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Abstract Background: The outcome of infants with KMT2A-germline acute lymphoblastic
leukaemia (ALL) is superior to that of infants with KMT2A-rearranged ALL but has been
inferior to non-infant ALL patients. Here, we describe the outcome and prognostic factors
for 167 infants with KMT2A-germline ALL enrolled in the Interfant-06 study.

Methods: Univariate analysis on prognostic factors (age, white blood cell count at diagnosis,
prednisolone response and CD10 expression) was performed on KM72A-germline infants in
complete remission at the end of induction (EOIL; n = 163). Bone marrow minimal residual dis-
ease (MRD) was measured in 73 patients by real-time quantitative polymerase chain reaction at
various time points (EOI, n = 68; end of consolidation, n = 56; and before OCTADAD,
n = 57). MRD results were classified as negative, intermediate (<5107, and high (>5+107%.
Results: The 6-year event-free and overall survival was 73.9% (standard error [SE] = 3.6) and
87.2% (SE = 2.7). Relapses occurred early, within 36 months from diagnosis in 28 of 31 (90%)
infants. Treatment-related mortality was 3.6%. Age <6 months was a favourable prognostic fac-
tor with a 6-year disease-free survival (DFS) of 91% (SE = 9.0) compared with 71.7% (SE =
4.2) in infants >6 months of age (P = 0.04). Patients with high EOI MRD >5 x 10~* had a
worse outcome (6-year DFS 61.4% [SE = 12.4], n = 16), compared with patients with undetect-
able EOI MRD (6-year DFS 87.9% [SE = 6.6], n = 28) or intermediate EOI MRD <5 x 10~*
(6-year DFS 76.4% [SE = 11.3], n = 24; P = 0.02).

Conclusion: We conclude that young age at diagnosis and low EOI MRD seem favourable prog-
nostic factors in infants with KM7T2A4-germline ALL and should be considered for risk stratifi-
cation in future clinical trials.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-

NC-ND license (http:/creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Acute lymphoblastic leukaemia (ALL) occurring in in-
fants, defined as children aged <365 days at diagnosis, is
a rare and aggressive type of leukaemia. Rearrangement
of the lysine methyltransferase 2A gene (KMT2A),
formerly known as the mixed lineage leukaemia (MLL)
gene, occurs in 75% of infants with ALL and is associ-
ated with a poor outcome [1,2]. Infants with KMT2A-
germline (KMT2A-g) ALL have better survival rates,
reaching approximately 75% [1—3]. Infants with
KMT2A-g ALL are defined as low-risk patients in most
recent treatment protocols for infants with ALL.
Although the outcome for KMT2A-g infants has been
inferior to older children with ALL (aged 1—18 years),
recent Japanese studies with low patient numbers re-
ported survival rates above 90% [4,5], highlighting the
need for prognostic markers is needed to guide therapy
for infants with KMT2A4-g ALL.

In KMT2A-rearranged (KMT2A-r) infants, high-risk
features are age <6 months at diagnosis, a high white
blood cell (WBC) count at diagnosis (>300 x 10°/L), poor

prednisone response [1,2,6] and high level of minimal re-
sidual disease (MRD) after induction and consolidation
[5,7]. In infants with KMT2A-g ALL, few studies have
reported clinical and molecular genetic characteristics.
These studies showed that infants with KMT72A4-g ALL
share cytogenetic abnormalities with older children with
ALL, albeit with a different distribution; the proportion
of patients with favourable risk genetics (hyperdiploidy,
ETV6-RUNXI) is lower (12% versus 60% in older chil-
dren) [8,9]. Furthermore, we showed in a small cohort of
patients that an immature (CD10-negative) pro-B immu-
nophenotype predicted a worse outcome in infants with
KMT2A-g ALL [10]. More recently, although in a limited
series of cases, a poor prognostic value was shown for
PAX5 fusions and a good outcome was associated with
NUTM]I gene fusions, both correlated with MRD
response [11,12]. Overall, the relevance of MRD is still
unknown in infants with KMT72A4-g ALL.

