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                                                                                                                        Abstract

                                                            Myeloid leukemia of Down syndrome has a better prognosis than sporadic pediatric acute myeloid leukemia. Most cases of myeloid leukemia of Down syndrome are characterized by additional cytogenetic changes besides the constitutional trisomy 21, but their potential prognostic impact is not known. We, therefore, conducted an international retrospective study of clinical characteristics, cytogenetics, treatment, and outcome of 451 children with myeloid leukemia of Down syndrome. All karyotypes were centrally reviewed before assigning patients to subgroups. The overall 7-year event-free survival for the entire cohort was 78% (±2%), with the overall survival rate being 79% (±2%), the cumulative incidence of relapse 12% (±2%), and the cumulative incidence of toxic death 7% (±1%). Outcome estimates showed large differences across the different cytogenetic subgroups. Based on the cumulative incidence of relapse, we could risk-stratify patients into two groups: cases with a normal karyotype (n=103) with a higher cumulative incidence of relapse (21%±4%) than cases with an aberrant karyotype (n=255) with a cumulative incidence of relapse of 9% (±2%) (P=0.004). Multivariate analyses revealed that white blood cell count ≥20×109/L and age >3 years were independent predictors for poor event-free survival, while normal karyotype independently predicted inferior overall survival, event-free survival, and relapse-free survival. In conclusion, this study showed large differences in outcome within patients with myeloid leukemia of Down syndrome and identified novel prognostic groups that predicted clinical outcome and hence may be used for stratification in future treatment protocols.
                                                            
                                                            Introduction
Children with Down syndrome (DS) have an increased risk of developing leukemia, including acute myeloid leukemia (AML) and acute lymphoblastic leukemia.1,2 These children develop a unique type of AML referred to as myeloid leukemia of Down Syndrome (ML-DS), which is recognized as a separate entity in the new World Health Organization classification of leukemias.3 ML-DS is characterized by a low diagnostic white blood cell (WBC) count, myelofibrosis with a low number of leukemic blasts in the marrow,3 mostly French-American-British (FAB) M7 morphology, young age at diagnosis (it occurs almost exclusively in children <5 years old), and superior clinical outcome when treated with reduced intensity chemotherapy protocols without stem cell transplantation.4–10 ML-DS patients have an increased risk of side effects, hence there is a delicate balance between anti-leukemic efficacy and treatment-related toxicity. Drug resistance profiles showed that ML-DS blasts are particularly sensitive to various chemotherapeutic drugs in vivo and in vitro,11,12 which enables dose reduction.
Somatic mutations in the gene encoding for the transcription factor GATA1, localized on the X chromosome (Xp11.2), are pathognomonic for ML-DS.13,14 This transcription factor regulates the differentiation of megakaryocytes and erythrocytes. Mutations mainly occur in exon 2 and lead to the truncated protein GATA1s, and are unique to each patient.15,16
Age has been recognized as a prognostic factor in ML-DS, with an inferior outcome in the limited number of children aged over 4 years.17 In fact, it has been proposed that DS children who present over 4 years of age are in fact suffering from sporadic AML occurring in a child with DS, rather than from ‘true’ ML-DS.18 In addition, ML-DS patients with a history of transient myeloproliferative disease have a significantly better outcome than children with ML-DS without documented transient myeloproliferative disease.19 Until now, no other prognostic factors have been identified in ML-DS.
The leukemic blasts from the majority of patients with ML-DS (72%) show additional cytogenetic changes apart from the constitutional trisomy 21.20 A previous international-BFM study, performed by Forestier et al., showed that the most frequent gains involved chromosomes 8 (27%), 21 (23%), 11 (8.1%), and 19 (7.4%), whereas chromosomes X (3.2%; only females), 5 (1.5%), and 7 (2.2%) were commonly monosomic. The most frequent partial imbalances were duplication 1q (16%), deletion 7p (10%), and deletion 16q (7.4%).20 However, the potential clinical impact of these cytogenetic abnormalities is not known and has not been well studied, mainly due to the small numbers of patients in individual series.9,10,20–22
In current treatment protocols of non-DS pediatric AML patients, stratification is based on cytogenetics and response to therapy.23 In ML-DS, no prognostic cytogenetic groups have yet been identified, nor any other prognostic factors allowing a risk-stratified approach.
