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Abstract

Improved systems for detection of measurable residual disease (MRD) in acute myeloid leuke-
mia (AML) are urgently needed, however attempts to utilize broad-scale next-generation
sequencing (NGS) panels to perform multi-gene surveillance in AML post-induction have been
stymied by persistent premalignant mutation-bearing clones. We hypothesized that this technol-
ogy may be more suitable for evaluation of fully engrafted patients following hematopoietic cell
transplantation (HCT). To address this question, we developed a hybrid-capture NGS panel uti-
lizing unique molecular identifiers (UMIs) to detect variants at 0.1% VAF or below across 22
genes frequently mutated in myeloid disorders and applied it to a retrospective sample set of
blood and bone marrow DNA samples previously evaluated as negative for disease via stan-
dard-of-care short tandem repeat (STR)-based engraftment testing and hematopathology anal-
ysis in our laboratory. Of 30 patients who demonstrated trackable mutations in the 22 genes at
eventual relapse by standard NGS analysis, we were able to definitively detect relapse-associ-
ated mutations in 18/30 (60%,) at previously disease-negative timepoints collected 20—-100 days
prior to relapse date. MRD was detected in both bone marrow (15/28, 53.6%) and peripheral
blood samples (9/18, 50%), while showing excellent technical specificity in our sample set. We
also confirmed the disappearance of all MRD signal with increasing time prior to relapse (>100
days), indicating true clinical specificity, even using genes commonly associated with clonal
hematopoiesis of indeterminate potential (CHIP). This study highlights the efficacy of a highly
sensitive, NGS panel-based approach to early detection of relapse in AML and supports the clin-
ical validity of extending MRD analysis across many genes in the post-transplant setting.
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Introduction

Due to the high mortality rate and frequency of treatment failures, improved methods of dis-
ease status monitoring are clearly needed for acute myeloid leukemia (AML) patients during
therapy. In particular, enhanced techniques for surveillance of low level measurable residual
disease (MRD) following hematopoietic cell transplantation (HCT) are critical, as up to half of
all such patients experience recurrence[1]. Better surveillance systems may improve prognosti-
cation and facilitate earlier therapeutic interventions, potentially preventing disease
recurrence.

Standard-of-care methodologies for evaluating for recurrence in AML currently include
morphologic assessment of the bone marrow (BM) and engraftment analyses using short tan-
dem repeat (STR) polymerase chain reaction (PCR). Marrow histological analysis has variable
sensitivity for recurrence, as regenerative blasts may confound accurate assessment. MRD flow
cytometry for AML can require highly multiplexed analysis and is often complicated by vari-
able sensitivity due to patient-specific marker expression profiles. These analyses can also be
subject to inter-assay and inter-operator variability[2-5]. STR PCR assays are generally appli-
cable to all HCT patients due to their use of common identity markers but are limited by a sen-
sitivity for MRD of approximately 1-5%[6-9]. Notably, STR-based assays do not specifically
measure recurrent disease but instead offer a percentage of recipient DNA as a surrogate mea-
sure for recurrence. This impairs specificity, as non-malignant recipient cell lineages may be
present in various sample types and conditions without disease relapse[10].

To maximize sensitivity and specificity, methodologies that focus on low-level detection of
oncogenic driver mutations are clearly preferable. Unfortunately, the development and incor-
poration of expanded low-level mutation detection technology into routine AML care has
lagged due to a variety of technical and biological factors. Focal assays such as RT-PCR may be
applied to individual genetic alterations. This, however, is a major limitation in a disease nota-
ble for a strikingly broad array of different potential oncogenic driver events across many
genes. The advent of next generation sequencing (NGS) has recently permitted deeper/higher
sensitivity analysis of single genes such as NPM1 and FLT3 [11]. In addition, broader MRD
assessments of patients with AML beyond common markers is also possible [12]. However,
using standard library preparation systems, NGS still suffers from relatively low specificity,
resulting from PCR and sequencing error, necessitating higher variant allelic frequency (VAF)
cutoffs[13,14]. Fortunately, this limitation can be circumvented by the incorporation of unique
molecular indices (UMIs) into the library preparation in order to tag individual molecules and
allow for proofreading following intentional over-sequencing [15-17]. Properly applied, this
can dramatically reduce the inherent error rate of preparation and sequencing and allow muta-
tion detection at VAFs of 0.1% or below. For hematological malignancies, these techniques
have mainly been applied for detection of hotspot mutations in only a few genes, and only dur-
ing the post-induction and peri-transplant phases to help guide transplant decisions [12,18-
20]. These studies were primarily aimed at determining who should move more quickly to
transplant or for prognosticating whether a transplant would be successful. In such scenarios,
expansion of MRD analysis across many heme malignancy related genes has been complicated
by the persistence of residual pre-malignant clonal mutations [12]. However, the purpose of
this study is to assess the suitability of this technology for long-term screening surveillance
after complete engraftment. We hypothesized that pre-malignant clones were unlikely to per-
sist in such patients, and that the analysis could effectively be expanded to include essentially
any mutated gene, thus making this a potentially powerful application for larger-scale NGS.

To investigate the effectiveness of expanded territory NGS for MRD detection in this set-
ting, we developed and optimized a twenty-two gene hybrid-capture NGS panel covering
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commonly mutated genes in AML and other myeloid neoplasms. This assay incorporates
UMIs and bioinformatic error-correction in order to achieve high sensitivity and specificity
variant detection at or below 0.1% (1 in 1000). To test this system, we performed a retrospec-
tive comparison between our MRD NGS assay and our laboratory’s standard-of-care tech-
niques for AML post-transplant monitoring (STR-PCR analysis and hematopathology bone
marrow assessments), assessing this assay’s capacity for early detection using pre-relapse speci-
mens that had previously shown no evidence of disease using our current methodologies. This
analysis permitted a comparison of assay sensitivities and quantification of pre-recurrence
lead-time using this method compared with our current standard-of-care approaches. The
data set also provides insight into the kinetics of AML recurrence as well as the potential bene-
fits and limitations of these techniques.

Materials and methods
Retrospective AML study design and sample collection

This study was approved by the Institutional Review Board (IRB) for Biological Sciences Divi-
sion at the University of Chicago. The approval number is IRB16-0791. Consent was not
obtained from the subjects. A waiver of informed consent was granted by the IRB. This was
due to the minimal risk posed by the study as samples were archival and de-identified for the
study.

