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Abbreviations
	AML
	acute myelogenous leukemia

	BM
	bone marrow

	CI
	confidence interval

	CR
	complete remission

	FCM
	flow cytometry

	HSCT
	hematopoietic stem cell transplantation

	MAC
	myeloablative conditioning

	MRD
	measurable residual disease

	OS
	overall survival

	PB
	peripheral blood

	PBSCT
	peripheral blood stem cell transplantation

	PTCY
	post-transplant cyclophosphamide

	RFS
	relapse-free survival

	RIC
	reduced-intensity conditioning

	RT-PCR
	real-time reverse-transcription PCR

	TRM
	treatment-related mortality


Footnote:

The results of a preliminary analysis were presented at the American Society of Hematology (ASH) 57th annual meeting held on December 5th-8th, 2015 in Orlando, FL. The presentation was entitled: MRD-based strategy without myeloablative transplantation for AML in children. The meeting abstract was cited on the following URL: https://ash.confex.com/ash/2015/webprogramscheduler/Paper77695.html.
ABSTRACT

Background. Measurable residual disease (MRD) is a powerful prognostic factor in patients with acute myelogenous leukemia (AML). We previously conducted a prospective study on an MRD-based strategy for the treatment of children with AML, and its significance has been reported. The present retrospective study is a pooled analysis of 34 patients who were registered after the completion of the previous study. Procedure. Reduced-intensity conditioning (RIC) followed by allogeneic hematopoietic stem cell transplantation (RIC-HSCT) was adopted to increase survival rates and minimize toxicities. The strategy was also refined with a minor modification, with WT1 expression levels in peripheral blood, as an MRD marker after a 2nd course of chemotherapy (consolidation course 1), being measured in addition to WT1, chimeric mRNA, and aberrant surface markers in bone marrow. Results. Five-year relapse-free and overall survival rates were 76.5 and 85.2%, respectively. RIC-HSCT was safely and effectively performed on MRD-positive patients. Among patients who underwent RIC-HSCT, re-emerging/rising MRD and high levels of MRD before HSCT were risk factors for disease relapse early after HSCT. Conclusions. The MRD-based strategy and RIC-HSCT worked well for children with AML. HLA-haploidentical peripheral blood transplantation following RIC may be a promising candidate for further study on patients at very high risk of relapse.
INTRODUCTION
   Recent advances in combination chemotherapy with multiple anticancer drugs have resulted in hematological complete remission (CR) in approximately 90% of children with acute myeloid leukemia (AML) and relapse-free survival (RFS) and overall survival (OS) rates of 50-60% and 60-70%, respectively [1, 2, 3]. However, approximately one third of patients will relapse after the completion of the first-line treatment, and most will receive chemotherapy again and undergo allogeneic hematopoietic stem cell transplantation (HSCT) following myeloablative conditioning (MAC) in 2nd CR or persistent 1st relapse.

   Measurable residual disease (MRD) is a powerful prognostic factor [4]. We previously conducted a prospective study to confirm the significance of MRD-based intensification with MAC followed by HSCT (MAC-HSCT) in the treatment of pediatric AML between February 1999 and May 2002 [5]. The findings obtained showed that reduced-intensity conditioning (RIC) achieved better OS than MAC because of similar relapse and lower treatment-related mortality (TRM) rates [6]. We subsequently adopted RIC-HSCT to increase survival rates and minimize early and late toxicities. This is a retrospective study of a pooled analysis on patients with AML. The present study was approved by the Research Ethics Committee of Osaka Women’s and Children’s hospital (#1441).

PATIENTS AND METHODS

   Patients with newly diagnosed de novo AML, who were registered between June 2002 and June 2017 and treated in Osaka Women’s and Children’s hospital, were analyzed. Exclusion criteria were patients with Down syndrome, acute promyelocytic leukemia, uncontrolled infections, or organ failure requiring individualized treatment.
Treatment stratification
  Patients were treated with the AML99 protocol, consisting of one induction and 5 consolidations [5, 7]. Patients were stratified in 5 groups (A-E) based on their response to chemotherapy (Figure 1A). Patients who failed to achieve hematological CR after the 1st course of chemotherapy (induction) were stratified into group A.

