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                                                                                                                        Abstract

                                                            The genetic landscape of adult acute myeloid leukemias (AML) has been recently unraveled. However, due to their genetic heterogeneity, only a handful of markers are currently used for the evaluation of minimal residual disease (MRD). Recent studies using multi-target strategies indicate that detection of residual mutations in less than 5% of cells in complete remission is associated with a better survival. Here, in a series of 69 AMLs with known clonal architecture, we design a clone-specific strategy based on fluorescent in situ hybridization and high-sensitivity next generation sequencing to detect chromosomal aberrations and mutations, respectively, in follow-up samples. The combination of these techniques allows tracking chromosomal and genomic lesions down to 0.5–0.4% of the cell population in remission samples. By testing all lesions in follow-up samples from 65 of 69 evaluable patients, we find that initiating events often persist and appear to be, on their own, inappropriate markers to predict short-term relapse. In contrast, the persistence of two or more lesions in more than 0.4% of the cells from remission samples is strongly associated with lower leukemia-free and overall survivals in univariate and multivariate analyses. Although larger prospective studies are needed to extend these results, our data show that a personalized, clone-specific, MRD follow up strategy is feasible in the vast majority of AML cases.
                                                            
                                                            Introduction
Acute myeloid leukemias (AMLs) are heterogeneous diseases which occur after accumulation of various chromosomal and genomic lesions in hematopoietic stem or progenitor cells.51 Some of these events, including DNMT3A, TET2 and ASXL1 mutations, also occur with aging, leading to clonal hematopoiesis of indeterminate potential (CHIP).96 High throughput and single cell derived analyses of AML clonal architecture have shown that CHIP lesions are founding events in the leukemic clone.52 Moreover, some mutations, such as those affecting DNMT3A or TET2, can still be detected after treatment, whereas others, such as NPM1 mutations, are mostly not detected.1032 This suggests that most relapses emerge from a resistant pre-leukemic clone that behaves as a disease reservoir.
Despite this greater understanding of leukemogenesis mechanisms, AML is still associated with poor prognosis.11 The initial level of response to treatment has been identified as a major prognostic factor in adults. Many tools have been developed to evaluate the minimal residual disease (MRD) in complete remission (CR). Cytogenetic1412 and flow cytometry2015 follow-up strategies can provide prognostic information, but their use is limited by either a poor sensitivity or a lack of specific assessable markers. Molecular MRD tools have been well validated in AMLs with recurrent gene fusions, mostly those with core-binding factor translocations232118 or with NPM1 mutations.2624 These markers cover up to 50% of all AMLs.11 However, with the recent understanding of comprehensive genetic landscapes of AMLs,2827 nearly all patients could, in theory, be assessed for MRD by specific molecular markers. A few studies have investigated alternative MRD markers. Most of these studies used strategies focused on one or two genes. Among them, RUNX1 mutation evaluation seems to be of particular interest29 due to its strong prognostic value and a mutual exclusion with NPM1 mutated cases. IDH1 and IDH2 mutations and FLT3-ITD detection could also be useful tools,3230 but these are frequently either associated with NPM1 mutations or lost at relapse.3331 Finally, DNMT3A mutations seem to be of little interest because they frequently persist at a high level in CR,301032 even in long-term responders.34
One recent study analyzed the clearance of all variants found in 50 AMLs.10 Such clearance after one course, defined as variant allele frequency (VAF) below 2.5%, was associated with both better event-free survival and overall survival (OS) probabilities. In the present study, we asked whether an architecture-based clone-specific MRD strategy could provide more powerful prognostic information than evaluating the clearance of all variants. A combination of highly sensitive NGS (HS-NGS) assay and chromosomal analyses was used to monitor MRD. We found only a trend towards association of a residual clonal disease below 3.33% with better leukemia-free survival (LFS). Strikingly, the earliest event of the clonal architecture was frequently detected, even in long term-responders. In contrast, our data revealed that persistence of the two or three first lesions of the clone was strongly associated with a poor prognosis, and was predictive for relapse at one year.
Methods
Patients’ samples
Bone marrow (BM) and blood samples were collected from AML patients after informed consent. CD3 cells were isolated from CR blood samples.3 The study was conducted with the approval of the MyPAC clinical research group according to French law and the Declaration of Helsinki. Forty-five AMLs were prospectively included in the study between 2013 and 2015. Thirteen patients who experienced relapse between 2013 and 2015, and 11 other patients diagnosed before 2013, were retrospectively included (Table 1 and Figure 1). Of these 69 patients, 46 have already been reported.3 Patients received an initial anthracycline- and cytarabine-based induction treatment, and a cytarabine-based post-induction treatment. Twenty-two patients received hematopoietic stem cell transplantation (HSCT) in first CR (Online Supplementary Table S1).
[image: ]

