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The outcome of pediatric B-cell precursor acute lym-
phoblastic leukemia (BCP ALL) has improved tremen-
dously in the last decades, from being an invariably 
fatal disease until the 1960s to an overall survival rate 

of >90% in high-income countries.1 This remarkable success 
has been achieved by, for example, the implementation of risk 
stratification based on measurable residual disease (MRD) lev-
els and cytogenetic subtypes.2 There is now also ample evidence 
that genetic findings are equally important in adolescents and 
younger adults.3 One of the objectives of the Nordic Society of 
Pediatric Hematology and Oncology (NOPHO) ALL2008 trial 
was to ascertain if the cure rate of adult ALL could be improved 
by diagnostic work-up and risk-adapted treatment according to 
a pediatric protocol.4–6 The trial comprised 1771 patients of age 
1–45 years with BCR::ABL1-negative BCP (n = 1493; 84%) or 
T-cell (n = 278; 16%) ALL diagnosed in the Nordic countries, 
Estonia, and Lithuania between July 2008 and February 2016 

(Suppl. Information and Suppl. Table S1). Here, we report the 
clinical implications of genetic subtypes in this trial, focusing on 
BCP ALL.

The patients were stratified at 3 time points (Suppl. 
Information). The first stratification dichotomized the patients 
based on the white blood cell counts and on BCP versus T-cell 
ALL. The second, at the end of induction, was primarily 
based on the MRD status and cytogenetic findings. KMT2A 
rearrangements (KMT2A-r), near-haploidy (NH), and low 
hypodiploidy (HoL) were grouped as high-risk (HR) abnor-
malities, whereas intrachromosomal amplification of chro-
mosome 21 (iAMP21), dic(9;20)(p13;q11), and TCF3::PBX1 
were intermediate-risk (IR) aberrations. The third stratifica-
tion was mainly based on the MRD levels on day 79, resulting 
in the final risk groups standard risk (SR), IR, and HR strat-
ified to chemotherapy only, and HR intended for stem cell 
transplantation.
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Of the 278 T-cell ALLs, 18% were genetically normal, 

71% abnormal, and 11% uninformative; these did not differ 
with respect to clinical findings at diagnosis, risk stratifica-
tion, or outcome (Suppl. Table S2), in line with previous stud-
ies.7 Importantly, however, the outcome of T-cell ALL clearly 
improved compared with the previous NOPHO ALL2000 
trial8,9 and several other trials (Suppl. Table S3). Eight (2.9%) 
patients had KMT2A-r-positive T-cell ALL (Suppl. Table S4) and 
7 of them are alive in complete remission 1 (CR1) (1 patient 
succumbed to treatment-related toxicity), suggesting that the 
prognosis of KMT2A-r-positive T-cell ALL may be relatively 
favorable. However, international collaborations are required to 
analyze a sufficiently large number of cases to be able to address 
the prognostic implications of KMT2A-r in T-cell ALL.

Of the 1493 BCP ALLs, 32% were high hyperdiploid (HeH), 
28% B-other, 23% ETV6::RUNX1, 5.1% genetically unknown, 
3.4% KMT2A-r, 3.3% TCF3::PBX1, 1.9% dic(9;20), 1.8% 
iAMP21, 1.0% HoL, and 0.5% NH (Table 1). Not surprisingly, 
the 5-year probabilities of disease-free survival (pDFS) and 
overall survival (pOS) varied significantly (P < 0.001) among 
these subtypes (Figure 1; details on the statistical analyses per-
formed and the definitions of pOS, pDFS, and probabilities of 
cumulative incidence of relapse [pCIR] and event-free survival 
[pEFS] are given in Suppl. information).

The pCIR, pDFS, pEFS, and pOS were particularly favor-
able for patients with HeH, ETV6::RUNX1, or TCF3::PBX1 
(Table 1, Figure 1, Suppl. Figures S1-S4, and Suppl. Table S5). 
These groups had 5-year pOS of ≥0.96; similar survival rates 
have been reported in recent treatment trials (Suppl. Tables 
S6-S8). Interestingly, the excellent outcome of the HeH and 
ETV6::RUNX1 groups was achieved by SR chemotherapy in 
67% of the patients. In fact, some of the patients may have been 
overtreated already by that treatment, as indicated by the non-
negligible frequency (~2.2%) of death in CR1 or second malig-
nant neoplasm in the SR group (Suppl. Table S9).

Although dic(9;20)(p13;q11) does not result in a specific 
gene fusion and sometimes occur together with bona fide pri-
mary gene fusions, such as BCR::ABL1,10,11 it was considered 
a disease-defining/risk-stratifying abnormality in the NOPHO 
ALL2008 trial because it had been shown to be associated 
with a worse outcome than HeH and ETV6::RUNX1 in the 
ALL2000 trial.12 Despite receiving intensified therapy, the pCIR, 
pDFS, and pEFS were disappointing; however, most relapses 
were salvageable, as exemplified by the pOS of 0.97 and by pOS 
≥0.92 in a few other trials specifically addressing this aberration 
(Table 1 and Suppl. Table S10).

