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KEY PO INT S

l Noninvasive testing
of serum CP
post–allogeneic
transplant could
predict relapse in AML
and MDS.

l Predictive utility of
testing ctDNA,
including DTA, was
comparable to that of
mutation persistence
in matched BM.

This study was performed to assess the utility of tumor-derived fragmentary DNA, or
circulating tumor DNA (ctDNA), for identifying high-risk patients for relapse of acute
myeloid leukemia and myelodysplastic syndrome (AML/MDS) after undergoing myeloa-
blative allogeneic hematopoietic stem cell transplantation (alloSCT). We retrospectively
collected tumor and available matched serum samples at diagnosis and 1 and 3 months
post-alloSCT from 53 patients with AML/MDS. After identifying driver mutations in
51 patients using next-generation sequencing, we designed at least 1 personalized digital
polymerase chain reaction assay per case. Diagnostic ctDNA and matched tumor DNA
exhibited excellent correlations with variant allele frequencies. Sixteen patients relapsed
after a median of 7 months post-alloSCT. Both mutation persistence (MP) in bone marrow
(BM) at 1 and 3 months post-alloSCT and corresponding ctDNA persistence (CP) in the
matched serum (MP1 and MP3; CP1 and CP3, respectively) were comparably associated
with higher 3-year cumulative incidence of relapse (CIR) rates (MP1 vs non-MP1, 72.9% vs

13.8% [P5 .0012]; CP1 vs non-CP1, 65.6% vs 9.0% [P5 .0002]; MP3 vs non-MP3, 80% vs 11.6% [P5 .0002]; CP3 vs non-
CP3, 71.4% vs 8.4% [P < .0001]). We subsequently evaluated whether subset analysis of patients with 3 genes as-
sociated with clonal hematopoiesis, DNMT3A, TET2, and ASXL1 (DTA), could also be helpful in relapse prediction. As
a result, CP based on DTA gene mutations also had the prognostic effect on CIR. These results, for the first time,
support the utility of ctDNA as a noninvasive prognostic biomarker in patients with AML/MDS undergoing alloSCT.
(Blood. 2019;133(25):2682-2695)

Introduction
Allogeneic hematopoietic stem cell transplantation (alloSCT) is
the only curative option for patients with high-risk or refractory
acute myeloid leukemia (AML) and myelodysplastic syndrome
(MDS).1,2 Relapse is the main event in therapeutic failure for
these patients.1 For relapsed patients, therapeutic options in-
clude withdrawal of immunosuppressant, chemotherapy, and/or
donor lymphocyte infusion, the success of which depends
heavily on tumor burden.1,3-7 Hence, a reliable biomarker for
assessing minimal residual disease (MRD) post-alloSCT is re-
quired for earlier therapeutic interventions in patients with
impending relapse. Four methods are currently widely applied
for MRD testing post-alloSCT in patients with AML and MDS:
cytogenetics, flow cytometry (FC), real-time quantitative poly-
merase chain reaction (qPCR), and mixed chimerism (MC)
analysis.2,8-10 Despite their demonstrated utility, these conventional

methodologies have serious limitations in either sensitivity or ap-
plicability. For example, although qPCR is more sensitive than FC
and cytogenetics, and is currently considered the gold standard for
MRD assessment with AML andMDS, no common geneticmarkers
for qPCR are available for AML and MDS.11

Recent advances in understanding the genetic landscapes of
AML and MDS through next-generation sequencing (NGS)
should ultimately lead to more tailored approaches for MRD
monitoring according to each patient’s genetic biology. In light
of this and the recent advent of sensitive molecular quantifi-
cation techniques such as droplet digital PCR (ddPCR), tumor-
derived fragmentary DNA in serum, known as circulating tumor
DNA (ctDNA), represents 1 of themost sensitive and noninvasive
biomarkers in solid cancers.12 However, for hematological ma-
lignancies, there have been only a few proof-of-principle studies
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to support the utility of ctDNA as a clinical biomarker.13,14 Fur-
thermore, it remains to be elucidated whether residual ctDNA
status post-alloSCT can be used to identify patients at high
risk for relapse in AML and MDS. To address this issue, we
retrospectively analyzed the impact of residual ctDNA status,
at 1 month and 3 months post-alloSCT, on the outcome in
51 patients with AML and MDS who underwent myeloablative
alloSCT.