To assess the performance and utility of NGS-based MRD detection in patients with AML
following HCT, we designed a retrospective case-control study taking advantage of samples
and data collected during routine clinical engraftment analysis of BM and peripheral blood
(PB) using STR PCR. To identify patients suitable for inclusion in the study, we reviewed our
results from the University of Chicago Medicine (UCM) Molecular Diagnostics Laboratory
post-transplant engraftment testing from 2014-2018, with approval from the University of
Chicago Institutional Review Board. Two sets of patients were included in the study if they
possessed mutations trackable with the 22 gene MRD panel (Table 1): a recurrence group
(RG) and a non-recurrence group (NRG)(Fig 1). Patients who relapsed after HCT were
included in the RG if additional PB/BM samples were available from these patients which were
collected from 20-100 days prior to recurrence and which showed no evidence of disease by
STR PCR (Ampflster Profiler Plus or Identifiler Plus, Thermo Fisher Scientific, Waltham, MA)
or hematopathology histological assessment. NRG patients were those whose AML has not
been observed to relapse to-date. Samples selected from NRG patients were those showing
complete engraftment by STR PCR and/or bone marrow histology (and standard flow cytome-
try analysis, if available) with at least 3 months of prior and 9 months of subsequent results
also showing complete engraftment. In total, the RG group included 46 specimens (28 BM and
18 PB) from 30 patients, and the NRG group included 12 samples (5 BM and 7 PB) from 9
patients. RG patients ranged in age from 22 to 71 (median = 51 years), with an average of 2.5
trackable mutations per patient. NRG patients ranged in age from 18 to 68 (median = 61
years), and had an average of 1.8 trackable mutations per patient. Patient characteristics are
listed in S1 Table.

Establishment of trackable variants for RG and NRG patients

To establish a set of trackable variants for each patient, DNA from recurrence samples from
RG patients and pre-transplant samples from NRG patients were sequenced using one of two
CLIA validated NGS panels in use in our laboratory, a 54 gene custom amplicon myeloid
panel (OncoHeme) or the 1,213 gene pan-tumor OncoPlus panel [21]. Both panels cover all
coding regions contained within the 22 gene MRD panel. Mutations from these samples
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Table 1. The genes and exons covered in the NGS MRD panel.

Gene
ASXL1
BRAF
CALR
CSF3R
DNMT3A
FLT3
IDHI
IDH2
JAK2
KIT
KRAS
MPL
MYD88
NPM1
NRAS
RUNX1
SETBP1
SF3BI
SRSF2
TP53
U2AF1
WTI

Transcript

NM_015338
NM_004333
NM_004343
NM_000760
NM_022552
NM_004119
NM_005896
NM_002168
NM_004972
NM_000222
NM_033360
NM_005373
NM_002468
NM_002520
NM_002524
NM_001754
NM_015559
NM_012433
NM_003016
NM_000546
NM_006758
NM_024424

https://doi.org/10.1371/journal.pone.0224097.t001

Exons
12

15

9
14,17
23
13-15,20
4

4

14
8,17
2,3

present at VAF >5% and categorized as pathogenic by a pathologist were used as trackable
mutations. Only patients that possessed mutations trackable by our heme MRD assay were

selected.

Capture-based NGS MRD assay

To perform mutation-based surveillance for myeloid disease patients in our laboratory, we cre-
ated a hybrid capture panel incorporating UMIs and associated custom bioinformatics soft-
ware to enable correction of PCR/sequencing associated errors (Fig 2A). Briefly, DNA from
PB/BM was quantified with Qubit reagents (Thermo Fisher Scientific, Waltham, MA). 400 ng
was subjected to random ultrasonic fragmentation (Covaris M220, Woburn, MA) and library
preparation using the KAPA HTP kit (KAPABiosystems, Wilmington, MA). Fragmented
DNA was end-repaired and A-tailed followed by adapter ligation and PCR amplification (6
cycles). The adapters used in this assay included 6bp unique molecular identifiers (UMIs) adja-
cent to the patient barcode (IDT, Coralville, IA). 500 ng each of four libraries were pooled and
subjected to 16hr hybridization and capture using 116 individual 120-mer biotin-labeled
probes targeting the desired territory of 22 genes (total territory = 13.92 kb) (IDT, Coralville,
IA). The captured pool was amplified for 13 cycles, and 2 ng of the capture pool was subjected
to a second 4 hr hybridization with the same probe set to maximize on-target rate. At least 16
libraries were sequenced per flow cell on a HiSeq 2500 using rapid run mode (2x100bp) to
obtain >15 million paired-end reads. With this amount of sequencing we were able to consis-
tently obtain >99% mapping, >95% on-target rates, and >10,000 collapsed median depth at

positions of interest.
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Fig 1. Retrospective AML study design. Post-transplant engraftment analysis via short tandem repeat (STR) PCR results are plotted as % donor over
time. (A) Example of longitudinal engraftment analysis from one patient in the ‘recurrence group’ (RG29) is shown here. Time is shown as days prior to
relapse. Red dotted line denotes the relapse time point, while the green dotted line indicates a fully-engrafted sample within the 20-100 day pre-relapse
range. (B) Example of longitudinal engraftment analysis from one patient in the non-recurrence group (NRGO8) is shown here. Time is shown as days
post-HCT. The green dotted line shows a fully engrafted time-point that tested for MRD, with >3 months of prior and >2 years of subsequent follow-up
with full engraftment.

https://doi.org/10.1371/journal.pone.0224097.9g001
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Fig 2. Error-corrected hybrid-capture NGS assay for MRD detection. (A) Each DNA molecule is tagged with a unique molecular barcode and
patient barcode. DNA-seq libraries are prepared, captured for the regions of interest and sequenced. The UMIs are used for correction of errors
introduced during PCR and sequencing. (B) UMI-based proofreading reduces error-associated noise. KRAS exons 2 and 3 are shown,
highlighting reduction in background error rate in a representative sample.

https://doi.org/10.1371/journal.pone.0224097.9002
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Informatics analysis

Custom pipelines were written to analyze the data on a high-performance computing cluster
(Center for Research Informatics). Sequencing data were first aligned to the hgl9 human refer-
ence genome, followed by aggregating into groups ideally representing individual original
molecules based on both the ‘start’ and ‘end’ position of the read as well as the UMI sequences.
Consensus sequences were derived from each read group that included 3 or more reads (to
provide adequate proof-reading), with the consensus sequencing assigned to majority calls
among the group at each position. If no consensus was reached among component reads at a
given position, the consensus base call was defined as “N”, an undetermined nucleotide that
would not participate in downstream depth statistics or variant calling.