Table 1.Comparison of patients’ characteristics according to clonal clearance.
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Figure 1.Flow-chart of inclusion in survival analyses.
Targeted resequencing
Sequencing was performed using a 122 gene panel (HaloPlex Target Enrichment System®, Agilent Technologies) on a MiSeq® sequencer (Illumina). Whole exome sequencing was performed in 4 patients with KMT2A translocations. Detailed protocols have been reported previously3 (Online Supplementary Tables S1 and S2). After alignment, described variants were called using an Ensembl database. Non-described variants of potential interest were also sequenced using the Sanger method in the CD3 fraction or in the CR samples.
FLT3-ITD, NPM1 and CEBPA mutation detection
Mutation detection was performed with standard routine techniques.3
Cytogenetic and fluorescent in situ hybridization analyses
Cytogenetic analysis was performed on R-banding metaphases after 24-hour culture using standard procedures. Chromosomal rearrangements were confirmed by fluorescent in situ hybridization (FISH) analysis on 200 interphase nuclei, as described.3 FISH was performed in CR samples (200–400 nuclei) to evaluate the clearance of chromosomal abnormalities with a theoretical detection threshold of 0.5%.
Variant cell fraction determination
Variant cell fractions (VCFs) were determined from frequencies of nuclei harboring chromosomal aberrations, variant allele frequency (VAFs) for single nucleotide variants (SNVs), indels, and single nucleotide polymorphisms (SNPs) in sequenced regions with loss of heterozygosity, peak height ratios of high-resolution sizing of fluorescent dye-labeled PCR amplification for FLT3-ITDs. VCF and VCF confidence intervals were used to determine the clonal architecture, as already described.3
High-sensitivity targeted sequencing
Four different targeted-resequencing panels using HaloPlex HS Target Enrichment System® (Agilent Technologies) were designed, each covering lesions from 10–25 distinct patients. CR samples from each patient were analyzed with appropriate panels as described.3 With this assay, single DNA fragments are tagged with unique random 10-nucleotide indexes before the first PCR amplification step of library preparation. After the PCR step, each tagged DNA fragment is amplified, generating an amplicon family. When libraries are sequenced, raw reads are generated from amplicons, and a family read corresponds to the group of reads harboring the same random index generated from a unique amplicon family. This improves discrimination of variant nucleotides from background sequencing errors, and allows a more confident detection of low frequency variants.
Digital droplet PCR
Digital droplet PCR (ddPCR) experiments were performed using a ddPCR droplet generator system (Biorad), according to the manufacturer’s protocol, and 40 PCR cycles (Biorad iCycler). Droplet reading was performed with QX200 droplet reader (Biorad). Quantasoft software v.1.7.4 (Biorad) was used for result interpretation. Primers and probes are described in Online Supplementary Table S3.
Statistical analyses
Associations between patients’ characteristics were analyzed using Fisher, Mann-Whitney or χ tests. The Spearman test was used to assess the correlation between ddPCR and HS-NGS results. Standard definitions were used for LFS, OS and CR. Probabilities of survival were calculated using the Kaplan-Meier method. Differences between survival distributions were evaluated by the log-rank test. Cox models were constructed for multivariate analyses, including all variables of interest. Survival analyses were performed with and without data censoring at allo-HSCT. The median follow-up time for surviving patients was 24.2 months. P<0.05 was considered significant. We used StatView software (v.5.0) for statistical analyses (SAS Institute Inc., San Diego, CA, USA).
Results
Definition of MRD target panels using AML clonal architecture at diagnosis
To set up a multitarget MRD follow-up strategy, we first established the clonal composition of AMLs by combining cytogenetic, standard molecular and NGS data, which led to the detection of 63 chromosomal abnormalities and 235 mutations. In total, a median of 4 (range 0–10) chromosomal or genetic events were identified per patient, with a median of 3 (0–10) mutations (Online Supplementary Tables S1 and S2). The clonal architecture inferred from VCFs (Figure 2A) indicated that most patients had a mixture of founding lesions (i.e. VCFs >0.5) and subclonal lesions (i.e. VCFs <0.5) (Figure 2B). Overall, in 1 of 69 patients no target was found (normal karyotype and no mutation). In 3 additional cases, no material was available at the time of first CR (CR1). These 4 patients were excluded from further analyses.
[image: ]

Figure 2.Clonal composition of acute myeloid leukemias (AMLs) at diagnosis. (A) Distribution of variant cell fractions (VCFs) of individual diagnosis samples: colored dots indicating the fraction of cells bearing genetic or chromosomal lesion are distributed along one line per patient. Error bars represent VCF confidence intervals. Distinct categories of clonal composition are listed in the left legend and indicated by individual colored arrows. (B) VCFs of CHIP mutations, signaling lesions, and all other lesions. Error bars indicate VCF confidence intervals. Vertical bars indicate median VCFs.
Detection of low variant allele fractions with the high-sensitivity NGS assay
To determine the threshold of detection of the high-sensitivity NGS (HS-NGS) assay, we performed serial dilutions (1/20, 1/100, 1/400) of 4 samples with 29 known variants (VAFs ranging from 1.6% to 48.1%) in non-mutated control genomic DNA. With the HS-NGS assay, confident detection of variants relies on the presence of mutant family reads with unique molecular indexes. When paired end sequencing is performed, a unique molecular index yields two family reads. We therefore considered as positive specimen samples with more than two mutant and distinct family reads, meaning that more than one variant DNA molecule was tagged by unique indexes in the sample. By this approach, we detected all diluted variants with theoretical VAFs above 0.12%. Moreover, we found that all variants with VAFs measured over 0.18% were supported by 6 family reads or more (Figure 3A).
[image: ]