The purpose of this study was to describe the outcome
and to investigate prognostic factors, including MRD, in
infants with KMT2A4-g ALL that were homogeneously
treated according to the Interfant-06 protocol.
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2. Material and methods
2.1. Patients and treatment protocol

Patients were included in this study if they were registered
on Interfant-06 and were KMT2A-germline. Patients
were recruited from February 2006 to July 2016, as
described previously [2]. The presence of KMT2A gene
rearrangements was excluded using fluorescence in situ
hybridisation (FISH), reverse transcription polymerase
chain reaction and/or Southern blotting. Each national
study group provided patient data, including cytoge-
netics, FISH and molecular results. NUTMI1 status was
known in 106 patients, as described previously [12]. The
final follow-up was updated on 31st December 2017, and
the median follow-up time was 5.3 years (range, 0.1—11.4
years). Presenting features, including age, WBC at diag-
nosis, CD10 expression and prednisone response, were
prospectively collected for all patients.

For the analyses of MRD, KMT2A-g patients were
included if they had reached morphological complete
remission at the end of induction (EOI) (CR1) and had
MRD data for at least one of the protocol specified
follow-up time points (TPs) up to the start of OCTADAD
(see Supplementary Figure 1 for treatment schema). As
reporting of MRD was not mandatory for this protocol,
MRD data were available in only 73 of 163 patients.

All patients were enrolled onto the Interfant-06 pro-
tocol, with parental written consent obtained according
to the Declaration of Helsinki. The study was approved
by the Ethics Committee of participating institutions
and registered with the European Clinical Trials data-
base (EudraCT 2005-004599-19) and at http://www/
cancer.gov/clinicaltrials (NTC0550992).

2.2. Detection of MRD

Bone marrow (BM) samples were obtained at diagnosis,
at the EOI (TP2; n = 68), at the end of consolidation
(EOC; TP4; n = 56) and after MARMA (TPS5; n = 57).
BM samples were available at both EOI and EOC for 55
patients. Samples were shipped to and analysed by the
national reference laboratories according to EuroMRD
guidelines, all being part of EuroMRD and participating
in the EuroMRD quality assurance programme, as
described before [13,14]. MRD results were classified as
negative (undetectable), intermediate (detectable but
<5 x 107%), and high (>5 x 107%).

2.3. Statistical analysis

Fisher’s exact test was used to compare patients with
and without MRD evaluations with respect to potential
prognostic features. Disease-free survival (DFS) was
defined as the time from complete remission to relapse,
death in CR from any cause or second malignant
neoplasm, whichever occurred first. Event-free survival

(EFS) was defined as time from diagnosis to first failure,
including death in induction, resistance to induction
therapy (i.e. no CR at the EOI), relapse, death in CR
from any cause, or second malignant neoplasm, and
overall survival (OS) as time from diagnosis to death
from any cause. DFS, EFS and OS curves were
computed according to Kaplan—Meier estimator, their
standard errors (SEs) according to Greenwood formula,
and were compared with log-rank test. The multivari-
able analysis of prognostic relevance of patients’ char-
acteristics at diagnosis (age, WBC, and CDI0
expression; MRD was not considered because data were
available in only half of the patients) on DFS was per-
formed with the Cox model (Wald test). Analyses were
performed using SAS version 9.4.

3. Results
3.1. Patient characteristics

Of 651 infants enrolled in the Interfant-06 trial, 167 (25.7%)
were KMT2A-g. Patients’ characteristics are reported in
Table 1. Compared with infants with KMT2A-r ALL, in-
fants with KMT2A4-g ALL were older (age >6 months
77.8% versus 39.9%, P < 0.0001), had a lower WBC at
diagnosis (<100 x 10°/L, 76.0% versus 36.5%, P < 0.0001),
were more often CD10 positive (CD10 negative 15.0%
versus 70.1%, p < 0.0001), and were more likely to have a
good prednisone response (86.3% versus 74.9%, P
= 0.0027). Cytogenetics data were available for 127 pa-
tients. Twenty-six patients had a NUTM1 rearrangement,
ten had hyperdiploid ALL (HeH), one patients was BCR-
ABLI1 positive, and four patients carried a TCF3/PBX1
translocation (t(1;19)) (Table 1). In the registry, there were
no patients with ETV6/RUNXI fusions.