Variant calling was performed on realigned data following consensus merging, using a pre-
viously published in-house variant summarization software (PileupAnalyzer) that operates on
the output of Samtools mpileup [22]. Variants were annotated with Alamut Batch v1.4 soft-
ware (Alamut, Rouen, France). For each patient, variant calls from pre-relapse samples were
compared against that patient’s previously established list of trackable mutations (see above).

Statistical analysis

Fisher’s exact test was done on the sample set to determine the association between MRD test
results and relapse of AML. Mann-Whitney non-parametric test was conducted to test the dif-
ference in outcomes between the RG and NRG groups. P values were considered significant at
0.01.

Data Sharing Statement: Data cannot be shared publicly because of human subject clinical
data. Data are available from the University of Chicago IRB office for researchers who meet
the criteria for access to confidential data. For original data, please contact the Director of Reg-
ulatory Compliance for Human Subjects at the Office of Clinical Research, Millie Maleckar
(mmalecka@bsd.uchicago.edu). The data set should be identified as Segal_MRA dataset.

Results
Clinical applicability of the NGS MRD assay

To determine the clinical utility of the designed panel for surveillance of patients with AML,
we performed a retrospective analysis of NGS profiling results to determine its expected utility
for AML patients. Since 2016, we have performed clinical sequencing with our 1,213 gene
OncoPlus panel for 242 AML patients with adequate specimens (>10% blasts), of which 214
patients (88.4%) had mutations interpreted as pathogenic that fell within the territory of the 22
genes in the MRD panel (Table 1). Those 214 patients had a total of 743 trackable mutations
within the panel territory, equating to a mean of 3.2 trackable mutations per patient. The
majority of the patients without a trackable mutation were cases with recurrent cytogenetic
abnormalities, which tend to lack other common driver mutations [23].

Establishment of clinical and analytical specificity using samples from non-
recurrence patients

Incorporation of UMIs and error-correcting bioinformatics algorithms into the assay work-
flow led to a marked reduction in false-positive noise across the assay territory (representative
example of exon 2 and 3 of KRAS shown in Fig 2B). In order to establish the specificity of
MRD analysis, we tested all collected NRG samples (7PB and 5BM from 9 patients) in remis-
sion for at least 1 year post-SCT using the MRD panel. At the well engrafted time-point tested,
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no trackable mutations were found in the NRG samples at or above the desired cut-off of 0.1%
VAF (S2 Table), with no presence of indels at any observable VAF.

To examine the assay more broadly for technical specificity, we evaluated levels of false-pos-
itive noise associated with every trackable mutation across both the RG and NRG sample sets
(Fig 3). Of these 59 combined pathogenic mutations (listed in S3 Table), 56/59 were clear of
false-positive noise above 0.1% in these samples and thus were suitable for downstream analy-
sis of RG samples. Three mutations (chr17:74732959 G>T, SRSF2 p.Pro95His; chr11:324179
10 G>T,WTIp.Pro95His and chr21:36252869 C>A, RUNX1 p.Gly165Cys) showed elevated
levels of artifactual noise across multiple samples and were excluded from downstream MRD
analyses. These 3 mutations were all C>A or G>T changes, possibly associated with DNA oxi-
dation accumulating in our samples over long-term storage[24]. Unsurprisingly, the residual
errors still present after UMI proof-reading in these samples were substantially enriched for
point mutations (which are common polymerase errors), whereas extremely clean signal was
seen for indels. As a result, for analysis of the recurrence samples for the 56 remaining track-
able mutations, we set detection thresholds of 0.1% VAF for point mutations and 0.001% VAF
for indels.

Retrospective analysis of pre-recurrence samples

To determine the potential efficacy of MRD monitoring in the post-transplant setting, we
tested all of the RG PB/BM DNA specimens previously analyzed as negative for disease in our
laboratory at time points 20-100 days prior to recurrence. The 47 tracked mutations for this
group were spread across 12 genes (DNMT3A, FLT3, IDHI, IDH2, JAK2, KRAS, NPM1,
NRAS, SF3B1, TP53, U2AF1, and WT1I), and included 38% point mutations and 62% indels
(summarized in S2 Table). A patient’s sample was considered MRD-positive if any of that
patient’s trackable mutations were identified. In this sample set, we successfully identified
MRD in at least one pre-relapse time-point in 18/30 patients (60%). Detected VAFs ranged
from 8.85% to 0.0014% (Fig 4A).

We applied Fisher’s exact test to our data to ask whether MRD positivity is associated with
relapse. A calculated Fisher’s exact test statistic of 0.0016 (significant at p-value < 0.01) sug-
gests that there is a statistically significant association between MRD positivity and eventual
relapse. Further, A Mann-Whitney U test was conducted to test the difference between the
VAFs of RG and NRG groups. The U test statistic was calculated as 280.5 with a z-score of
4.29462 and a p-value <0.001.

To better understand the time-dependence of MRD detection, we evaluated MRD detection
power relative to lead-time before relapse. We were able to detect MRD in 67% samples when
the last remission sample was collected 21-40 days (8 out of 12 samples) prior to relapse. 43%
of samples collected 41-60 days prior to relapse (6 out of 14 samples) showed detectable muta-
tions, as well as 77% of samples collected 61-80 days prior to relapse (10 out of 13 samples)
(Fig 4A & 4B). Several patients in the 61-80 day group had indel mutations that were picked
up at very low MAFs, which may explain the unexpected higher MRD detection rate in the
61-80 day group. We were unable to detect MRD in any samples collected 80 days or more
prior to relapse (n = 7).

To understand if the type of input (BM or PB) had an effect on MRD detection rate, we cal-
culated the MRD detection rate in PB and BM samples separately. Of the 46 samples analyzed
for MRD, 28 were BM and 18 were PB. 16 of the 28 BM (53.6%) and 9 of the 18 PB (50%) sam-
ples tested MRD positive. This observation suggested that PB and BM samples perform simi-
larly. However, previous reports have shown differences in signal between PB/BM [25-28]. It
might be expected that early emergent disease would be easier to detect in BM vs. PB due to
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Fig 3. Specificity of the MRD assay. All trackable mutations included in this study (at relapse for RG and diagnosis for NRG, total = 59) were queried in the NRG
samples. Pathogenic variants are listed at protein level change whenever possible. In the few instances where the protein change could not readily defined (e.g. FLT3
ITDs involving an intron/exon boundary), RNA level change along with the transcript used is provided. The average VAF detected in the negative control (NRG) is
shown in the histogram plot with standard deviation error bars. Only 3/59 variants were detected at or above 0.1% VAF, the desirable limit of detection. These variants

are highlighted in a red box and were excluded from further analyses.

https://doi.org/10.1371/journal.pone.0224097.9003

the cellular make-up of both specimen types and potential for delayed mobilization to the
periphery. To investigate this, we examined date-matched PB/BM pairs available within our
sample set (n = 7 pairs), comparing detection ability and mutation VAFs. In this group, BM
samples showed significantly higher detection ability and mutation VAFs compared with PB

(Fig 4C).

