever, fails in 80% of relapsed T-ALL patients.' Novel risk ~ NOTCH{ mutations in 52.7% (39/74), and inactivating
markers are needed to identify patients who are unlikely ~ FBXW?7 mutations in 25.7% (19/74) of cases (Figure 1;
to respond to conventional second-line treatment, and to  QOuline Supplementary Table S2). NRAS, KRAS and PTEN
support their reallocation into alternative treatment pro-  mutations were present in 9.9% (8/81), 1.2% (1/81) and
tocols, such as phase I/l trials including targeted drugs, ~ 9.9% (8/81) of patients with relapsed T-ALL, respectively
as early as possible. Mutations in NOTCH1/FBXW7,  (Figure 1; Online Supplementary Table S2). TP53 alterations
NRAS/KRAS and PTEN and, for instance, the early T-cell  were detected in 7.4% (6/81) of cases of relapsed T-ALL,
precursor immunophenotype have previously been asso-  which included mutations in 6.2% (5/81; 3 cases also har-
ciated with outcome in pediatric and/or adult primary  bored deletion of the other TP53 allele) and deletions in
T-ALL,”” but their clinical value in children with relapsed  3.7% (4/81; 1 case harbored only a TP53 deletion) (Figure
T-ALL has not yet been investigated. TP53 mutations and  1; Ounline Supplementary Table S2). In the two relapses
deletions have been shown to occur more frequently in ~ with TP53 mutation only, the mutation appeared
relapsed compared to primary ALL, and are adversely = homozygous, and single nucleotide polymorphism (SNP)
associated with survival following second-line therapy.®”  array analysis confirmed the presence of uniparental dis-
We retrospectively analyzed genetic alterations as wellas ~ omy on chromosome 17p (Online Supplementary Table
immunophenotype in T-ALL relapses from children  S2). Thus, five of six patients with TP53 alterations
enrolled in the German multicenter ALL-REZ BFM (Acute  showed complete loss of the wild-type allele. The fre-
Lymphoblastic Leukemia Relapse Berlin-Frankfurt-  quency of TP53 alterations at relapse is similar to our pre-
Miinster) 95/96 and 2002 trials with the aim of defining  vious observation from a subset of this patient cohort
markers for risk stratification in treatment decisions. We  (n=47),°but it is significantly lower than that described by
show that NOTCH1 mutation, TP53 alteration and Diccianni et al. three decades ago (24%).” However,
myeloid antigen expression predict outcome heterogene-  Diccianni et al. observed a different spectrum of TP53
ity in relapsed pediatric T-ALL and, therefore, can aid in  mutations, with the majority being located in exon 5
molecular risk assessment. versus exon 7 in our study and with 50% of mutations

Table 1. Multivariate Cox regression analysis of patients with first relapse of T-ALL.

ariable Number of Hazard 95% CI P
Patients Ratio

Genetics

NOTCHI 0.020
wild-type 35 1
mutation 39 0.53 0.31-0.90

Time of Relapse 0.004
late' 15 1
early’ 20 1.17 0.49-2.77 0.725
very early’ 39 2.80 1.32-5.92 0.007

Immunophenotype

MyAg expression 0.001
negative (<20%) 47 1
positive (=20%) 21 2.75 1.55-4.86

Time of Relapse 0.001
late' 14 1
early’ 17 2.33 0.93-5.86 0.072
very early’ 43 452 1.94-10.56 <0.001

Multivariate analysis of genetic factors included TP53, FBXW7, NOTCHI, NRAS/KRAS and PTEN status, time of relapse and site of relapse (BM isolated, BM combined).
Multivariate analysis of immunological subtypes included maturation stage (cortical TALL, pre-/pro-T-ALL and mature T-ALL), early T-cell precursor immunophenotype,
myeloid antigen expression, time of relapse and site of relapse (BM isolated, BM combined). 'Late relapse: =6 months after completion of primary treatment; *Early relapse:
=18 months after initial diagnosis of ALL and < 6 months after completion of primary treatment; *Very early relapse: <18 months after initial diagnosis of ALL. ALL: acute
lymphoblastic leukemia; BM: bone marrow; Cl: confidence interval; MyAg: myeloid antigen.
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Figure 1. Genetic alterations and immunophenotypes in children with first relapse of T-ALL. The heatmap shows genetic alterations and immunophenotypes
(rows) detected in 104 samples of children with first relapse of T-ALL (columns). Absolute and relative frequencies of genetic alterations and immunopheno-
types are depicted on the right-hand side. Bars below the chart indicate patient cohorts of the present study. ETP: early T-cell precursor; MyAg: myeloid antigen.