Materials and methods
Patients and samples
Our study protocol was approved by our institutional research
ethics committee and was in accordance with the Declaration of
Helsinki. Fifty-three patients underwent myeloablative alloSCT
in our research hospital; they had primary tumor samples and
serum samples post-alloSCT that were available for analyses and
were recruited for our study. All 53 patients provided written
informed consent. The patients used for ctDNA analysis and
their transplant characteristics are summarized in Table 1 and
supplemental Table 1 (available on the Blood Web site). Our
cohort consisted of 15 patients with de novo AML, 22 patients
with secondary AML, and 14 patients with MDS. The following
samples were collected: (1) samples at diagnosis (tumor: bone
marrow [BM; n 5 40]; peripheral blood [PB; n 5 13]; matched
serum [n 5 53]; controls: buccal swab [n 5 24]; magnetically
sorted CD31 T-cell fractions [n5 29]), (2) tumor and/or matched
serum samples collected at a median of 1 month post-alloSCT
(median, 32 days post-alloSCT [range, 20-40 days]; tumor: BM
[n 5 38]; matched serum [n 5 47]), (3) tumor and/or matched
serum samples collected at a median of 3 months (median,
95 days post-alloSCT [range, 60-120 days]; tumor: BM [n 5 26];
matched serum [S3, n 5 44]), and (4) samples collected at extra
time points (serum [n 5 106]).

Extraction of DNA
All DNA and cell-free DNA were extracted using the Gentra
Puregene Blood kit and the QIAamp Circulating Nucleic Acid kit,
respectively (Qiagen, Hilden, Germany). DNAwas quantified using
the Qubit dsDNA HS Assay kit (Life Technologies, Carlsbad, CA).

Next-generation sequencing
To identify driver mutation, we performed targeted-deep se-
quencing (TDS; n535) with a TruSightmyeloid panel (Illumina, San
Diego, CA) or a QIAseq targeted DNA panel (Qiagen) (target
regions are listed in supplemental Table 2a-b) or whole-exome
sequencing (WES; n 5 25) (SureSelect XT Human All Exon V6;
Agilent Technologies, Santa Clara, CA) on a Miseq or NextSeq
sequencer (Illumina), respectively. We used human genome build
19 as the reference sequence in our analysis. Processing of se-
quencing data was performed using our in-house software. We
classified identified variants into 4 tiers, and we regarded tier 1 to
3 mutations as putative driver mutations. Details are described
in supplemental Methods and supplemental Figure 1.

Droplet digital PCR
We designed a total of 57 ddPCR assays for a prioritized somatic
mutation in each case (n 5 51), using the QX200 platform (Bio-
Rad, Hercules, CA) according to the manufacturer’s instructions.
Briefly, gene-specific primers and hydrolysis probes for wild-type
(6-carboxy-2,4,4,5,7,7-hexachlorofluorescein succinimidyl ester

labeled) and mutant-specific (6-carboxyfluorescein labeled) se-
quences with a nonfluorescent quencher (black-hole quencher 1)
were designed using Primer Express version 5.0 (Applied Bio-
systems, Inc, Foster City, CA). The median detection limit, as
determined in the 57 independent limiting dilution assays, was
0.04% (supplemental Table 3a). Details of the procedures are
described in supplemental Methods, and representative results
are shown in supplemental Figure 2a-b.

Statistical analysis
The Pearson correlation was used to analyze the correlation of
2 noncategorical variables. The Fisher exact test was used to test
the association between 2 categorical variables. Concordance
of 2 noncategorical variables was assessed by k coefficient
(where k , 0.40, poor concordance; k 5 0.41-0.75, moderate
concordance; k . 0.75, good concordance). For the survival
analysis, all event times weremeasured from the date of alloSCT.
Primary end point was the cumulative incidence of relapse (CIR)
rate, and secondary end point was the overall survival (OS) rate,
as estimated by the Kaplan-Meier method; they were compared
with the log-rank test. A Cox proportional hazards univariate
regression model was used to test the association of variables
and CIR and OS. The area under the curve (AUC) of receiver
operating characteristics (ROC) curves was used to measure
and compare the performance of each variable for predicting

Table 1. Baseline characteristics of the 51 patients used
for ctDNA analysis

Baseline characteristics N (%) or median (range)

Total, N (%) 51 (100)

Age, median (range), y 53 (17-68)

Male, N (%) 29 (56.9)

Diagnosis, N (%)
AML 37 (72.5)

De novo AML 15 (29.4)
Secondary AML 22 (43.1)

MDS 14 (27.5)

Stem cell source, N (%)
BM 4 (7.8)
Cord blood 47 (92.2)

Disease status at alloSCT, N (%)
CR 8 (15.7)
Relapse or refractory 25 (49.0)
No previous treatment 18 (35.3)

Cytogenetics, N (%)
Normal karyotype 19 (37.3)
Aberrant karyotype 32 (62.7)

27/del7q 8 (15.7)
18 7 (13.7)
Complex karyotype 15 (29.4)

Relapsed patients after alloSCT, N (%) 16 (31.4)

Median follow-up (range), mo 32 (4-102)

CR, complete remission.
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relapse. All statistical tests were performed using R, version
3.4.1 (R Foundation for Statistical Computing, Vienna, Austria).
P values ,.05 were considered significant.