Figure 3.Determination of the threshold of detection of the high sensitivity next-generation sequencing (NGS) assay. (A) Sensitivity assay. Four acute myeloid leukemia (AML) DNA samples were diluted into control DNA (20×, 100×, 400× dilutions). Circles indicate variant allele frequencies (VAFs) determined using the HS-NGS assay. Circle size is proportional to the number of reads supporting each variant as indicated in the right key. Arrows indicate variants which were considered as not confidently detected because they were supported by less than 3 family reads. (B) Threshold of detection of two indel variants and 31 single nucleotide variants (SNVs). Histograms represent the median VAF of each variant in multiple expected negative samples. Error bars indicate two standard deviations. The subsequent consensus 0.2% detection threshold of the highly sensitive NGS (HS-NGS) assay is represented by the red dotted line. (C) Representative ddPCR dotplot analyses of three mutations. Positive controls, negative controls, and complete remission samples are shown. Squares indicate the areas of positive droplets (+/+: mutant, ±: mutant + wild-type, wt: wild-type). VAFs are noted. (D) Analysis of 17 mutations by ddPCR and HS-NGS. Colored circles correspond to the minimal residual disease samples shown in (B).
To address the issue of false positive detection, we screened all samples expected to be wild-type for 31 given SNVs. For each variant, we calculated the threshold of detection as the median percentage of positive family reads in expected negative samples + 2 standard deviations (SD) (Figure 3B). For example, 45 expected negative samples were screened for the DNMT3A p.R882H mutation. In these samples, with a median of 5106 (1782-45974) family reads per sample, variants were detected in 0.06±0.059% of family reads (median±SD). The detection threshold for this variant was consequently calculated at 0.18%. Detection thresholds of 30 other SNV targets ranged from 0 to 0.19%.
We next evaluated the threshold of detection of indel variants. We first focused on a CUX1 indel (p.E221fs. chr7:101758539 AG>A). Out of 34 expected negative samples, we only found one mutant read family in one sample. We then analyzed NPM1 type A mutation. In 83 expected negative samples, we detected mutants in 4 cases, with a maximum level of 0.17% of read families. In these 4 cases, bulk AML samples with high NPM1 type A mutation ratios (VAF >20%) were processed in the same library preparation experiment. This suggests inter-sample cross contamination during the process that could probably be avoided.
For further analyses, we consequently set a consensus SNV and indel detection threshold at 0.2% VAF (i.e. VCF of 0.4% for heterozygous lesions). In further experiments, all variants with VAF less than 0.2% were considered as not detected. DdPCR experiments were performed to test 17 remission samples for targets detected with VAF less than 2% using HS-NGS. VAFs obtained using ddPCR were correlated to those obtained using HS-NGS (r=0.92, P=0.001) (Figure 3C and D).
Residual genomic landscape in post-treatment samples
To evaluate the persistence of both chromosomal and genomic lesions at the time of CR1, we performed a combination of karyotypic, FISH, and HS-NGS analyses in the 65 patients with available material and with at least one lesion identified at diagnosis (Figures 4 and 5 and Online Supplementary Table S1). Among the 281 lesions found in these patients, three chromosomal abnormalities were not evaluated due to karyotype failure in one patient (2015-035), and five subclonal lesions were not included in the follow-up NGS panels (Figure 4B). Of the 273 remaining lesions, 83 were still detected with VCFs over 2%, which we arbitrarily considered at high level. Those events included mutations in DNMT3A (19 of 21 mutations at diagnosis), TET2 (14 of 23), ASXL1 (4 of 5), EZH2 (3 of 3), IDH1 (4 of 7), TP53 (5 of 6), SRSF2 (4 of 7), and U2AF1 (2 of 3). The earliest event of the clonal architecture (Figure 2) was detected at high level in CR1 samples from 30 of 65 patients. Two lesions were still detectable at high level (>2%) in CR1 in 20 of 65 patients. Detection of one or more events at high level in CR did not correlate with blast count evaluated by morphological examination in CR BM samples. Persistence of a high DNMT3A, U2AF1, TET2, or SRSF2 mutation burden, despite multiple chemotherapy courses, was observed in 8 patients who did not experience relapse (Figure 5B and E). Clearance of these events was observed after BM transplantation in 6 patients (UPN 2013-003, 2014-008, 2014-010, 2014-016, 2014-020, and 2015-036), including one who finally relapsed with a mutational profile similar to that at diagnosis (2014-016) (Figure 5C).
[image: ]

Figure 4.Residual genomic landscape of 65 acute myeloid leukemia (AML) patients after treatment. (A) Percentages of lesions above or below the threshold of detection, i.e. 0.4% variant cell fraction (VCF) for high-sensitivity next-generation sequencing (HS-NGS) assay, 0.5% VCF for fluorescent in situ hybridization (FISH) assay, or 5% VCF for karyotype evaluation, in first complete remission (CR1) samples according to the occurrence of further relapse or not. The shaded area represents lesions from patients who went into relapse. (B) Co-mutation table showing the detection, as indicated in the bottom key, of initial lesions at the time of CR1 in the 65 patients. Data from patients who further experienced relapse (left) and data from those who did not (right). Numbers in boxes indicate multiple lesions in a gene or pathway. Letters below the table indicate the method used for the detection of cytogenetic aberrations. K: karyotype; N: not done.
[image: ]

