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Summary

Minimal residual disease (MRD) is a strong prognostic factor in children and adolescents with
acute myeloid leukaemia (AML) but nearly one-quarter of patients who achieve MRD-negative
status still relapse. The adverse prognostic factors among MRD-negative patients remain
unknown. We analysed the AMLO2 study cohort to identify demographic and genetic prognostic
factors. Among the presenting features, certain 1123 abnormalities, such as t(6;11) and t(10;11),
acute megakaryoblastic leukaemia without the t(1;22), and age =10 years were associated with
inferior outcome in patients who had MRD-negative status after either remission induction I or II.
By contrast, those with rearrangement of CBF genes had superior outcome. Our study identifies
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patient populations for whom close post-remission MRD monitoring to detect and treat emerging
relapse and adjustment in treatment intensity might be indicated.
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Introduction

Methods

Despite significant progress in treating paediatric acute myeloid leukaemia (AML), relapse
rates still range between 20% and 41% in contemporary trials, with overall survival rates
commonly below 75% (Tsukimoto, et al 2009; Rubnitz, et al 2010a; Abrahamsson, et al
2011; Gibson, et al 2011; Cooper, et al 2012; Hasle, et al 2012; Creutzig, et al 2013;
Pession, et al 2013). Refinement in predictions of which patients will relapse may allow
further improvements in outcomes.

Tracking residual AML cells beyond the resolution of standard morphological methods (i.e.
minimal residual disease, MRD) by flow cytometry allows a more accurate definition of
early treatment response (Coustan-Smith, et al 2003; Langebrake, et al 2006; Rubnitz, et al
2010a; van der Velden, et al 2010; Buccisano, et al 2012; Loken, et al 2012; Coustan-Smith
and Campana 2013). However, attaining low levels of MRD by flow cytometry does not
exclude subsequent relapse: for example, AML may recur in about 20% of patients with
negative MRD after remission induction therapy (Rubnitz, et al 2010a; van der Velden, et al
2010; Loken, et al 2012). Polymerase chain reaction (PCR) monitoring of leukaemic fusion
transcripts also does not provide further insights in prognosis among patients who are MRD-
negative by flow cytometry (Inaba, et al 2012). Until a more sensitive technique to detect
MRD is developed, we reasoned that presenting features may help identify those with a
higher risk of relapse among these patients. We therefore analysed the prognostic impact of
clinical and biological parameters determined at diagnosis among a cohort of children and
adolescents with AML enrolled in the St. Jude AMLO2 study who achieved MRD-negative
status at the end of remission induction therapy.

Patients and therapy

Between 2002 and 2008, 232 non-Down syndrome children with AML were enrolled on the
multicentre AMLO02 study (NCT00136084); 24 were excluded from the present analysis (2
were not entered in the scheduled randomization of remission induction therapy, 14 had
mixed-lineage leukaemia and 8 did not complete induction II; Sup. Fig 1). Patients with
PML-RARa (acute promyelocytic leukaemia) were excluded from therapy on AMLO2. Full
details of the treatment plan and risk assignment have previously been described (Rubnitz, et
al 2010a).

MRD was measured by flow cytometry, as previously described (Rubnitz, et al 2010a;
Inaba, et al 2012). Briefly, a patient-specific, leukaemia-associated immunophenotype was
identified at diagnosis, with combinations of markers chosen to allow detection of MRD of
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at least 0.1% (i.e., 1 cell in 1,000), and then applied in follow-up bone marrow evaluations.
Samples were evaluated for structural abnormalities using conventional cytogenetics.
Reverse transcription PCR (RT-PCR) for KMT2A (MLL)-MLLT3 (AF9), Rearrangement of
CBF genes (RUNX1-RUNX1T1 and CBFB-MYH11), RBM15-MKL1 and FLT3-internal
tandem duplication (ITD) was performed on all samples as previously described (Raimondi,
et al 1999; Coustan-Smith, et al 2003). FLT3-1TD/wild type allelic ratio data was not
obtained in this study. Samples were also evaluated for KMT2A (MLL) rearrangement by
fluorescent in-situ hybridization in all cases without a common chromosomal rearrangement.

Patients with -7, FLT3-ITD, t(6;9), megakaryoblastic leukaemia, treatment-related AML, or
AML arising from myelodysplastic syndrome were designated as high risk and were eligible
for haematopoietic stem cell transplantation following induction chemotherapy, as were
standard risk patients (no features of high or low risk) with a matched sibling donor. Patients
with poor responses to therapy (>25% blasts after induction | or persistent MRD after three
courses of therapy) were also considered high risk. All other patients received consolidation
chemotherapy after remission induction. Patients with t(8;21)/RUNX1-RUNX1T1, inv(16) or
t(16;16)/CBFB-MHY11, or t(9;11)/KMT2A (MLL)-MLLT3 were considered low risk.