Results
Patient characteristics
We retrospectively investigated 53 patients with AML and MDS
who underwent alloSCT, and had tumor and serum samples at
diagnosis and post-alloSCT, either at 1 month or 3 months,
available for analyses. Driver mutations were identified in 51 pa-
tients using NGS, and the median age of the patients in our
cohort was 53 years. Approximately one-third of patients had
a normal karyotype, and the conventional cytogenetic risk cat-
egory was adverse or high risk in 39.2% of patients (Table 1;
supplemental Table 1). Twenty-five patients (49.0%) were in
relapse or refractory disease status at alloSCT, and all patients
receivedmyeloablative conditioning; inmost cases, the stem cell
source was cord blood, a profile in line with our previous reports
on AML and MDS cases undergoing alloSCT.

Identification of driver mutations in the subjects
We performed NGS, using TDS (with either a 54- or 141-gene
panel of AML- or MDS-related genes), WES, or combinations of
TDS and WES, of the diagnostic tumor and control samples. We
detected a total of 65 606 somatic mutations and prioritized
these somatic variants using a 4-tier grading system (supple-
mental Methods; supplemental Figure 1). We found that
96.2% (n5 51 of 53) of the cases contained at least 1 putative
driver mutation in 37 genes (median of 2 mutations per
patient [range, 1-5]). The most frequent mutations found in-
volved epigenetic regulators (TET2/ASXL1/DNMT3A, mutated
in 32.1% of the samples), followed by signal transduction pro-
teins (NRAS/FLT3, 31.4%) and spliceosome factors (U2AF1/
SF3B1/SRSF2, 21.6%) (supplemental Figure 3). The spectrum of
these mutations mirrored the disease characteristics of our
patients and were in agreement with the previously reported
genomic landscape of high-risk AML or MDS.15,16

Construction of personalized ddPCR assays
We further prioritized these patient-specific putative driver mu-
tations based on variant allele frequency (VAF), tier grading of
driver mutations (supplemental Figure 1), and suitability for ddPCR
assays (eg, designability of probe, see supplemental Methods). As
a result, we were able to design 1 representative ddPCR assay for
all 51 patients (Table 2; supplemental Table 3a-b). Considering the
possibility of tumor clonal heterogeneity, we designed extra assays
in some cases (n5 15). We first checked the concordance of NGS
and ddPCR assays with regard to VAF; the results were strongly
concordant with regard to identifying the VAF of identical di-
agnostic tumor-rich samples (T0), as assessed using 45 available
samples with 58 matched measurements (R2 5 0.78, P , .0001,
Student t test) (supplemental Figure 4). We next determined
whether these mutations could be detected in available matched
diagnostic serum samples (serum sample at diagnosis [S0]) as
ctDNA at diagnosis. As expected, all ctDNAs, for which we could
design ddPCR assays, were identified in all available S0 samples
(n 5 51) (supplemental Figure 5). There was a clear correlation
between S0 and T0 regarding VAF (63matchedmeasurements from
47 cases; R2 5 0.67, P , .0001, Student t test) (Figure 1). Overall,
these findings hold the technical accuracy of our personalized

ddPCR assays for the detection of mutations based on tumor and
matched serum ctDNA.

ctDNA reflected clonal dynamics
Next, we determined whether ctDNA could reflect the genetic
architecture of the tumor (BM) in patients for whom we had extra
assays (see supplemental Results for a full discussion). Specifically,
in unique patient number (UPN) 22, with AMLwithmyelodysplasia-
related changes (AML-MRCs), we found TP53 p.E11Q as the
founder mutation, whereas TP53 p.R158G was a secondary mu-
tation, which accumulated later by clonal evolution and was as-
sociated with progression to leukemia (supplemental Figure 6). On
the contrary, in UPN7 with AML-MRCs, we foundGATA2 p.A364T
as the founder mutation, whereas NRAS p.G12D was a secondary
mutation. At clinical relapse, only GATA2 increased again, and
NRASwas swept at recurrence (supplemental Figure 7). Notably, in
UPN23 with AML-MRCs, where there was isolated breast relapse
after alloSCT, SF3B1-mutated ctDNA increased prior to breast
tumor biopsy, suggesting the presence of an extramedullary tumor
(supplemental Figure 8).

Persistent molecular MRD status post-alloSCT
predicted relapse and survival
We next screened molecular MRD status on the basis of either
ctDNA-positive (CP) or mutation-positive (MP) at either 1 month
or 3 months post-alloSCT (termed “CP1” or “CP3”; “MP1” or
“MP3,” respectively) (Figure 2; supplemental Figure 5) to assess
the possible association between CP and MP. There was clear
concordance between CP and MP as indicated by a high Cohen
k score (where CP1 and MP1 5 0.66, moderate concordance;
CP3 andMP35 1.0, good concordance) (supplemental Table 4).