   After the 2nd course of chemotherapy (consolidation course 1), MRD-positive patients were stratified into group B, while MRD-negative patients were provisionally categorized into group D. Patients with re-emerging MRD consecutively twice after the 3rd course or later were re-stratified into group C from group D. Patients with no available MRD marker were categorized into group E.
   Patients in groups A, B, and C underwent allogeneic RIC-HSCT. RIC consisted of 180 mg/m2 of fludarabine and 140 mg/m2 of melphalan. A higher dose of melphalan (210 mg/m2) was administered to high-risk patients. Patients with overt leukemia (hematological non-CR) underwent unmanipulated HSCT from HLA-haploidentical related donors without post-transplant cyclophosphamide (PTCY).
MRD analysis
   The mRNA expression levels of WT1 in peripheral blood ([PB]; PB-WT1) and bone marrow ([BM]; BM-WT1) were measured using real-time reverse-transcription PCR (RT-PCR) in commercial laboratories. Chimeric mRNA in BM and leukemic cells that were positive for aberrant surface markers in BM were also commercially measured using real-time RT-PCR and flow cytometry (FCM), respectively, as MRD markers if available.

   Positivity for MRD was defined as PB-WT1 ≥50 copies/µg RNA, BM-WT1 ≥1000 copies/µg RNA, chimeric mRNA detectable quantitatively (lower limit of detection 50 copies/µg RNA) or qualitatively, and FCM-MRD ≥0.10%. Marginal positivity for WT1 (tentatively PB-WT1 <65 copies/µg RNA and BM-WT1 <1300 copies/µg RNA) was considered to be significant with two consecutive positives.
   Original time points to measure MRD were at onset, after the 2nd course of chemotherapy (consolidation course 1), and at least once (including the end of treatment). PB-WT1 has been routinely measured after each consolidation since 2009.
Definitions and statistical analysis
   Hematological CR was defined as leukemic cells <5% in BM after hematopoietic recovery from chemotherapy. Molecular CR was defined as negative for all MRD measured and assessed using the methods described above. RFS was defined as the time from diagnosis to first relapse, death from any cause, or the last follow-up. OS was defined as the time from diagnosis to death from any cause or the last follow-up.

   Survival rates were estimated using the Kaplan-Meier method and compared by the two-sided Log-rank test using EZR [8]. Factors affecting relapse were analyzed by the chi-squared test, and p <0.05 was considered to be significant.
RESULTS

   Forty-nine patients with AML were registered, and 34 were ultimately analyzed. The reasons for exclusion were 7 patients with Down syndrome, 5 with acute promyelocytic leukemia, 2 who needed individualized treatment for their kidney or liver failure, and 1 who underwent MAC-HSCT. The characteristics of the 34 patients analyzed are shown in Table 1. Median age at diagnosis was 3 years (range 0-17 years). Eighteen females and 16 males were included.
Availability of MRD
   Twenty-nine out of 34 patients (85.3%) had at least one available MRD marker (Table 1). WT1 was overexpressed in 26 patients (78.8%) among patients tested (n = 33). Chimeric mRNA was available in 13 patients (38.3%): MLL-AF9 (n = 7), AML1-MTG8 (n = 5), and DEC-CAN (n = 1).
Response to chemotherapy

   Thirty-one out of 34 patients (91.2%) achieved hematological CR after the 1st course of chemotherapy (induction). Three patients who failed to achieve hematological remission were stratified into group A (Table 1). Five patients with no available MRD markers were categorized into group E.

   Ten patients were positive for MRD after the 2nd course of chemotherapy (consolidation course 1) and stratified into group B. Eight patients (80%) in group B remained positive for MRD during chemotherapy (Table 1).
   The remaining 16 patients who achieved molecular CR were stratified into provisional group D. MRD re-emerged in 2 patients, who were re-stratified into group C from group D, while 14 patients remained in molecular CR (group D).