Considering the well-established dismal prognosis of 
iAMP21-positive ALL,13 this abnormality was risk-stratifying in 
the NOPHO ALL2008 trial. This notwithstanding, the pCIR, 
pDFS, and pEFS were unsatisfactory (Figure  1 and Table  1). 
Furthermore, although salvage therapy was surprisingly suc-
cessful, resulting in 5-year pOS rates of 0.92 for both children 
and adolescents (Suppl. Table S11), both pDFS and pOS kept 
decreasing with longer follow-up (Suppl. Figure S2), clearly 
showing that the primary therapy for iAMP21-positive cases 
needs to be modified.

Because of the notoriously poor outcome of the KMT2A-r, 
HoL, and NH subtypes (Suppl. Tables S12-S14), these were all 
stratified as HR. The KMT2A-r-positive cases clearly benefited 
from this approach—the pEFS/pOS of children (0.77/0.81) 
and adolescents (0.75/0.88) were not only a substantial 
improvement compared with the previous ALL2000 trial but 
also superior to what has been reported by several other study 
groups (Suppl. Table S12). It is noteworthy that this excellent 
(for KMT2A-r) outcome of patients of age 1–17 years was 
achieved by HR chemotherapy alone, not SCT. In contrast, 4 
of 8 patients with NH and 5 of 15 HoL patients died (Table 1); 
thus, improved treatment options are eagerly needed for both 
these subtypes.
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In the multivariable analyses of the BCP ALL patients finally 
stratified to SR and IR (according to intention-to-treat; Suppl. 
Table S15), only age and genetic subtypes impacted prognosis, 
with age >17 years, iAMP21, B-other, and genetically uninfor-
mative having a significant negative prognostic impact on pDFS 
(Suppl. Table S16).

Age was clearly associated with both clinical and genetic 
features in the NOPHO ALL2008 trial. First, in T-cell ALL, 
the 5-year pOS decreased by age, being 0.82 for children aged 
1–9 years, 0.75 for those aged 10–17 years, and 0.66 for adults 
(Suppl. Table S3); there was, however, no clear difference in the 
5-year pOS between adults of age 18–29 years (0.67) and 30–45 
years (0.64). Second, in BCP ALL, the frequencies of the cyto-
genetic and final risk stratification groups varied among the age 
groups. The proportions of HeH, ETV6::RUNX1, dic(9;20), NH, 
and SR decreased by age, whereas KMT2A-r, B-other, genetically 
unknown, IR, and HR increased by age (Suppl. Tables S17 and 
S18). Third, adults with KMT2A-r-positive BCP ALL had signifi-
cantly inferior pCIR (0.40) and pOS (0.41) compared with those 
aged 1–9 (0.08/0.81) and 10–17 years (0.12/0.88) (P = 0.042 
and 0.016, respectively; Suppl. Table S19). Unfortunately, SCT 
may not be the way forward, except perhaps for KMT2A::AFF1-
positive cases that are MRD negative at the time of transplan-
tation.14 Fourth, pDFS, pEFS, and pOS decreased and pCIR 
increased significantly by age for the patient with B-other ALL (P 
< 0.001 for all comparisons; Suppl. Table S19). In adult B-other, 
however, the differences in pDFS, pEFS, pOS, and pCIR between 
those aged 18–29 years and 30–45 years were not statistically 
significant (pDFS 0.65/0.57, pEFS 0.65/0.57, pOS 0.77/0.70, and 
pCIR 0.32/0.40; P > 0.1 for all comparisons). Fifth, the frequen-
cies of genetically uninformative BCP ALLs increased by age, 
from 3% in children of age 1–9 years to 15% in adults (Suppl. 
Table S17). The “unknown” group had a relatively poor outcome 
(Table 1 and Figure 1), but its prognostic impact did differ among 
the age groups (Suppl. Table S19) or between adults of age 18–29 
years and 30–45 years (pEFS 0.76/0.67, pDFS 0.76/0.67, pOS 
0.90/0.62, and pCIR 0.30/0.33; P > 0.1 for all comparisons). The 
general dismal survival of this subtype is not unexpected consider-
ing that it most likely includes a mixture of cases with undetected 
abnormalities, some of which may well confer a poor prognosis. 
Although genetically uninformative cases obviously occur in all 
treatment trials, surprisingly little attention has been focused on 
this groups of patients. The unknown subtype should be investi-
gated in detail and properly addressed in order to make sure that 

it is kept at a minimum in future treatment trials. Implementing 
various types of massive parallel sequencing, such as RNA and 
whole genome sequencing,15 should hopefully solve the problem 
because these methods ought to detect all relevant genetic abnor-
malities. Finally, with regard to age, it is noteworthy that the 
pDFS, pEFS, and pOS of patients with HeH ALL did not differ 
significantly among the age groups 1–9, 10–17, and 18–45 years 
(Suppl. Table S19). Interestingly, the favorable survival of adult 
HeH, compared to previous trials (Suppl. Table S6), was the result 
of SR or IR treatment in all cases except one (data not shown).

In conclusion, the survival rates increased for most of the 
genetic BCP ALL subtypes in the NOPHO ALL2008 trial com-
pared with the previous ALL2000 trial. However, the treatment 
of older patients and of the subtypes iAMP21 and B-other need 
be improved, and so does the genetic characterization of the 
B-other and genetically uninformative groups. To increase sur-
vival further, development of targeted therapy for some of the 
subtypes is clearly needed.
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