At a median follow-up of 32months post-alloSCT, 16 of 51 patients
relapsed at a median of 7 months (range, 1.9-53.6 months). We
checked for an association between the molecular MRD status and
outcome. As expected, patients with MP1 and MP3, and corre-
spondingly CP1 and CP3, were associated with an increased risk of
relapse and death compared with those with a molecular MRD2

status (3-year CIR [3-yearOS]:MP1 vs non-MP1, 72.9 [50.0%] vs 13.8
[88.0%], P 5 .0012 [.0304]; CP1 vs non-CP1, 65.6 [45.8%] vs 9.0
[91.7%], P 5 .0002 [.0014]; MP3 vs non-MP3, 80.0 [30.0%] vs 11.6
[94.1%], P 5 .0002 [.0007]; CP3 vs non-CP3, 71.4 [53.4%] vs 8.4
[92.5%], P , .0001 [.0021]) (Figure 3; hazard ratio [HR] for relapse
and death are shown in Table 3). Overall, these results supported
the relevance of serum ctDNA in molecular MRD testing as an
alternative to BM mutation status.

Increasing ctDNA levels between 1 month and
3 months post-alloSCT could be the precise
predictor of relapse
To determine whether we could stratify the risk of relapse based
on ctDNA kinetics, we divided 40 patients, with available in-
formation of ctDNA at 1 month and 3 months, into 3 risk groups,
based on their ctDNA kinetics: the “increasing” group (n 5 6),
including patients with negative-to-positive conversion or in-
creasing level of ctDNA ($1.5-fold increase in ctDNA at
3 months compared with baseline ctDNA at 1 month); the “both
negative” group (n 5 23), including patients both non-CP1 and
non-CP3; and the “decreasing/stable” group (n5 11), including
patients with positive-to-negative conversion or stable level
of CP, meeting neither the criteria of “increasing” nor “both
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negative”. Results showed that patients in the increasing group
were associated with a highest risk of relapse compared with
those in decreasing/stable and both-negative groups (P5 .0027
and P , .0001, respectively). Although not statistically signifi-
cant, patients in the decreasing/stable group exhibited a clear
trend of relapse compared with those in negative ctDNA
(P 5 .087) (supplemental Figure 9; HR shown in Table 3). Based
on these results, it is recommended that clinicians monitor
ctDNA kinetics as well when predicting relapse.

Conventional mixed-chimerism status post-alloSCT
also predicted relapse
We screened conventional MRD status at 1 month or 3 months
post-alloSCT on the basis of being MC-positive (MCP; defined
by total recipient chimerism $5%) or FC-positive (FCP) (termed
“MCP1” or “MCP3”; “FCP1” or “FCP3”, respectively) (sup-
plemental Table 4). Thereafter, we tested the prognostic impact
of these conventional MRD approaches. Although we found
significant association of both of MCP1 and MCP3 with relapse,
only MCP3 had significant impact on survival (3-year CIR [3-year
OS]: MCP1 vs non-MCP1, 72.0 [70.1%] vs 26.5 [72.3%],
P 5 .00141 [.7630]; MCP3 vs non-MCP3, 70.0 [60.0%] vs
9.3 [89.1%], P 5 .0096 [.0321]) (supplemental Figures 10 and 11;
HR for relapse and death are shown in Table 3). In contrast, neither
FCP1 nor FCP3 had a prognostic impact on relapse and survival
(supplemental Figures 10 and 11). We also investigated the as-
sociation between previously reported adverse prognostic factors
and relapse and survival. However, we did not find a significant
association between them (Table 3).

Significant association of ctDNA persistence based
on DNMT3A, TET2, or ASXL1 gene mutations
and relapse
Because AML pathogenesis is generally assumed to proceed in
a stepwise fashion from clonal hematopoiesis to full-blown
leukemia, mutation persistence of the so-called founding mu-
tation such as DNMT3A, TET2, or ASXL1 (termed “DTA”) may
not be helpful in outcome prediction.17,18 Indeed, it is previously
shown that DTA gene mutations are present in preleukemic
clones, as well as in the transformed leukemic clone.17 To test
this hypothesis, we performed a survival analysis, using a subset
of patients, with DTA-based personalized ddPCR assays (n5 12).
As a result, CP based on DTA genes also had the prognostic
impact on relapse and survival (supplemental Figure 12).