The study was approved by the institutional review boards at the participating institutions.
Informed consent was obtained from the patients, parents or guardians and assent from the
patients, as appropriate.

Statistical analysis

Event-free survival was defined as the time from diagnosis while disease-free survival
(DFS) and overall survival (OS) were defined as the time from the end of induction Il to an
adverse event (withdrawal, relapse, second malignancy, or death) or death, respectively,
estimated by the Kaplan-Meier method, and compared by the exact log-rank test. The exact
x2 test was used to compare categorical features and MRD status. The association of
presenting features with outcome among MRD-defined cohorts was assessed by Cox
proportional hazards regression models; a bi-directional, stepwise procedure was used to
determine the final model with Akaike information criteria (Manola et al 2000) and results
from the univariate analysis. The multivariate models were fitted by using patients for whom
data about all the variables were available. The possible variables were: age, race, sex, white
blood cell (WBC) count, provisional assessment of standard and high risk, t(9;11), t(6;11)
and t(10;11), other 11923 abnormalities, acute megakaryoblastic leukaemia (AMKL)
without t(1;22), Rearrangement of CBF genes, FLT3-1TD, and duration of induction
therapy. Monte-Carlo approximations based on 10# permutations were used to compute the
P values for the x2 and log-rank tests. P values were two-sided with values less than 0.05
considered to indicate statistical significance. The competing-risks regression method was
used to model the risk of relapse while adjusting for competing risks (i.e., induction failure,
study withdrawal, second malignancy and death).
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Results

Patient characteristics

Demographics of the 208 patients analysed are shown in Table I. Five-year DFS was 63.5%
+ 4.6% (standard deviation) and 5-year OS was 72.1% * 4.2%. After remission induction I,
126 (64.0%) of the 197 patients who were analysed by flow cytometry achieved MRD-
negative status; 5-year DFS and OS rates for these groups were 75.3% * 5.5% and 81.4% +
4.9%, respectively, a significantly better outcome than that of the 71 patients with detectable
MRD (DFS 38.9% * 7.4% and OS 52.9% = 7.4%; P<0.001 for both comparisons). After
remission induction 11, 155 (80.3%) of 193 evaluable patients were MRD-negative. Again,
5-year DFS (71.4% + 5.1%) and OS (77.3% = 4.7%) rates for this group were superior to
those of the 38 patients with detectable MRD (28.1% + 7.9% and 48.2% + 9.3%,
respectively; P< 0.001 for both comparisons).

Patients younger than 10 years were more likely than older patients to be MRD-negative
after induction | (P<0.001) and induction 11 (P<0.001). There was an association between
French-American-British subtype and MRD status after induction | but not induction I1.
Karyotypes were associated with MRD status after both induction | (P<0.001) and induction
I1 (P<0.001), with inv(16)/t(16;16), t(10;11) (for induction I only), and t(8;21) (for induction
Il only) associated with lower rates of MRD, while normal karyotype was associated higher
rates of MRD. FLT3-1TD was associated with increased occurrence of MRD at both time
points (P<0.001 for inductions I and I1).

Identification of risk populations among MRD-negative patients

Supplemental Table | summarizes results of univariate analyses in the cohorts of patients
who were MRD-negative after induction I and Il. For these analyses, 11923 abnormalities
except the t(9;11) were initially grouped together, termed as 11923 non-t(9;11). Patients
with the t(9;11) were excluded from 11923 analysis because the protocol classified these
patients as low risk. Evaluation of patients with AMKL excluded patients with the t(1;22), a
group with favourable outcome in AMLO02 (O’Brien, et al 2013).

Univariate analysis showed that 11923 non-t(9;11) and AMKL without t(1;22) were
significant adverse predictors for both DFS and OS among patients who were MRD-
negative after induction I and 1. Subgroup analysis of the non-t(9;11) 11g23 cohort based
on KMT2A (MLL) translocation partners indicated that this effect was due primarily to
patients with the t(6;11) and the t(10;11), henceforth termed high-risk KMT2A (MLL) [HR-
KMT2A (MLL)]. Patients with core-binding factor (CBF) leukaemia had a favourable
outcome compared to other MRD-negative patients after induction I and 11. Patients with
FLT3-1TD who achieved MRD-negative status had a trend toward adverse risk after
induction Il but not induction I.