Figure 5.Multi-target monitoring of minimal residual disease (MRD) in 16 representative acute myeloid leukemia (AML) patients. (A–C) Histograms represent sequential analyses of variant cell fractions (VCF) in patients with early clearance of all targets (A), with one or more targets persisting at a high level in complete remission (CR) and who did not experience relapse (B), with one or more targets persisting at high level in CR and who experienced relapse (C). Red dotted lines indicate the 0.4% threshold of detection of the next-generation sequencing (NGS) assay. Black dotted lines indicate hematopoietic stem cell transplantation (HSCT). D: day of sampling or HSCT; DG: diagnosis sample; RL: relapse sample. (D) Emergence of DNMT3A mutant clones in 3 treated AML patients. Histograms are as in (A–C). Shaded areas show the global evolution of the initial AML clone. Arrows indicate the progression of independent DNMT3A mutant clones. (E) Persistence of an isolated major DNMT3A mutant clone in a patient with long-term (46 months) CR.
One hundred and fifty-eight out of 273 evaluable events were not detected in CR. These cleared events included most mutations in FLT3 (23 of 25), NRAS (11 of 12), KIT (3 of 3), NPM1 (18 of 22), CEBPA (5 of 6), WT1 (6 of 8), IDH2 (2 of 3) and BCOR (4 of 5). Among these mutations, some were missing at relapse, indicating clonal evolution, including mutations in FLT3, NRAS, and NPM1 (Online Supplementary Table S1).
In 3 patients, we detected the rise of minor subclones independent of the initial leukemic clones. This was observed after the first induction course in 2 patients and at relapse in the third (Figure 5D). In all 3 patients, the clone involved DNMT3A variants (p.R882 and p.R729 mutations) suggesting a selection of a pre-existent CHIP by treatment pressure.
Prognostic value of clonal response in CR
We first tried to determine if the response level of all tar gets after one course was associated with a prognostic value in patients who reached cytological CR. Nine patients were excluded from these analyses (6 needed two courses or more to reach CR and in 3 no material was available) (Figure 1). The 59 remaining patients were then distributed into two groups. To discriminate good from poor responders, we used a VCF of 3.33% as threshold. This value corresponds to the median VCF of the first lesion, determined by HS-NGS quantification in the CR1 samples. Patients with VCF less than 3.33% were considered as good responders whereas patients with VCF 3.33% or more were considered as poor responders. The latter were significantly older than good responders (63 vs. 53 years; P=0.01), and tended to more frequently harbor intermediate risk cytogenetics (P=0.0532) (Table 1). There was a trend to lower LFS probability in poor responders (31.7±9.9% vs. 51.7±9.8% at 2 years; P=0.08) with no translation in OS (Figure 6A). The difference in LFS became significant when censoring data after allo-HSCT (20.1+11.3% vs. 63.6+11%; P=0.01) (Online Supplementary Figure S1). When focusing on the 40 patients with intermediate cytogenetics, good and poor responders had similar LFS (Figure 6A) and OS probabilities. Similar results were observed when using 2% and 5% VCF thresholds to separate the two groups (data not shown).
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Figure 6.Persistence of multiple genetic lesions in first complete remission (CR1) is associated with poor prognosis. (A) Leukemia-free survival and overall survival according to the clonal response. Variant cell fraction (VCF) less than 3.33% indicates good responders (i.e. all lesions were found below the 3.33% VCF value). VCF 3.33% or more indicates poor responders (i.e. at least one lesion was found above the threshold VCF of 3.33%). Data from the 59 evaluable patients (top) and from patients with intermediate-risk cytogenetics (bottom) are shown. (B) Leukemia-free survival and overall survival according to the detection of 0–1 lesions or 2 or more lesions above the 0.4% VCF detection threshold. Data from the 58 evaluable patients (top) and from patients with intermediate-risk cytogenetics (bottom) are shown. (C) Leukemia-free survival according to the detection of 0–2 lesions or 3 or more lesions above the 0.4% VCF detection threshold. Data from the 50 evaluable patients (left) and from patients with intermediate-risk cytogenetics (right) are shown.
The earliest events of the clonal architecture retrieved in poor responder patients (i.e. VCF>3.33%) were mutations in DNMT3A (8 of 10 patients with DNMT3A mutation as earliest event), TET2 (n=8 of 10), components of the splice machinery (n=3 of 3), TP53 (n=2 of 2) or ASXL1 (n=1 of 1). Conversely, all 10 patients with t(8;21), inv(16) or KMT2A translocations as earliest events were good responders (Figures 4 and 5 and Online Supplementary Table S1). This suggests a frequent resistance of the pre-leukemic clone when the initial lesion is one of the major CHIP lesions.
Prognostic value of the persistence of multiple markers in CR
The earliest lesion of the clone was frequently detected in CR samples, which may blur the prognostic value of persisting events. We therefore performed a second analysis to evaluate if the detection of two or more markers had a prognostic impact. The 58 patients with more than one evaluable event and who reached CR in one course were separated into two groups (Table 1): 1) patients with 0 or 1 marker (responders) above the detection threshold after treatment (i.e. VCF ≥0.4%, n=31); and 2) patients with 2 or more detectable lesions (non-responders, n=27). LFS at two years was 64.9±9.3% in responders and 19.8±8.7% in non-responders (P=0.001). The OS probability at two years was higher in responders (84±6.6% vs. 57.1±10.5%; P=0.023) (Figure 6B). When focusing on the 40 patients with intermediate cytogenetics, non-responders had lower LFS at two years (57±11.8% vs. 19.4±10.5; P=0.0048) and a trend to lower OS (85±8% vs. 61±11.9%; P=0.07) (Figure 6B). Similar results were observed when restricting the analyses to the 42 prospectively included patients with two or more MRD targets (LFS at 2 years 73±10% vs. 24±10%, P=0.0026, and OS at 2 years 90.2±6.6% vs. 62.8±11.5%, P=0.036) (data not shown). Results were the same when censoring observations after allo-HSCT (Online Supplementary Figure S1).
Multivariate Cox models were constructed including variables of clinical interest and censoring data after allo-HSCT. In all analyses, persistence of 2 or more lesions was an independent variable for LFS and OS (Table 2).
[image: ]