Overall outcomes 
   The median observation period was 9.7 years (range 3.9-18.4 years) in alive patients. Sixteen patients (47.1%) underwent allogeneic RIC-HSCT, and none died of TRM (Table 1). One patient in group D died of sepsis during chemotherapy. The remaining 17 patients completed treatment with chemotherapy only. Among 34 patients, 5-year RFS (5y-RFS) and 5y-OS rates with 95% confidence intervals (CI) were 76.5% (95% CI 58.4-87.5%) and 85.2% (95% CI 68.0-93.6%), respectively (Figure 2A, 2B).

Outcomes in each group
   In group A (n = 3), all patients received HSCT (Table 1). One patient relapsed and was rescued by 2nd HSCT. In this group, 5y-RFS and 5y-OS rates were 66.7 and 100%, respectively, and 95% CI were described in the figure legends (Figure 2C, 3D).
   In group B (n = 10), 9 patients received HSCT. Eight patients were in continuous CR (Figure 1B). Two patients relapsed, both were treated with 2nd HSCT, and one was rescued. Therefore, 5y-RFS and 5y-OS rates were 80.0 and 90.0%, respectively (Figure 2C, 3D).

   In group C (n = 2), both patients relapsed after HSCT and underwent 2nd HSCT (including one MAC), but died. Therefore, 5y-RFS and 5y-OS rates were both 0%.

   In group D (n = 14), 1 patient underwent HSCT based on a practical decision. One patient died of sepsis during chemotherapy. Two patients relapsed and underwent 2nd HSCT: one patient died of pulmonary veno-occlusive disease and the other of subsequent primary neoplasm >12 years after HSCT. In this group, 5y-RFS and 5y-OS rates were 85.7 and 92.9%, respectively.
   In group E (n = 5), 1 patient underwent HSCT based on a practical decision. One patient relapsed and underwent 2nd HSCT, but died of the disease. Therefore, 5y-RFS and 5y-OS rates were both 80.0%.
Outcomes and factors for relapse after RIC-HSCT
   Fourteen patients who underwent HSCT in groups A to C are listed in Table 2 for further analyses. Among the 2 patients (#1 and #2) who never achieved hematological CR before HSCT, one remains in continuous CR after HLA-haploidentical RIC-peripheral blood stem cell transplantation (PBSCT) as the 1st HSCT. The remaining 12 patients were in hematological CR, but were all positive for MRD before HSCT. Among the 12 patients, 4 relapsed early (3-15 months) after 1st HSCT and underwent 2nd HSCT (including one MAC-HSCT). One patient who failed to achieve hematological CR after chemotherapy was successfully treated with haploidentical RIC- PBSCT as the 2nd HSCT.
   We also analyzed the factors for relapse after 1st HSCT. When we tentatively defined high MRD as PB-WT1 ≥200 copies/µg RNA, BM-WT1 ≥2000 copies/µg RNA, or chimeric mRNA ≥200 copies/µg RNA, patients with high MRD before HSCT relapsed more frequently (3/5) than other patients (1/7) (p = 0.10). When we defined rising MRD as the doubling or more of MRD levels after any one course of chemotherapy, patients with rising MRD relapsed more frequently (3/3) than other patients (1/9) (p = 0.01).
DISCUSSION