To draw such conclusion in patients with DTA genes, it would be
helpful to exclude the possibility of secondary relapse, unrelated
to original AML or MDS clone, in these patients. Toward this, we
performed WES of both diagnostic and relapsed samples to
know the whole spectrum of driver mutations in these cases. As
expected, we found the same spectrum of driver mutations in
both diagnostic and relapsed samples, indicating that these
patients exhibited real relapse (supplemental Table 5). We
further classified these patients into 2 groups according to
whether the highest VAF could be DTA mutations (termed
“DTA-founder mutations”) or not (termed “other gene-founder
mutations”). We then checked whether there could be signifi-
cant difference in relapse incidence between the 2 groups (DTA-
founder mutations vs other gene-founder mutations). However,
there was no statistical significance of relapse incidence be-
tween the 2 groups, as per the log-rank test (P 5 .2345),

suggesting that DTA mutation, irrespective of founder or non-
founder status, did not influence the relapse incidence. Based on
these results, CP based on DTA genes was concluded to have
prognostic impact on relapse.

Comparable prognostic ability of ctDNA to those of
other MRD modalities
We compared the discriminatory ability of CP with those of MP
and MCP. As mentioned earlier, there were high associations
between CP and either MP or MCP (supplemental Table 4).
Because multivariable regression analysis such as Cox analysis is
not appropriate for adjusting or comparing variables with such
highly significant associations, we used the DeLong test to
compare the diagnostic performance between these MRD
assays based on the AUC from ROC. The DeLong test revealed
that there was no significant difference between either CP and
MP or CP and MCP. Additionally, when CP1 was compared with
CP3, CP3 was found to be a better indicator of relapse and
survival (Figure 4; supplemental Figures 13 and 14). Overall,
these results indicated that noninvasive ctDNA testing had
comparable discriminatory ability to that of molecular and
conventional MRD testing of BM with regard to identifying
patients at high risk for relapse in MDS and AML after un-
dergoing myeloablative alloSCT.

Serum ctDNA had benefit over bulk PB in
relapse prediction
Although our study indicated that ctDNA persistence in PB was
comparable to the mutation persistence in BM, whether serum
ctDNA analysis has any benefit over bulk PB analysis still remains
an open question. Eleven matched frozen PB mononuclear cell
(PBMNC) samples were available from 9 patients (supplemental
Table 6). When compared with CP andmutation persistence in
the PBMNC fraction (termed “MP-PB”), we found a concor-
dant result in 8 of 11 samples. However, in UPN29 and UPN32
with PB cytopenia, the result was discordant because only CP
could predict relapse. Additionally, when diagnostic perfor-
mance was compared by the DeLong test, CP was found to be
a better indicator of relapse (P 5 .0253; supplemental Figure
15). This result supported the diagnostic relevance of ctDNA
over bulk PB analysis, especially in certain settings, such as PB
cytopenia.

Discussion
In this study, we assessed the value of MRD based on positive
ctDNA status post-alloSCT in relapse prediction of patients
with AML and MDS. For this aim, we performed initial high-
throughput screening using NGS, followed by construction of
personalized ddPCR assays. Our assays were applicable for
nearly all patients. Patients with persistent ctDNA1 status either
at 1 month or 3 months post-alloSCT had a significantly higher
risk of relapse and death than those with negative status.
Additionally, increasing ctDNA levels between 1 month and
3 months post-alloSCT was the precise predictor of relapse.
Notably, surveillance of residual driver mutation persistence by
BM and matched serum ctDNA persistence generally produced
concordant results. Our study, for the first time, provides proof of
concept that driver mutation persistence based on serum ctDNA
can serve as a comparable prognostic biomarker for patients
with AML and MDS undergoing alloSCT.
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Numerous studies have investigated the value of MRD in AML or
MDS and have consistently shown that MRD negativity, as defined
by specified cutoff values, is highly prognostic for outcome.11,18-23

The recent introduction of NGS-based molecular approaches has
further refined such MRD measurements with regard to broader
applicability, specifically for patients for whom no conventional
genetic marker for MRD testing was available18 or conventional
MRD approaches such as FC or cytogenetics were negative.19,24,25

Indeed, some recent reports have indicated that NGS-based
molecular MRD from BM post–induction chemotherapy also had
a prognostic association with relapse and survival.18,19,26 This result
is generally consistent with our result that MRD status (persistence
of a driver mutation in BM post-alloSCT either at 1 month or
3 months) was a sensitive predictor of relapse. In these previous
reports, the cutoff values were 0.5% to 5%,18,19,26 slightly higher
than our cutoff value of 0.04%. This difference may be attributable
to the different methods used for MRD testing, as we used ddPCR
for MRD detection instead of NGS. Notably, another study that
used ddPCR demonstrated the prognostic significance of a cutoff
value for BM-MRD negativity of 0.0067% post–intensive chemo-
therapy in AML.27 However, an important issue in these previous
studies is that sensitive MRD testing typically relies on invasive BM
sampling, which could also hamper its use for repetitive testing for
the close monitoring of MRD.