Clinical utility across expanded gene sets in the post-HCT setting

After chemotherapy, patients with AML may continue to show evidence of pre-malignant
clones or clonal hematopoiesis of indeterminate potential (CHIP) that does not readily por-
tend relapse [12].These genes (DNMT3A, TET2, ASXLI, etc.) are of questionable utility as
MRD markers in the post-chemotherapy setting [29-32]. However, in the post-transplant set-
ting, we hypothesized that all trackable markers may have value, given the nature of a patient
fully-engrafted with donor cells. To ascertain the clinical utility of MRD testing across
expanded gene sets in the post-transplant setting, we tested additional samples from 10 MRD-
positive RG patients, at fully engrafted timepoints between 100-210 days prior to relapse, as
assessed by STR PCR/histology. A total of 3 PB and 7 BM samples were tested from these
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Fig 4. Early detection of relapse in RG patient samples using error-corrected NGS. (A) Shown are the results from MRD testing of all RG samples collected <100
days before relapse. Each sample ID (gray box) is identified with RG number, source (PB or BM) and days before relapse. VAF cutoffs of 0.1% and 0.001% were used for
point mutants (green dotted line) and indels (red dotted line). Genes with trackable pathogenic variants detected at relapse are listed for each sample. The samples are
grouped into four bins (21-40, 41-60, 61-80, and 81-100 days prior to relapse) and color-coded as green, pink, blue and orange, respectively. (B) Summary (bar plot) of
MRD detection rate for samples from each bin (21-40, 41-60, 61-80, and 81-100 days) (C) VAF of trackable mutations from time-matched PB and BM samples (7

patients).
https://doi.org/10.1371/journal.pone.0224097.9004

patients, and no pathogenic mutations were detected in any specimen (Fig 5A). Mutations
tested at these time-points were in AML-specific genes (e.g. NPM1, FLT3) as well as genes
commonly associated with mutations in CHIP (e.g. IDH1/2, DNMT3A, and TP53). Thus, vari-
ants in all genes tested appear to increase in VAF and become detectable only very close to
relapse, permitting their effective use in MRD monitoring (Fig 5B).

Discussion

Current standard-of-care approaches for post-transplant disease surveillance in AML are sub-
optimal from the standpoint of cost, sensitivity and patient experience. Each BM biopsy entails
substantial costs and discomfort for the patient [33], yet typical algorithms include serial biop-
sies, including histological, flow cytometric, and STR-PCR evaluations. In this study, we show
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trackable pathogenic variants are followed over a time period of 0 to 220 days prior to relapse. In all 10 cases, we were unable to detect trackable
variants at >100 day time points. (B) VAF of all trackable variants from all MRD-positive RG samples starting at relapse to 220 days prior. All
pathogenic variants detected at relapse diminished over the course of time, with no variants detected at >80 days. In both Fig 5A and 5B, VAF
cutoffs of 0.1% and 0.001% were used for point mutants (green dotted line) and indels (red dotted line) respectively and data points where %VAF
was below the detection limit is plotted at detection limit but denoted with open circles while closed circles represent the measured %VAF.

https://doi.org/10.1371/journal.pone.0224097.9005

that a straightforward, targeted error-corrected NGS capture panel can be used to perform sur-
veillance for MRD in the post-transplant setting at an analytical sensitivity of 0.1% and below.
In this retrospective analysis intended to mimic real-world use, this system performed substan-
tially better than our current standard-of-care methodologies for detection of MRD. We were
able to detect patient-specific mutational evidence for MRD in 62% of all samples collected
20-80 days prior to relapse which had all previously tested as negative for disease by a combi-
nation of STR PCR and standard hematopathology bone marrow analysis. However, in the
remaining 38%, we were unable to find earlier evidence of relapse. It is likely that this reflects
the variable kinetics of AML from patient to patient, with some patients experiencing more
rapid clonal expansions during relapse. For the most rapidly recurring patients, it may be that
future assays with further improved analytical sensitivity may be required in order to substan-
tially advance detection lead-time. It should be noted that mutational evidence of disease was
clearly present in all patients at their relapse dates, even by low sensitivity NGS profiling. Thus,
implementation of this or a similar MRD assay into surveillance algorithms would be expected
to substantially increase relapse detection lead-time in most patients by as much as three
months, while at worst showing no improvement in lead-time.

A key feature of this assay is the incorporation of many genes into a comprehensive MRD
panel, which allows for surveillance of a wide patient population. Compared with piecemeal
testing of NPM 1, which is mutated in approximately 35% of AML patients, we estimated this
panel would be effective for more than 88% of patients seen in our laboratory. With the cost of
sequencing continuing to decrease over time, additional territory will be easily added to panels
at low cost, allowing future coverage of an even greater proportion of patients.

In the current study, we used recurrence specimens to generate our list of trackable muta-
tions, rather than pre-transplant specimens, which would perhaps better simulate real-world
use of the assay. This was done for two reasons. First, we did not have access to pre-transplant
samples from 6/30 patients, who either transferred their care from other centers or else did not
have samples collected and saved from those time points, a particular problem prior to routine
NGS profiling. Second, while the assay presented here includes surveillance only for pre-desig-
nated mutations at particular positions, future versions of this assay or a similar assay validated
across wider areas of genomic territory following further refinement would permit identifica-
tion of de novo variants not previously seen prior to transplant, making this point essentially
moot. However, to assess the impact of this bias on our results, we re-analyzed our MRD data
using only variants identified in pre-transplant samples. Pre-transplant mutational data/sam-
ples were available for 24 RG patients. Consistent with previously published reports, mutations
were largely retained in post-relapse compared with pre-transplant specimens. Discounting
pre-transplant mutations not seen at relapse, using only mutations identified prior to trans-
plant would have reduced the number of realistically detectable mutations from an average
2.53 per patient to 1.7, though all patients would have retained at least one trackable marker.
Despite this reduction, removal of post-transplant variants would have led to failure of MRD
detection in only one of our 24 patients (RG29). In our original analysis, we detected both of
this patient’s WT1 mutations (seen only at recurrence) whereas the FLT3 internal tandem
duplication (ITD) present at both time points was undetectable.
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In our study, we observed a fairly high MRD detection rate in samples collected 61-80 days
prior to relapse, even though detected VAFs were lower on average compared with variants
detected during time windows closer to recurrence. This is likely explained by an over-abun-
dance in indels that happened to be detected at VAFs below 0.1% in this group. The disappear-
ance of any MRD signal beyond 80 days pre-relapse is generally indicative of rapid exponential
growth of recurrent clones. This fits with previously described data indicating AML recurrence
doubling times as low as 11 days [34]. Clearly, methods that can detect residual AML at much
earlier time points would be desirable, however boosting lead-time by more than a few months
would likely require increasing the analytical sensitivity of the assay by multiple logs.