We, therefore, conducted a large international study of clinical and outcome data including cytogenetic records from children with ML-DS collected from 13 collaborative study groups. Our aim was to identify differences in outcome related to cytogenetics and clinical characteristics in ML-DS. This was approached by analyzing differences in the cumulative incidence of relapse (CIR), reflecting leukemia resistance, and hence avoiding the influence of toxic (non-leukemic) events on survival estimates. This may result in risk-group stratification and risk-group directed therapy for these patients in the future. In addition, we compared the outcome of ML-DS patients in the different cytogenetic groups with that of non-DS AML patients from the same era treated on AML-BFM regimens as a reference cohort.
Methods
Patients
Data on 451 patients with ML-DS were collected from 13 collaborative study groups participating in the International AML-BFM Study Group. For comparison, a reference cohort of non-DS AML patients (n=543) from the same treatment era, kindly provided by the AML-BFM Study Group, was used. This study was approved by the Institutional Review Boards in accordance with local legislation and guidelines.
Patients were eligible if diagnosed between January 1, 1995 and January 1, 2005. Patients who were not treated with curative intent from diagnosis were excluded. The data collected at diagnosis comprised karyotype, sex, age, white blood cell (WBC) count, hemoglobin level, platelet count, immunophenotypic data and FAB morphology. In addition, we collected data on treatment, such as therapy protocol, including stem-cell transplantation, and all events during follow-up. Only patients between 6 months and up to 5 years of age were included in the analyses. Patients with transient myeloproliferative disease were excluded. Patients were treated in national or collaborative group AML trials.
Cytogenetic results
All karyotypes were provided after review by a national collaborative group, and centrally reviewed by two cytogeneticists (EF, BJ). Fluorescence in situ hybridization analyses were not performed routinely. Of the 451 cases, karyotypes were available for 358 (79%). As there was no a priori knowledge on the prognostic impact of the various cytogenetic groups in ML-DS, the classification of the cases was based on the premise that all groups should be mutually exclusive, i.e. each patient was included only once. Only groups that were sufficiently large (≥5 cases) were analyzed in more detail to allow meaningful statistical analyses.
The numerically largest group was formed of 103 patients (29%) with a normal karyotype (NK). Another entity that was readily delineated consisted of 49 cases with trisomy 8 (14% of all cases), either as a single abnormality (n=16), or with additional cytogenetic aberrations (n=33). Next, a group of 82 cases (23%) with losses of chromosome 5/7 material (excluding those with +21) was distinguished. Other smaller groups consisted of 28 cases (6%) with a gain of chromosome 21 (in addition to +21c); 14 cases (4%) with a duplication of chromosome 1q; and 9 cases (3%) with a deletion of chromosome 16q. Finally, a group of 73 cases (20%) remained, harboring other aberrations that could not be sub-categorized further (Figure 1 and Online Supplementary Figure S1).
Statistical analyses
Continuous variables were categorized according to cut-off points; age < or ≥3 years, WBC count < or ≥20×10 and Ara-C < or ≥20,000 mg/m. The χ2 or Fisher exact test was used to compare discrete variables among groups; the Mann-Whitney U test was used for continuous variables. All P values are descriptive and explorative, and were considered statistically significant if ≤0.05. Statistical analyses were performed using SAS software (SAS-PC, Version 9.1).
More details on the methods are provided in the Online Supplementary Material.
Results
Clinical characteristics
The median age of all ML-DS patients (n= 451) was 1.8 years (range, 6 months − 5.0 years) and the median WBC count was 7.0×10/L (range 0.8 – 290×10/L). The male -female distribution was almost equal (49.9% versus 50.1%). Only two (0.5%) patients had central nervous system involvement. The characteristics of the entire cohort of patients are presented in detail in Table 1.
The median follow-up of survivors was 4.9 years. Forty-three percent (192 patients) received therapy reduction, or were treated with adjusted DS treatment protocols. Outcome parameters did not differ significantly between these groups. Six patients were also treated with irradiation: three patients received central nervous system irradiation, whereas the radiation target was not specified for the three other patients.