Table 2.Results from multivariate analyses for leukemia-free survival and overall survival in the 58 evaluable patients with two or more minimal residual disease targets.
Finally, we analyzed the 50 patients with 3 or more lesions. The persistence of 3 or more markers after one course was associated with a very high risk of relapse (LFS 23.5±10.3% vs. 75.8±7.5% at one year, P<0.0001; median LFS at 7 months in the non-responder group and not reached after 2 years in the responder group), and a lower OS probability (45.2±13.5% vs. 84.8±6.2 at 2 years, P=0.026) with similar results when focusing on the 36 analyzable intermediate-risk cytogenetics patients (Figure 6C) and when censoring data after allo-HSCT (Online Supplementary Figure S1).
Discussion
In the present work, we used a multi-target strategy to monitor MRD in a series of 69 patients. In most cases, the clonal compositions, as determined by cytogenetic and NGS techniques, allowed personalized follow-up panels to be set up using a combination of FISH and HS-NGS. The persistence of two or more lesions in CR1 is associated with a high risk of relapse in patients with all cytogenetic profiles, and in patients with intermediate-risk cytogenetics. Our results highlight the benefits of a high-sensitivity multi-target evaluation of MRD in AML patients, based on the follow up of the two or three first lesions of the clonal architecture.
In our series, the clearance of all genetic events only tended to be associated with LFS, in contrast to a previous retrospective study.10 This difference could be explained in part by patient selection, treatment diversity, and the small numbers of cases included. However, we found similar results when restricting the analysis to prospectively included patients. Moreover, setting the threshold of 5% used in the Klco study10 to discriminate good from poor responders did not alter our conclusions. The difference became significant when censoring data after allo-HSCT, with LFS probabilities lower in poor responders but showing an increase in good responders. This suggests that allo-HSCT could, in part, minimize the prognostic impact of clearing all targets after one course. Patients with favorable cytogenetics were always good responders in our study, and when we focused on patients with an intermediate-risk karyotype, clearance of all events lost all prognostic impact. The analysis of the genetic landscape in CR indicated that this was mainly due to the frequent persistence of pre-leukemic hematopoiesis after treatment (persistence of the main CHIP lesions), which had no prognostic impact at two years of follow up. CHIP seems to be resistant to AML treatment, especially in the case of TET2 or DNMT3A mutations, which account for long-term remissions with persistent clonal hematopoiesis.34303 Furthermore, we identified 3 cases with the emergence of DNMT3A mutant cells distinct from the initial AML clone after treatment pressure, as previously described.35 In several patients, repeated chemotherapy courses did not impact CHIP, and only HSCT led to the exhaustion of the mutant clone. Thus, MRD evaluation focused on CHIP lesions may be of potential interest to monitor post-graft response and the risk of long-term recurrence, as late relapse can occur after the re-evolution of persistent pre-leukemic clones.3
The persistence of the two or three first events of the clone above the threshold of 0.4% after one course was predictive of poor outcome in our patients. This result had not been reported in previous studies using thresholds around 2%.10 Larger prospective cohorts should, however, be investigated to validate these results. Indeed, in our series, the number of patients included is a limitation to the multivariate analysis conclusions. The impact of treatment strategies according to MRD levels and, in particular, the value of HSCT in good responders, according to the different genotype/karyotype subgroups could also not be properly evaluated.
Interestingly, in 5 patients with available material, molecular re-evolution preceded cytological relapse by 1–9 months. This suggests that multi-target MRD monitoring could also be a useful tool for early therapeutic intervention.
Our study indicates that a personalized MRD strategy could easily be used in daily practice. The 122 gene panel represents a suitable and affordable diagnostic tool, and could probably be refined by reducing the number of targets to the 50–60 most frequently mutated genes in AML.292820 With the combination of this panel and simple cytogenetic analyses, nearly all AML patients may have two or more evaluable lesions, and could be eligible for MRD monitoring. However, in our study, CBF patients were all good responders. Several studies have shown that CBF translocations are the earliest events in the clone,363 and CBF transcripts monitoring has been proven to be associated with prognosis. Consequently, our multi-target strategy appears not to be useful in these patients.
In the current study, MRD analysis was performed using patient-specific HS-NGS assays. To reduce the delays involved in MRD analysis, ddPCR could be an alternative strategy. Indeed, personalized ddPCR probes can be designed soon after the diagnostic NGS screening, and can be made available by the end of the first treatment course. As results from ddPCR and HS-NGS assays are correlated, this clone-specific ddPCR-based strategy should be evaluated in large prospective studies.
In conclusion, our study shows the prognostic value of a personalized clone-specific MRD evaluation that can be used in most AML patients. Detection of two or more events in more than 0.4% of the cells after one course is strongly associated with lower survival, in particular in patients with intermediate-risk cytogenetics. Forty-five consecutive patients were prospectively investigated, but larger studies are needed to confirm the results and to evaluate whether similar ddPCR and FISH based strategies could be useful to guide treatment decisions.
Footnotes
	Check the online version for the most updated information on this article, online supplements, and information on authorship & disclosures: www.haematologica.org/content/102/7/1227

	
FundingThis project was funded by ARC foundation (N_EML20110602421), Région Ile-de-France (N_2012-2-eml-06-UPMC_12016710), Association Laurette Fugain (N_J15I409 to FD), Institut National du Cancer (PH).

	Received November 9, 2016.
	Accepted March 13, 2017.