3.2. Outcome

In the Interfant-06 study, the 6-year EFS (SE) and OS
(SE) for infants with KM T2 A-g ALL was 73.9% (3.6) and
87.2 (2.7), respectively [2]. CR1 was attained in 97.6%
(n = 163/167). One patient died during induction, and
three patients had resistant disease. Relapse occurred in
19% (n = 31/163) of patients who achieved CR1, of
whom 13 died. Notably, 90.3% (n = 28/31) relapses
occurred early, within 36 months from diagnosis. Sites of
relapse included 15 (48.4%) isolated BM, 6 (19.4%) iso-
lated central nervous system (CNS), 5 (16.1%) combined
BM and CNS, 1 (3.2%) combined BM and testis, and 4
(12.9%) others. Six patients died in CR1 (3.7%), of which
five deaths were due to infection. Three out of these six
patients died of infections during the MARMA course.

3.2.1. Post-induction outcome by patient characteristics

In 163 patients who achieved CR1 at the EOI, young
age at diagnosis (<6 months) was associated with a
significantly better outcome. The 34 patients aged <6
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Table 1
Patient characteristics by KMT2A status.
KMT2A- KMT24- P value
germline rearranged
infant ALL infant ALL
(n = 167) (n = 476)
Sex 0.0006
Male 95 (56.9%) 196 (41.2%)
Female 72 (43.1%) 280 (58.8%)
Age at diagnosis <0.0001
<6 months 37 (22.2%) 286 (60.1%)
>6 months 130 (77.8%) 190 (39.9%)
WBC count (cells/L) <0.0001
<100 x 10° 127 (76.0%) 173 (36.5%)
>100 x 10° 40 (24.0%) 301 (63.5%)
Not known 0 2
Immunophenotype <0.0001
B-ALL CDI0 neg 25 (15.0%) 331 (70.1%)
B-ALL CD10 pos 124 (74.2%) 80 (16.9%)
B-ALL CD10 7 (4.2%) 36 (7.7%)
not known
T-lineage 7 (4.2%) 3 (0.6%)
Other 4 (2.4%) 22 (4.7%)
Not known 0 4
Prednisone response 0.0027

Good response
Poor response

138 (86.3%)
22 (13.7%)

341 (74.9%)
114 (25.1%)

Not known 7 21

Cytogenetics in B-ALL® n = 160

Data not 33
available

Normal 43
karyotype

Aberrant 43
karyotype

NUTMI1 26

HeH 10

TCF3-PBX1 4

BCR/ABLI 1

ALL, acute lymphoblastic leukaemia; WBC, white blood cell.

# Includes acute undifferentiated and biphenotypic leukaemia.

® *Data not available’ includes patients with unknown karyotype/
partial cytogenetics investigations; NUTMI1 are described in Boer,
J.M. et al., Leukemia (2021).

months had a 6-year of DFS of 91% (5.0) compared
with 71.7% (4.2) for 129 patients aged >6 months (P
= (.04, Table 2). Sex, WBC at diagnosis, CDI10
expression and prednisone response had no significant
impact on DFS (Table 2). To assess the impact of pa-
tients’ characteristics at diagnosis on DFS, a multivari-
able analysis was performed with the Cox model on 147
patients (32 events) with data available on age, WBC
and CDI10 expression. In this model, there was a trend
toward a favourable impact of young age, although this
was not statistically significant (hazard ratio 0.34, 95%
CI 0.10—1.14, P = 0.08, supplementary table 1).

Of patients with favourable genetics (e.g. HeH, t(1;19)),
one patient with t(1:19) ALL experienced relapse. All 14
patients with HeH or t(1;19) ALL were older than 6
months. As described before, none of the 26 patients with
a NUTMI rearrangement experienced a relapse [12], and
14 (53.8%) of them were <6 months at diagnosis.