Ninety-two percent of all patients reached complete remission. The 7-year event-free and overall survival rates of all included 451 patients were 78% (± 2%) and 79% (± 2%), respectively. The 7-year CIR was 12% (± 2%), and cumulative incidence of toxic death was 7% (± 1%) (Figure 2). Of all patients with evaluable karyotypes (n=358), the complete remission rate was 92% and the 7-year event-free and overall survival rates were 77% (± 2%) and 79% (± 2%), respectively. The 7-year CIR was 13% (± 2%), and the cumulative incidence of toxic death was 7% (±1%) (Figure 3). There were no statistically significant differences between these two groups when comparing various outcome estimates. We, therefore, conclude that there was no selection bias between the entire study population and the subgroup with informative karyotypes.
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Figure 1.Hierarchy of cytogenetic groups within ML-DS delineated in the present study.
In total 25 (5.5%) patients were transplanted in first complete remission. One patient underwent autologous stem cell transplantation, three patients were transplanted with a graft from an allogeneic HLA sibling, and three patients received a matched family donor transplant; these specifications were not known for any of the other patients. Forty percent of all transplanted patients died (10/25), half of them due to the leukemia.
Outcome of cytogenetic subgroups
There were no significant differences in the frequency distribution of the various cytogenetic subgroups between the collaborative groups apart from the French cohort, which consisted of a relatively large proportion of NK ML-DS cases. This, however, did not influence the outcome estimates significantly, so there was no study group effect in the overall results.
Interestingly, outcome estimates differed largely across the different cytogenetic subgroups (Figure 4). An overview of all outcome estimates per subgroup is given in Table 2.
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Table 1.Clinical characteristics of the ML-DS patients.
Based on the CIR estimates, patients could be divided into groups with a high CIR (> 20%), comprising those with NK and del(16q) (n=112), and a low CIR (< 20%), comprising all other patients (n=246). Since the former group consisted of NK cases (92%), with only nine cases with del(16q) with two events, we decided to perform further analyses comparing the NK cases (29%) with all cases with aberrant karyotypes (71%). Clinical characteristics did not differ between these two groups (Table 3). The rate of complete remission was significantly lower in NK ML-DS than in cases with an aberrant karyotype (87% versus 96%; P<0.01). The NK patients had significantly worse survival outcomes: 7-year CIR of 21% (± 4%) versus 9% (± 2%) (P=0.004), 7-year overall survival of 68% (± 5%) versus 84% (± 2%) (P=0.0008), and 7-year event-free survival of 65% (± 2%) versus 82% (± 5%) (P=0.0005). The cumulative incidence of toxic death was not significantly different between NK ML-DS and patients with aberrant karyotypes: 6% (± 2%) versus 7% (± 2%) (P=0.58) (Figure 5). Regarding the rate of complete remission, a significantly small proportion of NK-patients than patients with aberrant karyotypes reached complete remission (87% versus 96%; P< 0.01).
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Figure 2.Survival curves of all 451 ML-DS patients included in this study. The 7-year overall survival (OS) was 79% (±2%); the 7-year event-free survival (EFS) 78% (±2%); the 7-year cumulative incidence of relapse was 12% (±2%); and the cumulative incidence of toxic death at 1.5 years from diagnosis was 7% (±1%). NR: non-remitters.
Chromosome 7 aberrations
Given the presence of a large number of cases with chromosome 7 abnormalities in our ML-DS cohort and the specific prognostic relevance of chromosome 7 abnormalities in non-DS AML, we focused on this group separately.24 ML-DS patients with chromosome 7 aberrations did not have significantly different survival parameters compared to all other patients (P=0.63). This group was further subdivided into cases with a monosomy 7 (n=10) and those with a del(7q) (n=11). Patients with monosomy 7 tended to have worse survival estimates than patients with a del(7q), but this was not statistically significant: 7-year event-free survival 67% (± 14%) versus 81% (± 10%) (P=0.40), 7-year overall survival 59% (± 17%) versus 88% (± 8%) (P=0.2), and 7-year CIR 9% (± 9%) versus 20% (± 14%) (P=0.36) (Online Supplementary Figure S2).
Regarding the five patients with chromosome 5 aberrations, four of them were alive after at least 4 years of follow up, although one of them suffered from severe infections during treatment. One of them died 2 months after diagnosis due to sepsis in induction; this patient also had a congenital heart defect.