The most promising aspect of the NGS-MRD assay from the standpoint of potential clinical
implementation is its specificity. In patients who never experienced a relapse, we never
detected any sign of their original mutations in blood or bone marrow samples taken from a
well-engrafted time point (n = 13 mutations). Likewise, no mutant signal was detected in our
relapsed patients from time-points further removed in time from relapse (>80 days). While
marrow histology and STR-PCR can each suffer from specificity issues, this NGS-MRD
approach appears to have a specificity approaching 100%. For every samples used in this study
the MRD status determined by STR, NGS-MRD assay and Multicolor Flow Cytometry (MFC)
(when available) is shown in Table 2.

The mutations surveyed in this retrospective analysis included those that are characteristi-
cally specific for AML (e.g. NPM1, FLT3) as well as mutations that are seen in both AML as
well as pre-malignant clonal proliferations (e.g. DNMT3A). In the pre-transplant setting, there
is substantial concern about using genes such as DNMT3A as MRD markers, because muta-
tions in pre-malignant clonal proliferations are often seen at appreciable levels in otherwise
successfully treated patients while AML-specific mutations in the same patient become unde-
tectable[29,30]. Our data suggests that detection of any original somatic pathogenic mutation
in a post-transplant sample should be extremely concerning for relapse. In the non-recurrence
group, none of the patients’ original mutations in common CHIP-associated genes were
detected. Likewise, any mutations in such genes that were detected in the recurrence popula-
tion in pre-relapse time points all disappeared if tested in additional time-points further
removed from relapse. Thus, the post-transplant scenario allows for more clinically straight-
forward mutation-based MRD surveillance compared with patients treated with chemotherapy
alone.

Though we did note comparable sensitivity for relapse in PB (50%) vs. BM samples (53.6%)
during this 20-100 day pre-relapse analysis, we did observe a marked difference in detected
V AFs between time-matched PB and BM samples. There was also one patient RG18 that was
MRD negative via analysis of PB sample at 27 days pre-relapse but whose BM sample was posi-
tive for MRD earlier, at day 69 (* in Fig 5B). These observations suggest that BM if available
should be the preferred specimen type for MRD analysis. However, PB is more easily accessible
and can be sampled far more frequently at lower cost in both dollars and comfort. Based on
our results, it is likely that despite some degree of sensitivity gap, monthly NGS MRD PB mon-
itoring may be overall more clinically effective than similar analysis of BM, which can only be
sampled every 3-6 months. Future prospective clinical studies involving post-transplant
patients should include this assay or a similar assay during the post-transplant period to allow
for a cost-benefit analysis of this methodology compared with standard monitoring methods.

In conclusion, our results indicate that high sensitivity NGS MRD mutation surveillance
incorporating error-correcting technology is more effective at detecting relapse in the post-
transplant setting compared with STR PCR, hematopathologic and typical MFC analyses. Dur-
ing the retrospective time-frame, multi-color flow cytometry was only performed for cases
with >1% blasts. Further, due to the multi-year retrospective nature of this analysis, we were
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Table 2. MRD status for all the samples used in this study determined by three different assays.

Patient ID Sample type Days before recurrence MRD status determined by

STR-PCR NGS-MRD MFC
RGO1 BM 21 Negative Positive Negative
RGO1 PB 21 Negative Negative Assay not performed
RGO02 BM 38 Negative Positive Assay not performed
RGO02 BM 119 Negative Negative Negative
RGO3 BM 44 Negative Positive Negative/indeterminate
RG04 BM 31 Negative Positive Assay not performed
RG04 PB 31 Negative Positive Assay not performed
RGO5 BM 41 Negative Negative Assay not performed
RGO6 BM 49 Negative Negative Assay not performed
RGO7 BM 43 Negative Positive Negative
RGO7 PB 43 Negative Negative Assay not performed
RGOS BM 50 Negative Positive Assay not performed
RG08 PB 50 Negative Negative Assay not performed
RG08 BM 98 Negative Negative Assay not performed
RG08 PB 98 Negative Negative Assay not performed
RGO09 BM 56 Negative Negative Assay not performed
RG10 BM 60 Negative Negative Negative
RG11 BM 72 Negative Positive Assay not performed
RG11 BM 136 Negative Negative Assay not performed
RG12 BM 61 Negative Positive Assay not performed
RG12 PB 61 Negative Negative Assay not performed
RG12 BM 117 Negative Negative Assay not performed
RG13 BM 95 Negative Negative Assay not performed
RG14 BM 99 Negative Negative Assay not performed
RGI15 PB 84 Negative Negative Assay not performed
RG16 PB 32 Negative Positive Assay not performed
RG16 BM 77 Negative Positive Assay not performed
RG16 PB 77 Negative Positive Assay not performed
RG16 BM 105 Negative Negative Assay not performed
RG17 BM 28 Negative Negative Assay not performed
RG18 PB 27 Negative Negative Assay not performed
RG18 BM 69 Negative Positive Negative
RG18 PB 69 Negative Negative Assay not performed
RG19 PB 48 Negative Positive Assay not performed
RG19 BM 76 Negative Positive Assay not performed
RGI19 BM 147 Negative Negative Assay not performed
RG20 PB 49 Negative Positive Assay not performed
RG20 PB 204 Negative Negative Assay not performed
RG21 BM 79 Negative Negative Assay not performed
RG22 BM 69 Negative Positive Assay not performed
RG22 BM 147 Negative Negative Assay not performed
RG22 PB 147 Negative Negative Assay not performed
RG23 PB 21 Negative Positive Assay not performed
RG23 BM 86 Negative Negative Assay not performed
RG24 BM 32 Negative Negative Assay not performed
RG25 BM 46 Negative Positive Assay not performed

(Continued)

PLOS ONE | https://doi.org/10.1371/journal.pone.0224097  October 28, 2019 14/18


https://doi.org/10.1371/journal.pone.0224097

@ PLOS | O N E Next generation sequencing for acute myeloid leukemia post-transplant measurable residual disease surveillance