being in a heterozygous state versus 0% in our study. This
may relate to methodological differences (Diccianni et al.
additionally analyzed exon 4), but also to differences in
the ethnic background of patients and in the selective
pressure of front-line treatment. Immunophenotype clas-
sification by maturation stage identified a cortical T-ALL
subtype in 46.0% (34/74), an immature pre-/pro-T-ALL
subtype in 32.4% (24/74), and a mature stage of T-ALL
lymphoblasts in 21.6% (16/74) of relapsed T-ALL
patients (Figure 1; Omnline Supplementary Table S3). An
early T-cell precursor immunophenotype was detected in
10.8% (8/74) and expression of myeloid antigens CD13
and/or CD33 and/or CD65 in 220% of lymphoblasts in
36.5% (27/74) of T-ALL relapse samples (Figure 1; Online
Supplementary Table S3). As expected, we found signifi-
cant overlaps between the more immature immunologi-
cal subtypes, i.e., pre-/pro-T-ALL, early T-cell precursor
and myeloid antigen positive T-ALL (P values =0.001),
whereas myeloid antigen expression was rare in cortical
T-ALL relapses in our study (P<0.001; Ounline
Supplementary Figure S1). Relapses of the pre-/pro-T-ALL
subtype were characterized by an increased frequency of
NRAS/KRAS mutations (P=0.039) and TP53 alterations
(by trend, P=0.082) compared to non-pre-/pro-T-ALL
relapses (Online Supplementary Figure S1). NOTCH1 muta-
tions were absent from the early T-cell precursor sub-
group (P=0.022), but enriched in relapses of the cortical
T-ALL subtype (by trend, P=0.082; Ounline Supplementary
Figure S1). Comparing frequencies of gene mutations and
immunophenotypes in relapsed T-ALL patients in our
study to frequencies described in primary pediatric
T-ALL*""" we found that FBXW7 mutations were
increased from 14% at primary T-ALL to 26% at relapse
(P=0.014; Online Supplementary Figure S2A). The frequen-
cy of cortical T-ALL was decreased (P=0.001; Ounline
Supplementary Figure S2B), whereas those of the pre-/pro-
T-ALL subtype and of myeloid antigen positive T-ALL
were significantly increased in patients with relapsed T-
ALL (P=0.031 and P=0.026, respectively; Omnline

Supplementary Figure S2B).

Survival analysis revealed that the probability of event-
free survival (pEFS) and overall survival (pOS) of patients
with relapsed T-ALL harboring NOTCH1 mutations was
significantly better than that of patients with relapsed
T-ALL harboring wild-type NOTCH1 (pEFS: P=0.034,
0.359+0.077 vs. 0.114+0.063, Figure 2A; pOS: P=0.026,
0.379+0.079 vs. 0.133+0.071, Online Supplementary Figure
S3A). Accordingly, patients with relapsed T-ALL harbor-
ing NOTCH1 mutations achieved a second complete
remission significantly more often (77% vs. 51%;
P=0.022) and exhibited nonresponse to treatment less
often (21% vs. 40%) than those patients with relapsed
T-ALL  harboring wild-type NOTCH1  (Ouline
Supplementary Table S4). A favorable treatment response
of patients with primary T-ALL harboring NOTCH1
mutations has been observed in most studies to
date,**"*' although this translated into favorable out-
come in only some trials.”* The favorable effect of
NOTCH1 mutation on the outcome of relapsed patients
in our cohort was further pronounced in the patients
who reached a second complete remission and subse-
quently received HSCT (pEFS: 0.604+0.102 vs.
0.235+0.123, P=0.049; Online Supplementary Figure S3B).
Although inactivating FBXW7 mutations act in the same
pathway as activating NOTCH{ mutations, patients in
our cohort with relapsed T-ALL harboring FBXW?7 muta-
tions responded no differently to treatment and had sim-
ilar outcomes to relapsed patients lacking FBXW7 muta-
tions (Online Supplementary Figure S3C). However, sur-
vival analysis revealed two distinct groups among
FBXW7 mutation positive patients (Online Supplementary
Figure S3D). Relapsed patients harboring both FBXW7
and NOTCH1 mutations had a 46% pEFS (0.462+0.138),
whereas those relapsed patients harboring solely FBXW7
mutations had only a 17% pEFS (0.167+ 0.152), and
those relapsed patients harboring only NOTCH1 muta-
tions were intermediately placed with a 31% pEFS
(0.308+ 0.091, P=0.12). In agreement with primary pedi-
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Figure 2. Survival of children with
first relapse of T-ALL by genetic
alterations and immunophenotype.
(A) Kaplan-Meier analysis for the