Other prognostic factors
Patients with high WBC counts ≥20×10/L tended to have a worse 7-year event-free survival rate than patients with a lower WBC count (< 20×10/L): 79% (± 2%) versus 70% (± 5%); (P=0.047). However, this did not translate into a significant difference in 7-year overall survival [80% (± 2%) versus 73% (± 5%); P=0.07]. This was due to the occurrence of events in the induction phase; the complete remission rate was significantly lower in patients with high WBC counts (93% versus 81%; P=0.007). The 7-year cumulative incidence of toxic death and CIR did not differ significantly: cumulative incidence of toxic death 6% (± 3%) versus 7% (± 1%) (P=0.83) and CIR 16% (± 4%) versus 10% (± 2%) (P=0.1) (Online Supplementary Figure S3).
In addition, after evaluating various cut-off points for age, patients aged <3 years had significantly better 7-year event-free survival and CIR than had patients aged ≥3 years [event-free survival 78% (± 2%) versus 65% (± 7%) (P=0.04) and CIR 11% (± 2%) versus 21% (± 6%) (P=0.05)] (Online Supplementary Figure S4). This was also due to events in induction, with a higher borderline statistically significant complete remission rate for patients aged <3 years (93% versus 84%; P=0.08). The cumulative incidence of toxic death was not significantly different between these two age groups [7% (± 1%) versus 5% (± 3%)(P=0.58)] nor was the overall survival rate [80% (± 2%) versus 69% (± 7%)(P=0.10)].
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Figure 3.Survival curves of the 358 ML-DS patients with informative karyotypes. The 7-year overall survival (OS) was 79% (±2%); the 7-year event-free survival (EFS) 77% (±2%); the 7-year cumulative incidence of relapse was 13% (±2%); and the cumulative incidence of toxic death at 1.5 years from diagnosis was 7% (±1%). NR: non-remitters.
Immunophenotyping
ML-DS cases positive for the lymphoid co-expression marker CD7 (n=187/221) had a borderline better event-free survival rate [79% (± 3%) versus 64% (± 8%); P=0.054] (Online Supplementary Figure S5). However, no significant differences were seen for overall survival, CIR or cumulative incidence of toxic death. Expression of CD56 (neural cell adhesion molecule) (n=92/169) was not significantly associated with any of the outcome estimates (Online Supplementary Figure S6), whereas CD34 (expressed on early hematopoietic cells) positive cases (n=94/221) had a worse event-free survival [70% (± 5%) versus 82% (± 3%); P=0.049] and a higher CIR (16 ± 4% versus 7 ± 2%; P=0.04) than CD34-negative cases (Online Supplementary Figure S7).
Treatment
No significant differences in outcome estimates, CIR or cumulative incidence of toxic death were seen between groups treated with different cumulative dosages of anthracyclines and etoposide. Patients treated with higher cumulative dosages of cytarabine (≥20 g/m) had a significantly better 7-year event-free survival [84% (± 3%) versus 75% (± 3%); P=0.043] and a trend towards a better 7-year overall survival [85% (± 3%) versus 77% (± 3%); P=0.056] than patients treated with lower doses (<20 g/m) (Online Supplementary Figure S8). There was also a trend for lower 7-year CIR in patients treated with higher doses [7% (± 2%) versus 14% (± 2%); P=0.06]. The cumulative incidence of toxic death was significantly lower in the patients treated with higher cytarabine doses (≥ 20 g/m) [2% (± 1%) versus 9% (± 2%); P=0.02].
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Figure 4.Survival curves for ML-DS patients (n=358) based on their cytogenetic status. (A) Event-free survival (EFS). (B) Overall survival (OS). (C) Cumulative incidence (CI) of relapse. (D) Cumulative incidence of toxic death. Assignment to groups was based on cytogenetic status, as identified after central review.
Forty-three percent of all patients received therapy reduction or were treated with adjusted DS treatment protocols. Overall, no differences in outcome estimates were found between patients given reduced therapy and those who received standard therapy.