Table 2. (Continued)

Patient ID Sample type Days before recurrence MRD status determined by
STR-PCR NGS-MRD MFC

RG25 BM 105 Negative Negative Negative

RG26 BM 44 Negative Negative Assay not performed
RG27 PB 32 Negative Positive Assay not performed
RG27 BM 66 Negative Positive Assay not performed
RG28 PB 61 Negative Positive Assay not performed
RG28 PB 117 Negative Negative Assay not performed
RG29 PB 52 Negative Negative Assay not performed
RG29 BM 91 Negative Negative Assay not performed
RG30 PB 35 Negative Positive Assay not performed
RG30 BM 74 Negative Positive Negative

https://doi.org/10.1371/journal.pone.0224097.t002

unable to compare our results against newer highly-multiplexed flow cytometric methods only
recently introduced in our laboratory. We will undertake this in a follow-up study. Based on
the results of this study, assays covering expanded genomic territory for mutation detection
(such as the NGS-MRD assay described here) should be actively investigated on a prospective
basis to assess their suitability for integration into standard post-transplant surveillance
procedures.

Supporting information

S1 Table. Patient characteristics.
(DOCX)

S2 Table. NRG samples at a well-engrafted time points MRD negative.
(DOCX)

$3 Table. The 59 trackable pathogenic variants (47 in RG, 9 in NRG and 3 excluded) and
their distribution in the patients in this study.
(DOCX)

Acknowledgments

We thank Ameti Bekim, Filippo Galbo, Nifang Niu, David Montes, Sushant Patil and Rutika
Puranik for help with the experiments and analysis. We also thank Mustafa Al Kawaaz, Andrei
Plagov, and Talent Theparee for helpful discussions.

Author Contributions

Conceptualization: Vidya Balagopal, Andrew Hantel, Lauren L. Ritterhouse, Wendy Stock,
Jeremy P. Segal.

Data curation: Vidya Balagopal, Sabah Kadri, George Steinhardt, Wenjun Kang, Pankhuri
Wanjari.

Formal analysis: Vidya Balagopal, Andrew Hantel, Sabah Kadri, Pankhuri Wanjari, Lauren L.
Ritterhouse, Wendy Stock, Jeremy P. Segal.

Funding acquisition: Jeremy P. Segal.

Investigation: Vidya Balagopal, Chao Jie Zhen, Wenjun Kang, Jeremy P. Segal.

PLOS ONE | https://doi.org/10.1371/journal.pone.0224097  October 28, 2019 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224097.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224097.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0224097.s003
https://doi.org/10.1371/journal.pone.0224097.t002
https://doi.org/10.1371/journal.pone.0224097

@ PLOS | O N E Next generation sequencing for acute myeloid leukemia post-transplant measurable residual disease surveillance

Methodology: Vidya Balagopal, Sabah Kadri, George Steinhardt, Chao Jie Zhen, Jeremy P.
Segal.

Project administration: Vidya Balagopal.

Software: Sabah Kadri, George Steinhardt, Wenjun Kang.

Supervision: Wendy Stock, Jeremy P. Segal.

Validation: Chao Jie Zhen.

Visualization: George Steinhardt, Pankhuri Wanjari, Jeremy P. Segal.
Writing - original draft: Vidya Balagopal, Andrew Hantel, Jeremy P. Segal.

Writing - review & editing: Vidya Balagopal, Andrew Hantel, George Steinhardt, Lauren L.
Ritterhouse, Wendy Stock, Jeremy P. Segal.

References

1. Scott BL, Pasquini MC, Logan BR, Wu J, Devine SM, Porter DL, et al. Myeloablative versus reduced-
intensity hematopoietic cell transplantation for acute myeloid leukemia and myelodysplastic syndromes.
J Clin Oncol. 2017;10; 35(11):1154—1161. https://doi.org/10.1200/JC0O.2016.70.7091 PMID: 28380315

2. Hantel A, Stock W, Kosuri S. Molecular Minimal Residual Disease Testing in Acute Myeloid Leukemia:
A Review for the Practicing Clinician. Clinical Lymphoma, Myeloma and Leukemia. 2018; 18(10):636—
647. https://doi.org/10.1016/j.ciml.2018.06.017 PMID: 30006258

3. MosnaF, Capelli D, Gottardi M, Mosna F, Capelli D, Gottardi M. Minimal Residual Disease in Acute
Myeloid Leukemia: Still a Work in Progress? J Clin Med. 2017 Jun 3; 6(6):57.

4. Paietta E. Should minimal residual disease guide therapy in AML? Best Pract Res Clin Haematol. 2015
Jun 1; 28(2-3):98—-105. hitps://doi.org/10.1016/j.beha.2015.10.006 PMID: 26590765

5. Schuurhuis GJ, Heuser M, Freeman S, Béne MC, Buccisano F, Cloos J, et al. Minimal/measurable
residual disease in AML: a consensus document from the European LeukemiaNet MRD Working Party.
Blood. 2018; 131(12):1275-1291. https://doi.org/10.1182/blood-2017-09-801498 PMID: 29330221

6. Sufliarska S, Minarik G, Horakova J, Bodova |, Bojtarova E, Czako B, et al. Establishing the method of
chimerism monitoring after allogeneic stem cell transplantation using multiplex polymerase chain reac-
tion ampilification of short tandem repeat markers and Amelogenin. Neoplasma. 2007; 54(5):424-30.
PMID: 17688372

7. Thiede C, Bornhauser M, Ehninger G. Evaluation of STR informativity for chimerism testing—Compara-
tive analysis of 27 STR system in 203 matched related donor recipient pairs. Leukemia. 2004; 18
(2):248-54. https://doi.org/10.1038/sj.leu.2403212 PMID: 14671648

8. Manasatienkij C, Ra-ngabpai C. Clinical application of forensic DNA analysis: A literature review. Jour-
nal of the Medical Association of Thailand. 2012; 95(10):1357—63. PMID: 23193753

9. Matsuda K, Yamauchi K, Tozuka M, Suzuki T, Sugano M, Hidaka E, et al. Monitoring of hematopoietic
chimerism by short tandem repeats, and the effect of CD selection on its sensitivity. Clin Chem. 2004;
50(12):2411—4. https://doi.org/10.1373/clinchem.2004.037580 PMID: 15563497

10. Rautenberg C, Germing U, Haas R, Kobbe G, Schroeder T. Relapse of Acute Myeloid Leukemia after
Allogeneic Stem Cell Transplantation: Prevention, Detection, and Treatment. Int J Mol Sci. 2019; 20
(1):228.