In multivariate analyses, HR-KMT2A (MLL), AMKL without the t(1;22) and age =10 years
were all associated with lower DFS and OS rates in patients who were MRD-negative after
induction I (Table I1). The same factors (as well as black race) were also significant adverse
prognostic factors in patients who were MRD-negative after induction 1l. In contrast,
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patients with CBF-rearranged AML had a significantly better outcome than other patients
who were MRD-negative after induction I or Il (Table II).

The associations observed for DFS and OS were also reflected in the analyses of incidence
of leukaemia relapse. Thus, MRD-negative patients with HR-KMT2A (MLL), AMKL
without the t(1;22), or =10 years at diagnosis had a higher risk of relapse, while the risk was
lower for patients with CBF-rearranged leukaemia (Table I111). Among patients with HR-
KMT2A (MLL), relapse occurred in 6 of 10 patients negative for MRD after induction | and
4 of 9 negative for MRD after induction Il. On the other hand, among patients without
t(9;11) or HR-KMT2A (MLL) rearrangements, relapse occurred in only 1 of 6 with negative
MRD after induction I and 2 of 10 with negative MRD after induction 1I. Both patients with
t(1;11) were long term survivors despite positive MRD after induction I (but negative MRD
after induction I1). Among 13 patients who had AMKL without t(1;22) and negative MRD
after induction I, relapse occurred in 3 of 8 after haematopoietic stem cell transplantation
and in 3 of 5 patients treated with chemotherapy. Of 62 patients considered low risk based
on cytogenetics and negative MRD after 2 courses of induction therapy, 3 of 13 patients
with t(9;11) and 2 of 25 patients with inv(16) [or t(16;16)] relapsed. Such low risk patients
rarely had positive MRD after 2 courses of induction therapy: 2 patients with the t(9;11) and
1 patient with the t(8;21). One of the 2 patients with t(9;11) relapsed and the patient with the
t(8;21) remains in remission.

To evaluate for interactions between age and the morphologically and genetically defined
groups, patients were categorized as either having AMKL without t(1;22), HR-KMT2A
(MLL), a rearrangement of CBF genes, or as a group comprising all other patients. Among
these groups, HR-KMT2A (MLL) was a highly significant adverse predictor for both DFS
and OS among patients who were MRD-negative after induction I. Among those MRD-
negative after induction 11, HR-KMT2A (MLL) and AMKL without the t(1;22) were adverse
predictors whereas CBF was a favourable prognostic factor (Fig 1).

Although positive MRD levels were defined as 0.1% or above in this study, 8 of 126
patients after induction | and 10 of 155 after induction Il had a detectable leukaemia-
associated phenotype below 0.1%. Such patients had significantly worse DFS and OS when
compared with those who had undetectable MRD after induction Il therapy but not after
induction | (Table IV). These patients were heterogeneous, including 1 patient with the
t(8;21), 1 with the t(1;19)(g23;p13.3), 3 with normal cytogenetics and 5 with miscellaneous
cytogenetic abnormalities.

Discussion

The current study identifies certain biological subtypes of childhood AML, i.e. AML with
11923 abnormalities [t(6;11) and t(10;11)] or AMKL without the t(1;22), which confer a
significant risk of relapse despite excellent response to initial therapy. The t(6;11) and
t(10;11) were previously identified as high-risk genetic abnormalities in an international
study of paediatric 11q23/KMT2A (MLL)-rearranged AML (Balgobind, et al 2009). Half of
the patients with these high-risk genetic rearrangements relapsed and these patients may
benefit from novel therapeutic agents. In this regard, inhibitors of bromodomain-containing
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protein 4 (BRD4) or the histone methyltransferase DOT1L target the KMT2A (MLL)
complex and associated epigenetic regulators in 11q23-rearranged leukaemia (Zuber, et al
2011; Daigle, et al 2013).

Although many AMKL patients receive allogeneic haematopoietic stem cell transplants in
first complete remission despite MRD negative status, those without t(1;22) have a generally
dismal prognosis (O’Brien, et al 2013). Thus, these patients may also benefits from novel
therapeutic agents. Aurora kinase A inhibitors can promote many features of terminal
megakaryocyte differentiation in AMKL cell lines, including the induction of
polyploidization, which inhibits cellular proliferation and induces apoptosis (Thiollier, et al
2012; Wen, et al 2012). Rearrangements of CBF genes were associated with a lower
likelihood of having MRD after both inductions I and 1. While the favourable prognosis
associated with CBF rearranged leukaemia has long been known, our data also demonstrate
superior outcomes even when compared to other rapidly responding patients.