3.2.2. Outcome by MRD

Of 163 KMT2A-g infants enrolled in the Interfant-06
protocol and in CR1 at EOI, MRD data were avail-
able for 73. Of these, 12 (16.4%) relapsed, and 1 (1.4%)
died in CR1. There was no significant difference in pa-
tients characteristics (supplementary table 2) and 6-year
DEFS (SE) between patients with and without MRD data
available (79.5% [5.2] versus 72.7% [4.8], respectively; P
= 0.267).

3.2.2.1. Prognostic significance of MRD at the EOI

At EOI, 76.5% (n = 52/68) of patients were either MRD
negative (41.2%, n = 28) or intermediate MRD (35.3%,
n = 24). 23.5% (n = 16) had high EOI MRD, which
was associated with significantly lower 6-year DFS (SE),
compared to patients with intermediate or negative EOI
MRD (61.4% (12.4), 76.4% (11.3) and 87.9% (6.6),
respectively; p = 0.02, Fig. 1a). Interestingly, isolated
CNS relapse occurred in all three patients who relapsed
after achieving negative EOl MRD. The four relapses in
patients with intermediate EOI MRD levels were
extramedullary in two cases (1 isolated CNS), 1 was

Table 2

Univariate analysis by prognostic factors of outcome of infants with
KMT2A-germline ALL who achieved complete remission at the end of
induction.

N N. events 6-year SE P value
(relapses) DFS

Sex 0.7802

Male 94 21 (19) 75.6 4.8

Female 69 16 (12) 75.7 53

Age at 0.0407
diagnosis

<6 months 34 3(2) 91.0 5.0

>6 months 129 34 (29) 71.7 4.2

WBC 0.4499
count (cells/L)

<100 x 10° 126 27 (23) 76.8 4.0

>100 x 10° 37 10 (8) 72.0 7.5

Immuno 0.8975*
phenotype

B-ALL CD10 neg 24 54 78.7 8.5

B-ALL CDI10 pos 123 27 (22) 76.4 4.0

B-ALL CD10 7 1(1) - -
not known

T-lineage 6 44 - -

Other 3 0 (0) — —

Prednisone 0.3124
response

Good response 136 33 (27) 74.1 39

Poor response 20 33 84.4 8.3

*P value for comparison of B-ALL CDI10 neg versus B-ALL CDI10

pos.

DFS, disease-free survival; WBC, white blood cell.

Note: n = 3 resistant patients and n = 1 death in induction are

excluded from this analysis. Treatment of resistant patients was as
follows: 1 received Interfant-06 treatment with Protocol IB (alive at 11
years after diagnosis), 1 received Interfant-06 treatment with Protocol
IB and transplant (alive at 2 years after diagnosis), and one received
Interfant-06 treatment with ADE + MAE (alive at 3.5).
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combined BM and CNS and one isolated BM, while all
five relapses in patients with high MRD EOI involved
the bone marrow (three isolated BM and two combined
BM and CNY).

3.2.2.2. End of induction MRD and age

Of the 68 patients with available EOI MRD data, 13
were <6 months of age at diagnosis, of whom five had
negative, seven intermediate and one had high EOI
MRD. Only one of these 13 patients relapsed (8%). In
infants >6 months of age at diagnosis, 15 of 55 patients
had high EOI MRD levels and five of them relapsed
(33%), whereas six relapses occurred in 40 patients with
low MRD levels (15%; Table 3).

3.2.2.3. Prognostic significance of MRD at the EOC
At EOC, 554% (n = 31/56) of patients were MRD
negative. Outcome by MRD levels at EOC was not
significantly different (P = 0.24); the 6-year DFS (SE)
of negative and intermediate EOC MRD patients was
89.0% (6.0) and 72.7% (10.6), respectively, whereas only
one of the five patients with high EOC MRD relapsed in
BM and CNS (Fig. 1b).