11. Patkar N, Kodgule R, Kakirde C, Raval G, Bhanshe P, Joshi S, et al. Clinical impact of measurable
residual disease monitoring by ultradeep next generation sequencing in NPM1 mutated acute myeloid
leukemia. Oncotarget. 2018 Nov 27; 9(93):36613—24. https://doi.org/10.18632/oncotarget.26400
PMID: 30564301

12. Jongen-Lavrencic M, Grob T, Hanekamp D, Kavelaars FG, al Hinai A, Zeilemaker A, et al. Molecular
Minimal Residual Disease in Acute Myeloid Leukemia. N Engl J Med. 2018 Mar 29; 378(13):1189-99.
https://doi.org/10.1056/NEJMoa1716863 PMID: 29601269

13. Roloff G, Lai C, Hourigan C, Dillon L. Technical Advances in the Measurement of Residual Disease in

Acute Myeloid Leukemia. J Clin Med. 2017; 19: 6(9):E87. https://doi.org/10.3390/jcm6090087 PMID:
28925935

PLOS ONE | https://doi.org/10.1371/journal.pone.0224097  October 28, 2019 16/18


https://doi.org/10.1200/JCO.2016.70.7091
http://www.ncbi.nlm.nih.gov/pubmed/28380315
https://doi.org/10.1016/j.clml.2018.06.017
http://www.ncbi.nlm.nih.gov/pubmed/30006258
https://doi.org/10.1016/j.beha.2015.10.006
http://www.ncbi.nlm.nih.gov/pubmed/26590765
https://doi.org/10.1182/blood-2017-09-801498
http://www.ncbi.nlm.nih.gov/pubmed/29330221
http://www.ncbi.nlm.nih.gov/pubmed/17688372
https://doi.org/10.1038/sj.leu.2403212
http://www.ncbi.nlm.nih.gov/pubmed/14671648
http://www.ncbi.nlm.nih.gov/pubmed/23193753
https://doi.org/10.1373/clinchem.2004.037580
http://www.ncbi.nlm.nih.gov/pubmed/15563497
https://doi.org/10.18632/oncotarget.26400
http://www.ncbi.nlm.nih.gov/pubmed/30564301
https://doi.org/10.1056/NEJMoa1716863
http://www.ncbi.nlm.nih.gov/pubmed/29601269
https://doi.org/10.3390/jcm6090087
http://www.ncbi.nlm.nih.gov/pubmed/28925935
https://doi.org/10.1371/journal.pone.0224097

@ PLOS | O N E Next generation sequencing for acute myeloid leukemia post-transplant measurable residual disease surveillance

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Meacham F, Boffelli D, Dhahbi J, Martin DI, Singer M, Pachter L. Identification and correction of system-
atic error in high-throughput sequence data. BMC Bioinformatics. 2011 Nov 21; 12(1):451.

Liang RH, Mo T, Dong W, Lee GQ, Swenson LC, McCloskey RM, et al. Theoretical and experimental
assessment of degenerate primer tagging in ultra-deep applications of next-generation sequencing.
Nucleic Acids Res. 2014; 42(12):e98. https://doi.org/10.1093/nar/gku355 PMID: 24810852

Young AL, Wong TN, Hughes AEO, Heath SE, Ley TJ, Link DC, et al. Quantifying ultra-rare pre-leuke-
mic clones via targeted error-corrected sequencing. Leukemia. 2015; 29,1608-11. https://doi.org/10.
1038/leu.2015.17 PMID: 25644247

Kinde |, Wu J, Papadopoulos N, Kinzler KW, Vogelstein B. Detection and quantification of rare muta-
tions with massively parallel sequencing. Proc Natl Acad Sci. 2011; 108(23):9530-5. https://doi.org/10.
1073/pnas.1105422108 PMID: 21586637

Ivey A, Hills RK, Simpson MA, Jovanovic J V., Gilkes A, Grech A, et al. Assessment of Minimal Residual
Disease in Standard-Risk AML. N Engl J Med. 2016 Feb 4; 374(5):422-33. https://doi.org/10.1056/
NEJMoa1507471 PMID: 26789727

Thol F, Gabdoulline R, Liebich A, Klement P, Schiller J, Kandziora C, et al. Measurable residual disease
monitoring by NGS before allogeneic hematopoietic cell transplantation in AML. Blood. 2018 Oct 18;
132(16):1703-13. https://doi.org/10.1182/blood-2018-02-829911 PMID: 30190321

Kim T, Moon JH, Ahn J-S, Kim Y-K, Lee S-S, Ahn S-Y, et al. Next-generation sequencing-based post-
transplant monitoring of acute myeloid leukemia identifies patients at high risk of relapse. Blood. 2018
Oct 11; 132(15):1604—13. https://doi.org/10.1182/blood-2018-04-848028 PMID: 30108064

Kadri S, Long BC, Mujacic I, Zhen CJ, Wurst MN, Sharma S, et al. Clinical Validation of a Next-Genera-
tion Sequencing Genomic Oncology Panel via Cross-Platform Benchmarking against Established
Amplicon Sequencing Assays. In: Journal of Molecular Diagnostics. 2017; (1):43-56. https://doi.org/10.
1016/j.jmoldx.2016.07.012 PMID: 27836695

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format
and SAMtools. Bioinformatics. 2009 Aug 15 [cited 2019 Apr 11]; 25(16):2078-9. https://doi.org/10.
1093/bioinformatics/btp352 PMID: 19505943

Genomic and Epigenomic Landscapes of Adult De Novo Acute Myeloid Leukemia. N Engl J Med. 2013;
368(22):2059-74. https://doi.org/10.1056/NEJMoa1301689 PMID: 23634996

Costello M, Pugh TJ, Fennell TJ, Stewart C, Lichtenstein L, Meldrim JC, et al. Discovery and characteri-
zation of artifactual mutations in deep coverage targeted capture sequencing data due to oxidative DNA
damage during sample preparation. Nucleic Acids Res. 2013 Apr 1; 41(6):e67—e67. https://doi.org/10.
1093/nar/gks1443 PMID: 23303777

Zeijlemaker W, Kelder A, Oussoren-Brockhoff YJM, Scholten WJ, Snel AN, Veldhuizen D, et al. Periph-
eral blood minimal residual disease may replace bone marrow minimal residual disease as an immuno-
phenotypic biomarker for impending relapse in acute myeloid leukemia. Leukemia. 2016 Mar 16; 30
(3):708—15. Available from: http://www.ncbi.nIm.nih.gov/pubmed/26373238 https://doi.org/10.1038/leu.
2015.255 PMID: 26373238