To date, data on the utility of MRD from PB post-alloSCT are
relatively sparse, and the results regarding the prognostic impact
are inconsistent.28 This is generally attributable to the fact thatMRD
from PB is generally less sensitive than that from BM, the mag-
nitude of which is reported to be 1-log10 order.29,30 This is true
even in the setting of relatively highly sensitive conventional qPCR-
based methods targeting leukemia-associated gene alterations
such as in fusion genes. In this regard, it is noteworthy that we
report here comparable and highly concordant results of MRD
testing for relapse prediction using BM- or PB-derived serum using
the same modality, ddPCR. In addition to being noninvasive, it isTa
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also notable that our assays have high potential regarding
applicability, predictivity, and sensitivity as well as an accept-
able running cost. Compared with NGS, ddPCR-based meth-
ods were more sensitive for detecting mutation of a single gene
(supplemental Table 7). In addition, ddPCR has an advantage of
faster turnaround time for serial monitoring of MRD.31 More-
over, ddPCR could monitor MRD at a more affordable cost than
NGS (ddPCR assay, $9 per sample, $193 to construct 1 assay;
NGS (TDS) assay, $350 per sample). In contrast, there are 2 im-
portant disadvantages of ddPCR in MRDmonitoring; first, 1 assay
needs to be prepared for each nucleotide change in each driver

mutation identified, which is clearly labor-intensive, and second, 1
ddPCR assay cannot usually screen multiple mutations simulta-
neously, as each assay is allele-specific (supplemental Table 7).

In line with our analysis, several recent studies have reported that
ctDNA-based quantification of MRD with PB can be used as
a complementary technique to BM testing for MRD analysis
for some hematological malignancies.14 Of note, 2 studies
have already evaluated the prognostic impact on relapse in the
setting of postchemotherapy in smaller cohorts of patients with
AML or MDS.14,32 However, no study to date has addressed the
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prognostic value of residual ctDNA post-alloSCT in patients with
AML or MDS. Our study, for the first time, provides proof of
concept that ctDNA can serve as a prognostic biomarker for
patients with AML and MDS undergoing alloSCT. Our results
also indicated that ctDNA testing may replace conventional
MRD testing with BM as a noninvasive biomarker for prediction
of impending relapse in these patients.

It has been also reported that ctDNA monitoring can provide
insights into clonal tumor hierarchy and capture real-time subclonal
dynamics in both solid tumors and hematological malignancies,
including MDS. In the present study, the results for UPN7 and
UPN22, 2 patients with AML-MRCs corroborated this finding. Of
these, the results for UPN7 also highlighted the possibility that
monitoring a singlemutation in ctDNA samplesmay underestimate
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ctDNA-based MRD, especially if the mutation originated in a
subclone that was eliminated by the selective pressures of alloSCT.
Therefore, ctDNA quantitation should optimally monitor a combi-
nation of driver mutations or, alternatively, a single driver mutation
in a founding clone (as defined by “tier 1” in our grading system of
driver mutations) to avoid underestimating tumor burden. Addi-
tionally, the results for UPN23 supported the hypothesis that
ctDNA can serve as a noninvasive alternative to conventional tissue
biopsy, even in cases without BMdisease, as previously reported in
other hematological malignancies.14

In our study, serum ctDNA had noticeable advantages over bulk
PB in relapse prediction, as evaluated by the DeLong test. It is
presumable that sampling of ctDNA, but not bulk PB, might be
suitable for monitoring mutation in patients with PB cytopenia,
as illustrated in the discordant results observed in 2 patients
(UPN29 and UPN32; supplemental Table 6). Because cytopenia
is a common setting after alloSCT, ctDNA monitoring might be
more appropriate for this purpose. In support of this notion,
a previous study had reported that VAF of serum ctDNA, but not

of bulk PBMNC, faithfully reproduced those of BM, irrespective
of cytopenia in patients with MDS.32

There were some differences between our results and those of
previous reports on MRD in patients with AML and MDS. First,
previous reports uniformly supported the prognostic impact of
tumor burden pre-alloSCT, including either refractory/non-
remission disease status or therapy-refractory adverse cytoge-
netics and/or genetics, on relapse in patients with AML and
MDS.33-35 In our cohort, we did not find this impact of these
adverse factors on relapse. This difference could be due to the
smaller subset of patients with such adverse factors in our cohort.
Alternatively, our uniform highly myeloablative conditioning
regimen played a substantial role in the clearance of BM tumors
and matched tumor-derived ctDNA regardless of the presence
of such adverse factors, including refractory disease status, as
we previously reported.36 In support of the latter reason, it was
previously reported that the risk of relapse was reduced by the
use of a myeloablative regimen in patients with AML and MDS
with therapy-refractory genetic risk factors such as RAS pathway

Table 3. Risk of disease relapse and survival associated with biomarker status and patient characteristics

Variables
Positive,
N (%)