References
	Welch JS, Ley TJ, Link DC. The origin and evolution of mutations in acute myeloid leukemia. Cell. 2012; 150(2):264-278. PubMedhttps://doi.org/10.1016/j.cell.2012.06.023Google Scholar

	Shlush LI, Zandi S, Mitchell A. Identification of pre-leukaemic haematopoietic stem cells in acute leukaemia. Nature. 2014; 506(7488):328-333. PubMedhttps://doi.org/10.1038/nature13038Google Scholar

	Hirsch P, Zhang Y, Tang R. Genetic hierarchy and temporal variegation in the clonal history of acute myeloid leukaemia. Nat Commun. 2016; 7:12475. Google Scholar

	Corces-Zimmerman MR, Hong W-J, Weissman IL, Medeiros BC, Majeti R. Preleukemic mutations in human acute myeloid leukemia affect epigenetic regulators and persist in remission. Proc Natl Acad Sci USA. 2014; 111(7):2548-2553. PubMedhttps://doi.org/10.1073/pnas.1324297111Google Scholar

	Jan M, Snyder TM, Corces-Zimmerman MR. Clonal evolution of preleukemic hematopoietic stem cells precedes human acute myeloid leukemia. Sci Transl Med. 2012; 4(149):149ra118. PubMedhttps://doi.org/10.1126/scitranslmed.3004315Google Scholar

	Genovese G, Kähler AK, Handsaker RE. Clonal hematopoiesis and blood-cancer risk inferred from blood DNA sequence. N Engl J Med. 2014; 371(26):2477-2487. PubMedhttps://doi.org/10.1056/NEJMoa1409405Google Scholar

	Busque L, Patel JP, Figueroa ME. Recurrent somatic TET2 mutations in normal elderly individuals with clonal hematopoiesis. Nat Genet. 2012; 44(11):1179-1181. PubMedhttps://doi.org/10.1038/ng.2413Google Scholar

	Jaiswal S, Fontanillas P, Flannick J. Age-related clonal hematopoiesis associated with adverse outcomes. N Engl J Med. 2014; 371(26):2488-2498. PubMedhttps://doi.org/10.1056/NEJMoa1408617Google Scholar

	Steensma DP, Bejar R, Jaiswal S. Clonal hematopoiesis of indeterminate potential and its distinction from myelodysplastic syndromes. Blood. 2015; 126(1):9-16. PubMedhttps://doi.org/10.1182/blood-2015-03-631747Google Scholar

	Klco JM, Miller CA, Griffith M. Association Between Mutation Clearance After Induction Therapy and Outcomes in Acute Myeloid Leukemia. JAMA. 2015; 314(8):811-822. PubMedhttps://doi.org/10.1001/jama.2015.9643Google Scholar

	Döhner H, Weisdorf DJ, Bloomfield CD. Acute Myeloid Leukemia. N Engl J Med. 2015; 373(12):1136-1152. PubMedhttps://doi.org/10.1056/NEJMra1406184Google Scholar

	Hirsch P, Labopin M, Viguié F. Interest of cytogenetic and FISH evaluation for prognosis evaluation in 198 patients with acute myeloid leukemia in first complete remission in a single institution. Leuk Res. 2014; 38(8):907-912. Google Scholar

	Chen Y, Cortes J, Estrov Z. Persistence of cytogenetic abnormalities at complete remission after induction in patients with acute myeloid leukemia: prognostic significance and the potential role of allogeneic stem-cell transplantation. J Clin Oncol. 2011; 29(18):2507-2513. PubMedhttps://doi.org/10.1200/JCO.2010.34.2873Google Scholar

	Marcucci G, Mrózek K, Ruppert AS. Abnormal cytogenetics at date of morphologic complete remission predicts short overall and disease-free survival, and higher relapse rate in adult acute myeloid leukemia: results from cancer and leukemia group B study 8461. J Clin Oncol. 2004; 22(12):2410-2418. PubMedhttps://doi.org/10.1200/JCO.2004.03.023Google Scholar

	Terwijn M, van Putten WLJ, Kelder A. High prognostic impact of flow cytometric minimal residual disease detection in acute myeloid leukemia: data from the HOVON/SAKK AML 42A study. J Clin Oncol. 2013; 31(31):3889-3897. PubMedhttps://doi.org/10.1200/JCO.2012.45.9628Google Scholar

	Freeman SD, Virgo P, Couzens S. Prognostic relevance of treatment response measured by flow cytometric residual disease detection in older patients with acute myeloid leukemia. J Clin Oncol. 2013; 31(32):4123-4131. PubMedhttps://doi.org/10.1200/JCO.2013.49.1753Google Scholar

	Kern W, Voskova D, Schoch C, Hiddemann W, Schnittger S, Haferlach T. Determination of relapse risk based on assessment of minimal residual disease during complete remission by multiparameter flow cytometry in unselected patients with acute myeloid leukemia. Blood. 2004; 104(10):3078-3085. PubMedhttps://doi.org/10.1182/blood-2004-03-1036Google Scholar

	Perea G, Lasa A, Aventín A. Prognostic value of minimal residual disease (MRD) in acute myeloid leukemia (AML) with favorable cytogenetics [t(8;21) and inv(16)]. Leukemia. 2006; 20(1):87-94. PubMedhttps://doi.org/10.1038/sj.leu.2404015Google Scholar

	Buccisano F, Maurillo L, Spagnoli A. Cytogenetic and molecular diagnostic characterization combined to postconsolidation minimal residual disease assessment by flow cytometry improves risk stratification in adult acute myeloid leukemia. Blood. 2010; 116(13):2295-2303. PubMedhttps://doi.org/10.1182/blood-2009-12-258178Google Scholar