Weinkauff R, Estey EH, Starostik P, Hayes K, Huh YO, Hirsch-Ginsberg C, et al. Use of peripheral
blood blasts vs bone marrow blasts for diagnosis of acute leukemia. Am J Clin Pathol. 1999 Jun; 111
(6):733—40. https://doi.org/10.1093/ajcp/111.6.733 PMID: 10361507

Corbacioglu A, Scholl C, Schlenk RF, Eiwen K, Du J, Bullinger L, et al. Prognostic impact of minimal
residual disease in CBFB-MYH11-positive acute myeloid leukemia. J Clin Oncol. 2010 Aug 10; 28
(23):3724-9. Available from: https://doi.org/10.1200/JC0.2010.28.6468 PMID: 20625124

Cheung AMS, Chow HCH, Liang R, Leung AYH. A comparative study of bone marrow and peripheral
blood CD34 * myeloblasts in acute myeloid leukaemia. Br J Haematol. 2009 Feb; 144(4):484-91.
https://doi.org/10.1111/j.1365-2141.2008.07431.x PMID: 19055666

Debarri H, Lebon D, Roumier C, Cheok M, Marceau-Renaut A, Nibourel O, et al. IDH1/2 but not
DNMTB3A mutations are suitable targets for minimal residual disease monitoring in acute myeloid leuke-
mia patients: a study by the Acute Leukemia French Association. Oncotarget. 2015 Dec 8; 6
(39):42345-53. https://doi.org/10.18632/oncotarget.5645 PMID: 26486081

Plgen GG, Nederby L, Guldberg P, Hansen M, Ebbesen LH, Jensen UB, et al. Persistence of DNMT3A
mutations at long-term remission in adult patients with AML. Br J Haematol. 2014 Nov 1; 167(4):478—
86. https://doi.org/10.1111/bjh.13062 PMID: 25371149

Genovese G, Kéhler AK, Handsaker RE, Lindberg J, Rose SA, Bakhoum SF, et al. Clonal Hematopoie-
sis and Blood-Cancer Risk Inferred from Blood DNA Sequence. N Engl J Med. 2014 Dec 25; 371
(26):2477-87. https://doi.org/10.1056/NEJMoa1409405 PMID: 25426838

Shlush LI, Zandi S, Mitchell A, Chen WC, Brandwein JM, Gupta V, et al. Identification of pre-leukaemic
haematopoietic stem cells in acute leukaemia. Nature. 2014 Feb 12; 506(7488):328-33. https://doi.org/
10.1038/nature 13038 PMID: 24522528

PLOS ONE | https://doi.org/10.1371/journal.pone.0224097  October 28, 2019 17/18


https://doi.org/10.1093/nar/gku355
http://www.ncbi.nlm.nih.gov/pubmed/24810852
https://doi.org/10.1038/leu.2015.17
https://doi.org/10.1038/leu.2015.17
http://www.ncbi.nlm.nih.gov/pubmed/25644247
https://doi.org/10.1073/pnas.1105422108
https://doi.org/10.1073/pnas.1105422108
http://www.ncbi.nlm.nih.gov/pubmed/21586637
https://doi.org/10.1056/NEJMoa1507471
https://doi.org/10.1056/NEJMoa1507471
http://www.ncbi.nlm.nih.gov/pubmed/26789727
https://doi.org/10.1182/blood-2018-02-829911
http://www.ncbi.nlm.nih.gov/pubmed/30190321
https://doi.org/10.1182/blood-2018-04-848028
http://www.ncbi.nlm.nih.gov/pubmed/30108064
https://doi.org/10.1016/j.jmoldx.2016.07.012
https://doi.org/10.1016/j.jmoldx.2016.07.012
http://www.ncbi.nlm.nih.gov/pubmed/27836695
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1056/NEJMoa1301689
http://www.ncbi.nlm.nih.gov/pubmed/23634996
https://doi.org/10.1093/nar/gks1443
https://doi.org/10.1093/nar/gks1443
http://www.ncbi.nlm.nih.gov/pubmed/23303777
http://www.ncbi.nlm.nih.gov/pubmed/26373238
https://doi.org/10.1038/leu.2015.255
https://doi.org/10.1038/leu.2015.255
http://www.ncbi.nlm.nih.gov/pubmed/26373238
https://doi.org/10.1093/ajcp/111.6.733
http://www.ncbi.nlm.nih.gov/pubmed/10361507
https://doi.org/10.1200/JCO.2010.28.6468
http://www.ncbi.nlm.nih.gov/pubmed/20625124
https://doi.org/10.1111/j.1365-2141.2008.07431.x
http://www.ncbi.nlm.nih.gov/pubmed/19055666
https://doi.org/10.18632/oncotarget.5645
http://www.ncbi.nlm.nih.gov/pubmed/26486081
https://doi.org/10.1111/bjh.13062
http://www.ncbi.nlm.nih.gov/pubmed/25371149
https://doi.org/10.1056/NEJMoa1409405
http://www.ncbi.nlm.nih.gov/pubmed/25426838
https://doi.org/10.1038/nature13038
https://doi.org/10.1038/nature13038
http://www.ncbi.nlm.nih.gov/pubmed/24522528
https://doi.org/10.1371/journal.pone.0224097

@ PLOS | O N E Next generation sequencing for acute myeloid leukemia post-transplant measurable residual disease surveillance

33. Hjortholm N, Jaddini E, Hataburda K, Snarski E. Strategies of pain reduction during the bone marrow
biopsy. Ann Hematol. 2013 Feb 6; 92(2):145-9. https://doi.org/10.1007/s00277-012-1641-9 PMID:
23224244

34. Ommen HB, Schnittger S, Jovanovic J V., Ommen IB, Hasle H, Ostergaard M, et al. Strikingly different
molecular relapse kinetics in NPM1c, PML-RARA, RUNX1-RUNX1T1, and CBFB-MYH11 acute mye-
loid leukemias. Blood. 2010 Jan 14; 115(2):198-205. https://doi.org/10.1182/blood-2009-04-212530
PMID: 19901261

PLOS ONE | https://doi.org/10.1371/journal.pone.0224097  October 28, 2019 18/18


https://doi.org/10.1007/s00277-012-1641-9
http://www.ncbi.nlm.nih.gov/pubmed/23224244
https://doi.org/10.1182/blood-2009-04-212530
http://www.ncbi.nlm.nih.gov/pubmed/19901261
https://doi.org/10.1371/journal.pone.0224097