Relapse Death

Sample
source Method HR 95% CI P HR 95% CI P

MRD persistence at
1 mo

ctDNA Serum ddPCR 20/47 (42.6) 7.89 2.22-28.10 .0014** 8.24 1.77-38.37 .0072**
Mutation BM ddPCR 19/38 (50.0) 8.03 1.79-35.96 .0065** 4.75 1.00-22.45 .0494*
MC BM PCR/FISH 11/45 (24.4) 3.25 1.20-8.80 .0202* 1.22 0.33-4.53 .7631
FC BM Flow cytometry 11/44 (25.0) 0.33 0.07-1.48 .1475 0.23 0.03-1.83 .1650

MRD persistence at
3 mo

ctDNA Serum ddPCR 14/44 (31.8) 15.04 3.33-67.96 .0004** 8.04 1.66-38.88 .0095**
Mutation BM ddPCR 5/26 (19.2) 13.03 2.36-72.04 .0032** 17.66 1.81-172.20 .0135*
MC BM PCR/FISH 5/38 (13.2) 6.22 1.47-26.26 .0129* 5.78 0.95-35.06 .0577
FC BM Flow cytometry 20/38 (52.6) 0.91 0.25-3.45 .9005 1.16 0.19-7.03 .8751

ctDNA kinetics
Increasing Serum ddPCR 6/40 (15.0) 28.47 5.59-145.00 .0001** 17.35 3.21-93.68 .0009**
Decreasing/stable Serum ddPCR 11/40 (27.5) 4.15 0.76-22.65 .0868 1.04 0.09-11.44 .977
Both negative Serum ddPCR 23/40 (57.5) 1.00 1.00

Adverse prognostic
variables

Complex karyotype BM G-BAND 15/51 (29.4) 2.41 0.90-6.46 .0794 1.73 0.53-5.52 .3575
27/del7q
karyotype

BM FISH/G-BAND 8/51 (15.7) 0.67 0.15-2.97 .6010 1.05 0.23-4.82 .9494

FLT3-ITD BM/PB PCR/NGS 12/51 (23.5) 2.47 0.89-6.85 .0813 2.69 0.84-8.58 .0953
TP53 mutation BM/PB NGS 6/51 (11.8) 2.28 0.65-8.05 .1999 3.27 0.88-12.12 .0761
RAS pathway
mutation

BM/PB NGS 19/51 (37.3) 2.59 0.96-6.99 .0605 1.84 0.59-5.74 .2911

Age . 65 y 8/51 (15.7) 1.21 0.27-5.39 .8040 2.81 0.74-10.75 .1308
Male 29/51 (56.9) 0.69 0.26-1.85 .4601 0.68 0.22-2.11 .5037
Relapsed or
refractory disease
at alloSCT

25/51 (49.0) 1.91 0.71-5.63 .2049 3.23 0.96-14.55 .0584

CI, confidence interval; FISH, fluorescence in situ hybridization; FLT3-ITD, fms-like tyrosine kinase 3–internal tandem duplication.

*P , .05; **P , .01.
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mutation in AML and MDS. Second, we did not find a significant
predictive value of FC for MRD. This might be attributable to the
limited sensitivity of our commercially available FC assay, for
which a maximum of a 3-color analysis for leukemia-associated
immunophenotype assessment and maximum input of 10 000
cells per assays were available because of commercial reasons,
making its sensitivity at most 0.5% to 1%. Third, accumulating
recent reports have indicated that preleukemic mutations, in-
cluding DTA, are not suitable for molecular MRD testing,17,18

although some reports disagreed with this result.37 According to
these previous reports, removal of information regarding MRD
positivity of DTA mutations in remission BM significantly im-
proved the prediction of subsequent outcomes. This result is in
marked contrast to our findings, in which a significant association
between DTA-based persistent ctDNA status and relapse and
survival was observed. This difference may be attributable to
differences in the therapy setting, that is, chemotherapy vs
alloSCT; it is well accepted that an adequate graft-versus-
leukemia effect relies on the eradication of recipient hemato-
poiesis, both the nonleukemic or leukemic portions, to prevent
relapse. In contrast, chemotherapy or autologous transplantation
in the previous reports allowed hematopoietic recovery with
preleukemic clones typically harboring such DTA mutations,
which does not necessarily indicate an impending relapse.

Several limitations of this study should be acknowledged. First,
although our findings indicated that single ctDNA testing at 3 months
post-alloSCT was a strong predictor of relapse, identification of the
most useful checkpoint for outcome prediction is an open issue in
such ctDNA testing. Second, our approach does require a per-
sonalized ddPCR assay, and needs dedicated effort for its con-
struction. Third, the limited sample size and retrospective nature of
our study make it difficult to draw a definitive conclusion, especially
for a subset of patients. Fourth, most patients studied here were
relatively young and received a myeloablative conditioning regi-
men. Therefore, the prognostic significance of ctDNA testingmight

not be applicable to elderly patients with AML and MDS under-
going alloSCT with reduced-intensity conditioning. Our ongoing
prospective study and future studies will address these issues.