00| P=0.034 00 P=0.051 probability of EFS (pEFS) of patients
0 H 10 15 2 0 . o i3 - with and without leukemic NOTCH1
time [years] time [years] mutation, P=0.034 by log-rank test.

— NOTCH?1 wild-type, n=35, pEFS: 0.114 + 0.063
==« NOTCH1 mutation, n=39, pEFS: 0.359 + 0.077 -

— TP53 wild-type, n=75, pEFS: 0.261 + 0.052
TP53 alteration, n=6, pEFS: 0.000 + 0.000

NOTCH1 mutation: n=39, censored
n=14; NOTCH1 wild-type: n=35, cen-
sored n=>5. (B) Kaplan-Meier analysis
for the pEFS of patients with and
without leukemic TP53 alteration
(mutation and/or deletion), P=0.051

by log-rank test. TP53 alteration:
n=6, censored n=0; TP53 wild-type:
n=75, censored n=20. (C) Kaplan-
Meier analysis for the PpEFS of
patients with and without early T-cell
precursor immunophenotype,
P=0.173 by log-rank test. Early T-cell
precursor ALL: n=8, censored n=0;
other T-ALL: n=66, censored n=18.
(D) Kaplan-Meier analysis for the
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pPEFS of patients with and without
myeloid antigen expression (CD13
and/or CD33 and/or CD65), P=0.04
by log-rank test. MyAg positive T-ALL:

oo 1 P=0.173 wd oo P=0.004 n=27, censored n=1; MyAg negative

T T T T T T T-ALL: n=47, censored n=17. ALL:

° 5 ) 10 1s ° ® _ 10 » acute lymphoblastic leukemia; EFS:
time [years] time [years]

— other T-ALL, n=66, pEFS: 0.271+ 0.055
=== early T-cell precursor ALL, n=8, pEFS: 0.000 + 0.000 -

atric T-ALL,"""" but in contrast to adult T-ALL,*" we did
not identify a prognostic significance of NRAS/KRAS and
PTEN mutations in our relapse cohort (Online
Supplementary Figure S4). NRAS/KRAS and, in particular,
PTEN mutations were rare in relapsed patients with
NOTCH1 mutations (n=2 for NRAS/KRAS and n=1 for
PTEN, P=0.095 for PTEN; Online Supplementary Figure S1).
Therefore, this small number of patients prevented us
from studying a prognostic impact of NRAS/KRAS and
PTEN mutations within the favorable NOTCH1 mutant
group that was described previously in primary adult T-
ALL.>” However, it is worth noting that NRAS/KRAS and
PTEN mutations were absent from the most favorable
NOTCH1/FBXW?7 double mutant group of T-ALL relapse
patients (Figure 1). TP53 mutation and/or deletion was
associated with exceptionally poor outcome in relapsed
T-ALL in this study, as all patients suffered a second event
and died (pEFS: 0.00+0.00 vs. 0.261+0.052; P=0.051;
Figure 2B). This confirms earlier findings that TP53 alter-
ations predict poor outcome in pediatric relapsed ALL.*
However, TP53 alteration was not correlated with nonre-
sponse to treatment in our cohort (Online Supplementary
Table S4), as was observed in patients with relapsed B-cell
precursor ALL.® This is likely due to the overall higher
percentage of nonresponse to treatment in patients with
relapsed T-ALL." Survival analysis by immunophenotype