   MRD-based stratification and RIC-HSCT were effective for children with AML, with 5y-RFS rates of ≥80% in group B (finished with RIC-HSCT) and group D (chemotherapy only). RIC-HSCT also increased survival rates in group A (poor responders to chemotherapy). MRD selected appropriate candidates for HSCT, and RIC-HSCT was safely performed to prevent disease relapse. This MRD-based protocol was developed from the platform chemotherapy, AML99, which did not employ MRD. It is important to note that AML99 itself was also a good protocol with 5y-RFS and 5y-OS rates of 61.6 and 75.6% [7].
   In the present study, 16 out of 43 patients (47.1%) underwent allogeneic HSCT.
The ratio of patients who received HSCT appeared to be higher than expected as the first-line treatment. However, in the original AML99 study, 18.1% (41/227) received allogeneic MAC-HSCT in 1st CR, and 32.2% relapsed [7]. Since the MRD-based strategy may more accurately identify patients who need HSCT, the ratio in the present study appeared to be reasonable. In addition, RIC potentially contributes to reductions in late sequelae [9], which are critical issues, particularly in children.
   Mutations in genes in the final stage of carcinogenesis, such as NPM1, were more suitable as MRD markers [10]. However, these mutations were only detected in a limited number of patients and also varied from patient to patient. In contrast, WT1 was widely available because it was positive in 78.8% of our patients. PB-WT1 is more sensitive and preferable for the detection of MRD than BM-WT1 [11] because of its high background in BM due to its strong expression in normal hematopoietic progenitor cells [I]. Several cut-off levels have been proposed for WT1: 50 [12, 13], 69 [14], 100 [14], and 200 [15] in PB and 1000 [5], 1300 [16], 1500 [17], 2000 [18], and 2500 [19] in BM. A previous study reported that, for a more rigorous judgment, two consecutive positives are needed to be considered as significant [14]. Similarly, in our patients with marginal positivity for MRD and those with the re-emergence of MRD, the judgment was put on hold for one positive and two consecutive positives were required.
   Chimeric mRNA, such as AML1-MTG8 and MLL-AF9, and aberrant surface markers are also useful for MRD [20, 21, 22, 23, 24]. We use both chimeric mRNA and FCM-MRD, if available, in addition to WT1 to avoid false negatives. A previous study reported that if two MRD are positive, the survival rate may decrease even after HSCT [25]. This is an issue that needs to be investigated in a larger number of patients.
   In the present study, patients with rising MRD or high MRD relapsed early after HSCT. WT1 expression levels were 4.5-fold higher on average in relapsed samples (range 1.9-27.7 fold) than in initial samples, and a possible explanation was that the leukemic subclone with the stronger expression of WT1 was responsible for growth advantages, resistance to chemotherapy, and relapse [26]. Hourigan et al. showed that patients with higher MRD had a poorer prognosis after RIC-HSCT [27]. In contrast, Ikegame et al. reported that the 1y-OS rate was as high as 42.3% after unmanipulated HLA-haploidentical RIC-PBSCT without PTCY in patients with overt leukemia [28]. Similarly, in the present study, two patients with overt leukemia (#2 as primary induction failure and #9 after 1st relapse) were successfully treated with unmanipulated haploidentical RIC-PBSCT without PTCY. Therefore, haploidentical RIC-PBSCT may be a promising candidate for the treatment of patients at very high risk of relapse in further studies.
   In conclusion, the MRD-based strategy was effective and RIC-HSCT was safely performed to prevent disease relapse in children with AML. Among patients who underwent RIC-HSCT, re-emerging/rising MRD and high levels of MRD before HSCT were identified as risk factors for disease relapse early after HSCT. Unmanipulated haploidentical RIC-PBSCT without PTCY may be a promising candidate for further study on patients at very high risk of relapse.
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FIGURE LEGENDS

FIGURE 1 Stratification by MRD
(A) Patients were stratified into groups A-E based on responses to chemotherapy (Tx). The main time points were the hematological response after 1st Tx (induction) and the molecular response after 2nd Tx (course 1 of consolidation [Cons]). (B) The total number of patients in each of groups A-E is shown. The numbers of continuous complete remission (CCR), relapse (Rel), and death are also shown.
FIGURE 2 Survival rates
(A) Relapse-free survival (RFS) and (B) overall survival (OS) rates after diagnosis in all patients are shown. Five-year RFS and 5-year OS rates with 95% confidence interval (CI) were 76.5% (95% CI 58.4-87.5%) and 85.2% (95% CI 68.0-93.6%), respectively. (C) RFS and (D) OS rates in each group are shown. In group A (black line; n = 3), 5y-RFS and 5y-OS rates were 66.7% (95% CI 5.4-94.5%) and 100% (95% CI not applicable), respectively. In group B (red line; n = 10), 5y-RFS and 5y-OS rates were 80.0% (95% CI 40.9-94.6%) and 90.0% (95% CI 47.3-98.5%), respectively. In group C (yellow line; n = 2), 5y-RFS and 5y-OS rates were both 0% (95% CI not applicable). In group D (blue line; n = 14), 5y-RFS and 5y-OS rates were 85.7% (95% CI 53.9-96.2%) and 92.9% (95% CI 59.1-99.0%), respectively. In group E (green line; n = 5), 5y-RFS and 5y-OS rates were both 80.0% (95% CI 20.4-96.9%).
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