	Walter RB, Gooley TA, Wood BL. Impact of pretransplantation minimal residual disease, as detected by multiparametric flow cytometry, on outcome of myeloablative hematopoietic cell transplantation for acute myeloid leukemia. J Clin Oncol. 2011; 29(9):1190-1197. PubMedhttps://doi.org/10.1200/JCO.2010.31.8121Google Scholar

	Jourdan E, Boissel N, Chevret S. Prospective evaluation of gene mutations and minimal residual disease in patients with core binding factor acute myeloid leukemia. Blood. 2013; 121(12):2213-2223. PubMedhttps://doi.org/10.1182/blood-2012-10-462879Google Scholar

	Yin JAL, O’Brien MA, Hills RK, Daly SB, Wheatley K, Burnett AK. Minimal residual disease monitoring by quantitative RT-PCR in core binding factor AML allows risk stratification and predicts relapse: results of the United Kingdom MRC AML-15 trial. Blood. 2012; 120(14):2826-2835. PubMedhttps://doi.org/10.1182/blood-2012-06-435669Google Scholar

	Zhu H-H, Zhang X-H, Qin Y-Z. MRD-directed risk stratification treatment may improve outcomes of t(8;21) AML in the first complete remission: results from the AML05 multicenter trial. Blood. 2013; 121(20):4056-4062. PubMedhttps://doi.org/10.1182/blood-2012-11-468348Google Scholar

	Krönke J, Schlenk RF, Jensen K-O. Monitoring of minimal residual disease in NPM1-mutated acute myeloid leukemia: a study from the German-Austrian acute myeloid leukemia study group. J Clin Oncol. 2011; 29(19):2709-2716. PubMedhttps://doi.org/10.1200/JCO.2011.35.0371Google Scholar

	Gorello P, Cazzaniga G, Alberti F. Quantitative assessment of minimal residual disease in acute myeloid leukemia carrying nucleophosmin (NPM1) gene mutations. Leukemia. 2006; 20(6):1103-1108. PubMedhttps://doi.org/10.1038/sj.leu.2404149Google Scholar

	Lambert J, Lambert J, Nibourel O. MRD assessed by WT1 and NPM1 transcript levels identifies distinct outcomes in AML patients and is influenced by gemtuzumab ozogamicin. Oncotarget. 2014; 5(15):6280-6288. Google Scholar

	 Genomic and epigenomic landscapes of adult de novo acute myeloid leukemia. N Engl J Med. 2013; 368(22):2059-2074. PubMedhttps://doi.org/10.1056/NEJMoa1301689Google Scholar

	Papaemmanuil E, Gerstung M, Bullinger L. Genomic Classification and Prognosis in Acute Myeloid Leukemia. N Engl J Med. 2016; 374(23):2209-2221. PubMedhttps://doi.org/10.1056/NEJMoa1516192Google Scholar

	Kohlmann A, Nadarajah N, Alpermann T. Monitoring of residual disease by next-generation deep-sequencing of RUNX1 mutations can identify acute myeloid leukemia patients with resistant disease. Leukemia. 2014; 28(1):129-137. PubMedhttps://doi.org/10.1038/leu.2013.239Google Scholar

	Debarri H, Lebon D, Roumier C. IDH1/2 but not DNMT3A mutations are suitable targets for minimal residual disease monitoring in acute myeloid leukemia patients: a study by the acute leukemia french association. Oncotarget. 2015; 6(39):42345-42353. PubMedGoogle Scholar

	Abdelhamid E, Preudhomme C, Helevaut N. Minimal residual disease monitoring based on FLT3 internal tandem duplication in adult acute myeloid leukemia. Leuk Res. 2012; 36(3):316-323. PubMedhttps://doi.org/10.1016/j.leukres.2011.11.002Google Scholar

	Bibault J-E, Figeac M, Hélevaut N. Next-generation sequencing of FLT3 internal tandem duplications for minimal residual disease monitoring in acute myeloid leukemia. Oncotarget. 2015; 6(26):22812-22821. Google Scholar

	Krönke J, Bullinger L, Teleanu V. Clonal evolution in relapsed NPM1-mutated acute myeloid leukemia. Blood. 2013; 122(1):100-108. PubMedhttps://doi.org/10.1182/blood-2013-01-479188Google Scholar

	Bhatnagar B, Eisfeld A-K, Nicolet D. Persistence of DNMT3A R882 mutations during remission does not adversely affect outcomes of patients with acute myeloid leukaemia. Br J Haematol. 2016; 175(2):226-236. Google Scholar

	Wong TN, Miller CA, Klco JM. Rapid expansion of pre-existing non-leukemic hematopoietic clones frequently follows induction therapy for de novo AML. Blood. 2016; 127(7):893-897. PubMedhttps://doi.org/10.1182/blood-2015-10-677021Google Scholar

	Wang Y-Y, Zhao L-J, Wu C-F. C-KIT mutation cooperates with full-length AML1-ETO to induce acute myeloid leukemia in mice. Proc Natl Acad Sci USA. 2011; 108(6):2450-2455. PubMedhttps://doi.org/10.1073/pnas.1019625108Google Scholar




                                                        

                                                    

                                                    
                                                        


                                                                                                                                                                        


                                                                                                                                                                                    
                                                                Data Supplements
                                                                    
	    


            

    
        HAEMATOL-2016-159681v4-Hirsch-01.pdf


	    


            

    
        2016.159681.HIRSCH_SUPPL.pdf


	    


            

    
        2016_159681-Disclosures_and_Contributions.pdf




                                                            

                                                                                                                    

                                                                                                                
                                                            Figures & Tables
                                                        



                                                    