MRD data for both EOI and EOC were available for
55 patients. Of these patients, 18 were MRD negative at
EOI and EOC, with a 6-year DFS 93.3% (SE = 6.4).
Five patients had negative EOI MRD but showed in-
termediate EOC MRD levels; none of these patients
relapsed. There were 12 of 55 patients who were MRD
positive at EOI and became MRD negative at EOC.
These patients had a 6-year DFS of 82.5% (SE = 11.3).
Patients with detectable disease at both time points had
a 6-year DFS of 68.3% (SE = 10.8; n = 20, Fig. I¢).
These data suggest that in the Interfant-06 protocol,
MRD negativity at EOI is more important for outcome
than MRD negativity at EOC.

3.2.2.4. Prognostic significance of MRD at the end of
MARMA (TPS5)

At the end of MARMA (TPS5), 77.2% (n = 44/57) of
patients were MRD negative. MRD at TP5 was signif-
icantly related to DFS (Fig. 1d); the 6-year DFS was
89.6% (SE = 5.0) for MRD negative patients, compared
with 65.6% (SE = 14.0) for patients with intermediate
MRD levels (P = 0.039). There was one patient with
high MRD levels after MARMA, who is alive in com-
plete remission at the last follow-up.

4. Discussion

In this study, we describe the outcome and prognostic
factors in the largest cohort of uniformly treated infants
with KMT2A-g ALL, treated according to the
Interfant-06 protocol. The outcome of infants with
KMT2A4-g ALL is worse than non-infant ALL, and
almost all relapses occurred early within 36 months of
diagnosis. Furthermore, we have shown that MRD in

infants with KMT2A4-g ALL was predictive for
outcome, and young age was surprisingly related to a
favourable outcome.

In contrast to infants with KMT2A-r ALL, we iden-
tified young age at diagnosis (<6 months) as a favour-
able clinical prognostic factor in infants with KMT2A-g
ALL. This has not been shown in previous studies. The
COG P9%407 study included only four very young
infants who were <90 days of age at diagnosis with
KMT2A4-g ALL [3]. In our previous study in a smaller
cohort (treated according to Interfant99 [n = 61] or
Interfant-06 [n = 17]), there was a trend towards a
lower relapse rate in younger infants aged <6 months at
diagnosis with a 5-year cumulative incidence of relapse
of 12% versus 25% in infants >6 months (P = 0.32) [10].

Previously, we have shown that infants with KMT2A4-
g ALL have a lower incidence of good risk abnormal-
ities, such as high hyperdiploidy and ETV6/RUNXI
fusions [8], which could explain the inferior outcome of
infants with KMT2A4-g ALL compared with non-infant
ALL. The vast majority (80%) had intermediate cyto-
genetic profiles as defined by Moorman et al. [9], sug-
gesting that other prognostic genetic aberrations could
affect infants with KMT2A4-g ALL. Recently, new
KMT?2A fusion partners such as MLL-USP2 have been
identified using new sequencing approaches [15]. Stan-
dard FISH analysis and CGH array do not permit
reliable detection of this fusion. Two patients in the
present cohort appeared to harbour such new KMT2A
fusion by sequencing, so the incidence of KMT2A-
rearrangements may have been slightly underestimated
as in other studies. Given the rarity of this, it is unlikely
that this would have significantly impacted the survival
rates of our KMT2A-germline cohort.

The favourable outcome in young KMT2A-g infants
may partly be explained by their favourable genetics. In
contrast to favourable HeH in older infants, the newly
identified aberration NUTM]I-rearrangement is a pre-
dominantly found in young KM72A-g ALL. Recently, a
collaborative international Ponte-di-Legno study char-
acterised NUTMI-rearranged infant ALL as a good
prognostic subtype and reported that the incidence of the
NUTM] rearrangement was higher in infants <6 months
of age at diagnosis [12]. Using a custom next-generation
sequencing panel RNA sequencing, rearrangements that
are associated with poor outcome have also recently been
identified, including PAX5 rearrangements [11].