Multivariate analyses
Cox regression analysis of survival estimates from diagnosis revealed both age ≥3 years and WBC counts ≥20×10/L were independent predictors for poor event-free survival (see Table 4), but not for overall survival. In addition, NK independently predicted for poor overall survival [hazard ratio (HR)= 1.53 and P=0.05)], event-free survival (HR= 1.65; P=0.03) and for relapse-free survival (HR= 2.22; P=0.01). Age ≥3 years was also an independent predictor for a lower relapse-free survival with a HR= 2.55 (P=0.01).
Discussion
In this collaborative study we analyzed a large international series of ML-DS cases with the aim of identifying differences in outcome related to cytogenetic features that could enable risk group stratification and risk-adapted therapy for ML-DS patients in the future. The results underscore the importance of international collaboration in the investigation of rare diseases or groups.
It was confirmed that overall outcome for ML-DS was superior to that of AML in non-DS children, with 7-year overall survival and event-free survival rates of 78% and 79%, respectively, in ML-DS, compared to 62% and 50% for non-DS AML patients from the same era treated on AML-BFM regimens as a reference cohort (both P<0.001; see Online Supplementary Figure S9). Of interest, the overall and event-free survival estimates were superimposed in ML-DS, suggesting that most relapsed patients could not be salvaged. However, it is unknown whether these patients were treated with curative intent at relapse. Although there is great concern about toxic mortality in ML-DS, in the present series relapse was more frequent than treatment-related mortality, with cumulative incidences of 12% and 7%, respectively. The relapse frequency of 12% is remarkably low when compared with that in non-DS AML patients from the AML-BFM study group from the same era, who had a CIR of 42% (P<0.001). However, the cumulative incidence of toxic death was similar between DS and non-DS children: 7% and 5%, respectively (P=0.12). The reasonable balance between toxic death and leukemia relapse in ML-DS may be due to the fact that treatment reduction was more frequently applied than in older studies in which higher toxic death rates in ML-DS were reported.6,7,25
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Table 2.Survival estimates per cytogenetic subgroup.
Non-random cytogenetic aberrations that are common in non-DS pediatric AML, such as core-binding factor [CBF; t(8;21)], MLL-rearrangements and t(15;17), were identified in single cases only in our ML-DS cohort, which is in line with previous studies.20
The salient finding in the present study was that NK ML-DS patients had poorer survival parameters compared to ML-DS cases with aberrant karyotypes, and that NK independently predicted for poor clinical outcome. NK may, therefore, be used for treatment stratification in future treatment ML-DS protocols. In the NK ML-DS cases, the complete remission rate was significantly lower, and relapse (CIR 21%) determined prognosis to a greater extent than cumulative toxic death (6%). Hence, in this subgroup no further therapy reduction should be applied, whereas until now the increase in survival in ML-DS patients has mainly been achieved through the application of reduced-intensity chemotherapy protocols.4,6,8,9 In fact, treatment intensification may even be needed. In order to reduce the number of induction failures a double induction based, for instance, on day 15 bone marrow blasts may be considered in patients with residual demonstrable leukemia. In addition, detection of GATA1-mutations using real-time quantitative polymerase chain reaction analysis may be feasible as a marker for minimal residual disease in the nearby future,26 but is not routinely used yet. Alternative methods for detecting minimal residual disease include flow cytometry or reverse-transcription polymerase chain reaction for the WT1 gene.27 Increasing the cumulative doses of cytarabine, for example, may be of benefit during consolidation and intensification, as the CIR was lower in patients treated with higher doses. Recently, stem cell transplantation in ML-DS was reviewed but transplant-related mortality (24%) was significantly higher in this setting than in non-DS AML,28 so its use should be limited to patients who do not attain sufficient remission or as salvage therapy at relapse.
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Table 3.Clinical characteristics of the NK ML-DS vs. all other cases (with aberrant karyotypes).
Understanding the underlying biology of NK ML-DS may reveal potential new treatment targets. Non-DS pediatric NK AML cases are characterized by various abnormalities, including overexpression of specific genes (MN1, BAALC, and ERG),29 but also single gene mutations such as FLT3-ITD, WT1, NPM1, and CEBPA,30–32 as well as cryptic translocations.33 We recently showed that the abnormalities mentioned above are absent or rare in (NK-) ML-DS.34 Hence, the underlying biology of NK ML-DS needs to be studied in more detail, for example by using novel techniques such as whole genome sequencing.