— MyAg negative T-ALL, n=47, pEFS: 0.360 + 0.070
MyAg positive T-ALL, n=27, pEFS: 0.037 + 0.036

event-free survival; MyAg: myeloid
antigen; T-ALL: T-cell acute lym-
phoblastic leukemia.

revealed that relapsed patients with a cortical T-ALL sub-
type had improved pEFS (0.350+0.082) compared to
patients with pre-/pro-T-ALL (0.167+0.08) and mature
T-ALL immunophenotype (0.125+0.083, P=0.18; Ounline
Supplementary Figure S5A). Although this result did not
reach statistical significance, it is consistent with previous
reports regarding primary T-ALL."” The pEFS in relapsed
patients with early T-cell precursor immunophenotype
was reduced to zero (0.00+0.00 vs. 0.27+0.05; P=0.17;
Figure 2C). Originally identified as a high-risk group,’
more recent studies have questioned the inferior out-
come of patients with primary early T-cell precursor ALL
treated on contemporary, intensive protocols.” However,
our results indicate a trend, namely that in a relapse situ-
ation, intensive treatment on ALL-REZ BFM protocols is
insufficient to reach second continuous complete remis-
sions in patients with this subtype. Although the prog-
nostic significance of myeloid antigen expression has
remained controversial in primary
T-ALL," we found expression of each of the myeloid
markers CD13, CD33 and CD65 in more than 20% of
relapsed T-ALL cells to be associated with an inferior
pEES in our cohort (Online Supplementary Figure S5B-D).
Collectively, the patients with expression of one or more
of the myeloid markers CD13, CD33 and CD®65 in their
relapsed T-ALL cells had a significantly reduced pEFS
compared to patients without myeloid antigen expres-
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sion (0.037+0.072 vs. 0.359+0.070, P=0.008; Figure 2D).
Multivariate Cox regression analysis of genetic factors
and the clinical prognostic factors of time and site of
relapse’' identified NOTCH{ mutation as an independent
prognostic marker in addition to the time of relapse
(P=0.02; Table 1). Notwithstanding the fact that TP53
alteration was a significant adverse factor in univariate
analysis, we did not identify it as such in multivariate
analysis, likely due to the small number of patients in this
group. The value of myeloid antigen expression as a
marker for poor outcome in children with relapsed T-ALL
was confirmed by multivariate analysis, that identified it
as an independent factor alongside time of relapse
(P=0.001; Table 1).

Herein we present a systematic analysis of the clinical
value of genetic and immunophenotypic markers in chil-
dren with relapsed T-ALL. It includes all patients with
available T-ALL relapse samples from the pediatric trials
ALL-REZ BFM 95/96 and 2002, thereby enabling correla-
tive analysis in a comparatively large number of patients
with this rare condition. We found that NOTCH1 muta-
tions had a remarkable positive influence on outcome,
with more than 60% pEFS in patients who reached a sec-
ond complete remission and received HSCT. Since
patients with relapsed T-ALL accompanied by bone mar-
row involvement have previously been thought to have a
consistently poor outcome, this is a highly interesting
result. By contrast, we found that TP53 alteration and
myeloid antigen expression characterize patients with
relapsed T-ALL with very poor outcome, which we con-
firmed by multivariate analysis for myeloid antigen
expression. These markers can aid in identifying patients
with relapsed T-ALL who are unlikely to benefit from
standard second-line treatment, but who would be excel-
lent candidates for enrollment in phase I/II trials, includ-
ing targeted drugs or personalized treatment approaches.
Our results reveal outcome heterogeneity in genetic and
immunological relapsed T-ALL subgroups, and demon-
strate proof of principle for the feasibility of molecular
risk assessment in children with relapsed T-ALL.
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