This is the largest study that reports on MRD in
KMT2A-g infant ALL. In the literature, only two rela-
tively small studies have been published. In the
Interfant-99 study, MRD data were available for 19
KMT2A-g infants. Only one patient had very high
MRD levels (>1072) and relapsed; all other patients had
lower MRD levels and remained in remission [16]. In the
recent Japanese MLL-10 study, MRD was negative
(defined as <5 x 10~ %) in all 13 KMT2A-g patients, and
none of these patients experienced a relapse [5]. In the
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Fig. 1. (a) Prognostic impact of minimal residual disease (MRD) levels at the end of induction (EOI) as shown by Kaplan—Meier estimates
of disease-free survival. (b) Prognostic impact of minimal residual disease (MRD) levels at end of consolidation (EOC) as shown by
Kaplan—Meier estimates of disease-free survival. Note: Due to the small number of patients with high MRD (N = 5 with 1 relapse at 1.7
years), no DFS estimate can be given. (¢) Prognostic impact of EOC MRD levels for all patients with MRD at EOI and EOC, as shown by
Kaplan—Meier estimates of disease-free survival. Note: The subgroup Neg/Pos includes only N = 5 patients with no events. (d) Prognostic
impact of MRD levels after MARMA as shown by Kaplan—Meier estimates of disease-free survival. Note: The figure does not report the
outcome of the single patient with MRD High at TP5 (no events).
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Table 3
End of induction MRD by age at diagnosis.

EOI MRD (TP2)

Age at diagnosis

<6 months >6 months
Neg 5/0 (-) 23/3 (3)
<5*10—4 7/1 (1) 17/3 (3)
>5*10—4 1/0 (-) 15/6 (5)
Overall 13 (1) 55 (11)

N.pts/N.events (N. relapses).
P= 0.20 by Fisher exact test on association.

present study, MRD was identified as a significant
prognostic factor. We showed that among the MRD
timepoints investigated, EOI was the most indicative for
outcome. Patients with high EOI MRD, defined as
MRD >5 x 10*4, had an inferior outcome compared
with patients with negative or intermediate EOI MRD.

Notably, the three patients with relapse after negative
EOI MRD, all experienced an isolated CNS relapse,
whereas all five relapses in patients with high EOl MRD
involved the BM. This highlights the need to use other
markers to predict extramedullary relapse in these
patients that may guide CNS directed therapy to prevent
CNS relapse [17].

Atthe EOC, patients with negative MRD had a slightly,
but not significantly, better outcome than patients with
detectable EOC MRD. In infants with KMT2A-r ALL
and in older children EOC MRD is of great prognostic
significance [7,18], even if only intermediate genetics (non-
ETV6/RUNTI) was taken into account [18]. We hypothe-
sise that the moderate prognostic value of MRD in
KMT2A-g treated on Interfant-06 could be explained by
(1) the relatively small number of patients studied and the
low event rate, (2) subsequent therapy after consolidation
being intensive enough to rescue patients with high MRD
at EOI or EOC, (3) the relatively high incidence of relapses
outside the BM mainly in patients with low EOI MRD,
generally occurring earlier than isolated BM relapses [17],
and (4) the differences in genetic makeup between patients
with KMT2A-g infant ALL, for example, the relatively
high incidence of the favourable NUTM 1-rearrangement.
In the present study, NUTMI status was known in 53
patients with MRD data. Of them, 13 harboured a
NUTM] rearrangement. Seven of 11 (63.6%) were aged <6
months, and 6 of 42 (14.3%) were older. None of them
relapsed, despite positive EOl MRD detected in eight cases
(Supplementary Table 3).

We conclude that young age at diagnosis and low
EOI MRD are favourable prognostic factors in infants
with KMT2A-germline ALL. However, the prognostic
value of MRD is not as strong as in infants with
KMT2A-rearranged ALL or older children with ALL.
This can partly be explained by the differences in genetic
makeup of infants with KMT2A4-germline ALL, thus
supporting the hypothesis that in the future, a combined
MRD- and genetic-based stratification of KMT2A4-g
infants might be considered.
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