Age =10 years was associated with a worse outcome in MRD-negative patients. A similar
trend was shown in the whole AMLO2 patient population when multiple clinical and
biological factors were considered in analysis (Rubnitz, et al 2010a). For younger age
groups, there was no difference in DFS or OS between patients <2 years of age and those 2—
10 years of age (data not shown). The poor prognosis of age =10 years may be partially due
to the excess therapy-related toxicity previously shown in this group (Rubnitz, et al 2012).
The higher risk of relapse of patients aged =10 years also suggests a contribution from
disease-related factors, such as FLT3-ITD (Zwaan, et al 2003). Further identification of
these factors may further inform treatment decisions for this group. Additionally, black race
has previously been shown to be an adverse risk factor in paediatric AML studies (Gurney,
et al 1995; Aplenc, et al 2006; Loken, et al 2012). Our data show that this is true even
among patients who experience MRD-defined remission.

The efficacy of allogeneic haematopoietic stem cell transplant in first remission for high-risk
patients is controversial (Niewerth, et al 2010). However, our recent transplantation results
have improved regardless of donor type, possibly because of better DNA-based human
leucocyte antigen typing of donors and recipients, better supportive care for infection and
comprehensive killer-cell immunoglobulin-like receptor (KIR) typing of donor natural Killer
(NK) cells (Leung, et al 2011; Bari, et al 2013). Cellular therapy with infusions of NK cells
or chimeric antigen receptor T cells can be considered as alternatives to transplantation
(Rubnitz, et al 2010b; Mardiros, et al 2013). In our current AMLO08 study (NCT00703820),
we administer KIR-ligand mismatched parental NK cells to MRD negative standard-risk
patients. Selection of candidates for transplantation in first remission requires optimal risk
stratification.

Although positive MRD levels were defined as 0.1% or above in this study, patients who
had detectable MRD below 0.1% level had a worse prognosis after induction 11 therapy.
Thus, patients may benefit from more sensitive methods to detect residual disease. In this
regard, future MRD evaluation by flow cytometry will be aided by the integration of new
leukaemia-specific markers (Coustan-Smith and Campana 2013).
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In conclusion, our study identifies patients with certain 11923 abnormalities, such as the
t(6;11) and the t(10;11), patients with AMKL without t(1;22) and patients aged =10 years as
being at high risk for therapy failure despite apparent response to remission induction
therapy. Changes in therapeutic regimens for these patients may be needed in future trials to
improve their outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Kaplan-Meyer curves for minimal residual disease—negative patients
(A) Disease-free survival and (B) overall survival after induction 1. (C) Disease-free survival

and (D) overall survival after induction 1l. AMKL, acute megakaryoblastic leukaemia; CBF,
core-binding factor. Other, patients not in the other 3 groups.
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Factors associated with risk of relapse among minimal residual disease—negative patients in multivariate

Table Il

analysis

Cohort Prognostic subgroup HR 95% ClI P

Induction | t(6;11)/t(10;11) 5,55 2.18-14.17 <0.001
AMKL without t(1;22) 5.56 1.83-16.89  0.002
CBF-rearrangement 0.18  0.06-0.59 0.004
Age = 10 years 6.34 2.64-15.23 <0.001
High-dose Ara-Carm 049  0.21-1.13  0.095

Induction Il t(6;11)/t(10;11) 3.82 1.72-848  0.001
AMKL without t(1;22) 4 1.46-10.99  0.007
CBF-rearrangement 0.13 0.04-0.39 <0.001
Age = 10 years 326 1.46-7.29 0.004
Race (Black) 2.25 1-5.03 0.049
Race (Other) 049 0.17-14 0.18
High-dose Ara-C arm 0.64 0.33-1.27 0.21

Page 14

HR, hazard ratio; Cl, confidence interval; AMKL, acute megakaryoblastic leukaemia; CBF, core-binding factor group of genes; Ara-C, cytarabine.

Br J Haematol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny Yd-HIN

Karol et al. Page 15

Table IV

Comparison of outcomes for patients with detectable minimal residual disease below 0.01% following
induction therapy

MRD Negative >0 to 0.001 P

Induction | N 118 8
3-year DFS  75.3%14.2%  75.0%+14.2%  0.72
3-year OS 83.4%+3.7%  75.0%+14.2% 0.41

Induction Il N 145 10
3-year DFS  73.6%+3.8%  40.0%+13.9% 0.006
3-year OS 81.0%+3.4%  40.0%+13.9%  0.002

MRD, minimal residual disease; DFS, disease-free survival; OS, overall survival
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