Non-DS pediatric AML with a trisomy 8 is classified in an intermediate-risk group.35 In the present study, we showed, in a direct comparison, that the outcome estimate of ML-DS patients with trisomy 8 is significantly better that those of non-DS AML patients with trisomy 8 (CIR of 6% versus 62%; P<0.0001) (Online Supplementary Figure S10). Apparently, an additional copy of chromosome 8 has biologically different consequences in ML-DS compared to non-DS AML.
Monosomy 7 is known to be a poor prognostic factor in non-DS pediatric AML, as shown in another international-BFM collaborative study.35 Outcome was significantly worse in patients with a loss of the whole chromosome (monosomy 7) than in patients with a del(7q).24,35 In our ML-DS series, such differences were not observed, but numbers were small. Comparing ML-DS and non-DS AML patients revealed that ML-DS patients with monosomy 7 and/or del(7q) had a remarkably lower CIR (14% versus 52%; P=0.003) (Online Supplementary Figure S11). Thus chromosome 7 aberrations do not seem to have the same implications in ML-DS as in non-DS pediatric AML.
Interestingly, most chromosome 5/7 losses in ML-DS involved the p-arms rather than the q-arms. This is in contrast to non-DS AML, in which 5q and 7q losses are much more common and also prognostically relevant.35
Regarding the treatment of ML-DS patients, we have no clear explanation for the fact that the cumulative incidence of toxic death was significantly lower in the patients treated with higher doses of cytarabine. A hypothesis could be that due to concern for toxicity these patients received different and more intensive supportive care. We did not find any differences in outcome estimates between ML-DS patients treated with therapy reduction and those who received standard therapy, although it should to be mentioned that exact details of treatment reduction, individual treatment protocols, protocol adherence or individual adaptations of therapy were not available given the retrospective nature of this study.
[image: ]

Table 4.Multivariate analysis of survival parameters of survival of ML-DS patients.
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Figure 5.Survival curves for ML-DS patients (n=358) based on their cytogenetic status, divided into NK ML-DS patients (n=103) versus patients with aberrant karyotypes (n=255). (A) Event-free survival (EFS). (B) Overall survival (OS). (C) Cumulative incidence (CI) of relapse. (D) Cumulative incidence of toxic death. Assignment to groups was based on cytogenetic status, as identified after central review.
In terms of prognostic factors other than cytogenetics, Klusmann et al. reported that ML-DS patients with a history of transient myeloproliferative disease had a significantly better outcome than children with ML-DS without documented transient myeloproliferative disease,19 but unfortunately we were not able to collect data on whether ML-DS was preceded by transient myeloproliferative disease.
Age ≥3 years and high WBC count (>20×109) were identified in the present study as independent predictors of poor outcome (event-free survival) in ML-DS, which is in concordance with the findings of previous studies.9 This is mainly explained by the fact that there is a low(er) complete remission rate in these groups. These variables are also known from non-DS pediatric AML studies, in which older age and high WBC predict for poor outcome.14 Regarding age in ML-DS, it has been proposed that DS children who present over 4 years of age do in fact suffer from sporadic AML occurring in a child with DS, rather than from a ‘true’ ML-DS.18 For this reason we used the age cut-off in our inclusion criteria, to avoid ‘contamination’ with non-GATA1 mutated AML cases in DS children. In addition, AML in children with DS older than 4 years of age is exceedingly rare.18
A limitation of this collaborative study is that there was a wide variation in treatment intensity. Although all included patients were treated on collaborative treatment protocols, almost half of the patients received therapy according to protocols or risk arms specifically designed for DS patients and/or treatment reductions were made in standard protocols. These factors may have biased the study results.
In conclusion, this study showed that NK predicts a poor clinical outcome in ML-DS. As the incidence of relapse is higher than that of treatment-related mortality in these cases, further therapy reduction is not indicated in this group; in fact, treatment intensification may be needed. On the other hand, treatment reduction may be feasible in ML-DS cases with aberrant karyotypes. Such treatment stratification needs to be confirmed in prospective clinical studies. As the prognosis of high-risk NK ML-DS patients cannot be explained by the presence of known mutations in non-DS NK AML, the biological background must be elucidated to identify potential novel targets for therapy.
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