                                                    
                                                        
                                                            Article Information

                                                              



                                                                                                                        
                                                                
                                                                                                                                        
                                                                                                                                                    Vol. 102 No. 7 (2017): July, 2017 : Articles
                                                                                                                                                

                                                                





                                                                
                                                                
                                                                    
                                                                         
                                                                    

                                                                

                                                                                                                                                                                                
                                                                                                                                         
                                                                        DOI
                                                                    

                                                                    
                                                                    
                                                                        
                                                                                                                                                                                                                                    https://doi.org/10.3324/haematol.2016.159681
                                                                        


                                                                                                                                            

                                                                                                                                    

                                                            

                                                            
                                                                                                                        
                                                            

                                                                                                                        
                                                                
                                                                    Pubmed
                                                                

                                                                
                                                                    
                                                                        28302711
                                                                    
                                                                

                                                            

                                                                                                                                                                                    
                                                                
                                                                    Pubmed Central
                                                                

                                                                
                                                                    
                                                                        PMC5566032
                                                                    
                                                                

                                                            

                                                                                                                        
                                                                
                                                                     
                                                                

                                                            

                                                                                                                        
                                                                
                                                                    Published
                                                                

                                                                
                                                                    2017-07-01
                                                                

                                                            

                                                                                                                        
                                                            
                                                                
                                                                    
                                                                        Published By
                                                                    


                                                                    
                                                                        Ferrata Storti Foundation, Pavia, Italy
                                                                    

                                                                


                                                                
                                                                    
                                                                        Print ISSN
                                                                    

                                                                    
                                                                        0390-6078
                                                                    

                                                                

                                                                
                                                                    
                                                                        Online ISSN
                                                                    

                                                                    
                                                                        1592-8721
                                                                    

                                                                

                                                                
                                                                    
                                                                         
                                                                    

                                                                

                                                            

                                                        




                                                                                                                
                                                                                                                                                                                    



                                                                                                                        
                                                                Article Usage

                                                            

                                                            


    
        Online Views

        1387

    

    
        PDF Downloads

        188

    





    
    



            

        Statistics from Altmetric.com



        
            
                No Data
            

        





    

    





                                                            

                                                        

                                                    


                                                

                                                                                                
                                                    
                                                        
    	
            
                
            
        
	
                            
    

        



            
    
    
    
    
                        
	
            
                
            
        
	

            
                
            
        
	
        
        
    


                    



                                                    

                                                

                                            

                                        

                                                                                



                                            
                                                
                                                                                    
                    
                    
                        
                    

                
                                                


                                                
                                                                                    
                    
                        
                        
                            
                        

                    

                
                                                


                                                
                                                    
                                                                                                            
                                                
                                                
                                                                                                        
                                                




                                            


                                        

                                                                        

                            

                            
    
        
            
                How to Cite

                
                    ×
                
            

            
    
        
                        
            
                
                    
  1. 
Pierre Hirsch, Ruoping Tang, Nassera Abermil, Pascale Flandrin, Hannah Moatti, Fabrizia Favale, Ludovic Suner, Florence Lorre, Christophe Marzac, Fanny Fava, Anne-Claire Mamez, Simona Lapusan, Françoise Isnard, Mohamad Mohty, Ollivier Legrand, Luc Douay, Chrystele Bilhou-Nabera, François Delhommeau. Precision and prognostic value of clone-specific minimal residual disease in acute myeloid leukemia. Haematologica 2017;102(7):1227-1237; https://doi.org/10.3324/haematol.2016.159681.





                

                

                
                
  Copy Citation
  
  

                
                

                
                Choose Citation Format
                


                                        
                        	
                                
                                    Chicago
                                
                            
	
                                
                                    Harvard
                                
                            
	
                                
                                    Vancouver
                                
                            
	
                                
                                    Haematologica
                                
                            


                                                
                            Download Citation

                        

                        	
                                
                                    
                                    Endnote/Zotero/Mendeley (RIS)
                                
                            
	
                                
                                    
                                    BibTeX
                                
                            


                                            

                

            

        

    

    
            

        

    


                            
    
        
            
                Share Article

                
                    ×
                
            

            
                
                

                    
                        
                        
                            
                                Copy URL
                            
                        
                    

                

                
                
         

           
                

            

        

    



                                                                    
    
        
            
                Request Permissions

                
                    ×
                
            

            
                
                
                    To create an adaptation, translation, or derivative of the
                        original work, for commercial e-prints and printed articles further permission is
                        required.
 For
                        information contact: marketing@haematologica.org


                                        
                    Other types of copyright management, can be agreed with the Editorial office.



                

            

        

    


            
                        
    


 







  










    
        
            

            				
                                                                    
                                
					
Navigate

	Home
	Current issue
	Early view
	Archive
	About Haematologica
	Editorial Team
	Our policies





For Authors

	Author Guidelines
	Submit Manuscript
	Track Manuscript


For Reviewers

	Reviewer Guidelines
	Access Your Profile
	Access Your Tasks





For Advertisers

	Informations For Advertising


Education

	Review Articles
	Guidelines Articles


Privacy

	Cookie Policy
	Newsletter Privacy Policy
	Privacy Policy





More

	Rights & Permissions


	Web design
	Development



                                
                                    
                                
                                
                                
                                
                                
                                    
                                
                                


Copyright © 2023 by the Ferrata Storti Foundation | Web design ￫ | Development ￫


ISSN 0390-6078 print | ISSN 1592-8721 online
 





				

			                        

        

    

   
















 