In summary, we, for the first time, demonstrated that noninvasive
ctDNA testing had comparable utility to molecular and conven-
tionalMRD testing of BMwith regard to identifying patients at high
risk for relapse in MDS and AML after undergoing myeloablative
alloSCT. Increasing ctDNA levels between 1 month and 3 months
was also a sensitive predictor of relapse. Although conventional
modalities remain valuable for MRD testing and prospective large-
scale analyses are needed to confirm our findings, this noninvasive
ctDNA test and serial monitoring of kinetics might allow rapid
clinical decision-making and, ultimately, subsequent risk-adapted
therapeutic interventions post-alloSCT in AML and MDS.
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10. Döhner H, Estey E, Grimwade D, et al.
Diagnosis and management of AML in adults:
2017 ELN recommendations from an in-
ternational expert panel. Blood. 2017;129(4):
424-447.

11. Schuurhuis GJ, Heuser M, Freeman S, et al.
Minimal/measurable residual disease in AML:
a consensus document from the European
LeukemiaNet MRD Working Party. Blood.
2018;131(12):1275-1291.

12. Wan JCM, Massie C, Garcia-Corbacho J, et al.
Liquid biopsies come of age: towards imple-
mentation of circulating tumour DNA.Nat Rev
Cancer. 2017;17(4):223-238.

13. Kobayashi M, Tojo A. The BRAF-V600E mu-
tation in circulating cell-free DNA is a prom-
ising biomarker of high-risk adult Langerhans
cell histiocytosis. Blood. 2014;124(16):
2610-2611.

14. Nakamura S, Yokoyama K, Yusa N, et al.
Circulating tumor DNA dynamically predicts
response and/or relapse in patients with he-
matological malignancies. Int J Hematol.
2018;108(4):402-410.

15. Papaemmanuil E, Gerstung M, Bullinger L,
et al. Genomic classification and prognosis in
acute myeloid leukemia. N Engl J Med. 2016;
374(23):2209-2221.

16. Haferlach T, Nagata Y, Grossmann V, et al.
Landscape of genetic lesions in 944 patients
with myelodysplastic syndromes. Leukemia.
2014;28(2):241-247.

17. Gaidzik VI, Weber D, Paschka P, et al; German-
Austrian Acute Myeloid Leukemia Study
Group (AMLSG). DNMT3A mutant transcript
levels persist in remission and do not predict
outcome in patients with acute myeloid leu-
kemia. Leukemia. 2018;32(1):30-37.

18. Jongen-Lavrencic M, Grob T, Hanekamp D,
et al. Molecular minimal residual disease in
acute myeloid leukemia. N Engl J Med. 2018;
378(13):1189-1199.

19. Gaksch L, Kashofer K, Heitzer E, et al. Residual
disease detection using targeted parallel se-
quencing predicts relapse in cytogenetically
normal acute myeloid leukemia. Am
J Hematol. 2018;93(1):23-30.

20. Shah MV, Jorgensen JL, Saliba RM, et al. Early
post-transplant minimal residual disease as-
sessment improves risk stratification in acute
myeloid leukemia. Biol Blood Marrow Trans-
plant. 2018;24(7):1514-1520.

21. Freeman SD, Hills RK, Virgo P, et al.
Measurable residual disease at induction
redefines partial response in acute myeloid
leukemia and stratifies outcomes in patients at
standard risk without NPM1 mutations. J Clin
Oncol. 2018;36(15):1486-1497.

22. Epstein-Peterson ZD, Devlin SM, Stein EM,
Estey E, Tallman MS. Widespread use of
measurable residual disease in acute mye-
loid leukemia practice. Leuk Res. 2018;67:
92-98.

23. Buccisano F, Maurillo L, Del Principe MI, et al.
Minimal residual disease as a biomarker for
outcome prediction and therapy optimization
in acute myeloid leukemia. Expert Rev
Hematol. 2018;11(4):307-313.

24. Getta BM, Devlin SM, Levine RL, et al.
Multicolor flow cytometry andmultigene next-
generation sequencing are complementary
and highly predictive for relapse in acute
myeloid leukemia after allogeneic trans-
plantation. Biol Blood Marrow Transplant.
2017;23(7):1064-1071.

25. Ivey A, Hills RK, Simpson MA, et al; UK Na-
tional Cancer Research Institute AMLWorking
Group. Assessment of minimal residual dis-
ease in standard-risk AML. N Engl J Med.
2016;374(5):422-433.

26. Morita K, Kantarjian HM, Wang F, et al.
Clearance of somatic mutations at remission
and the risk of relapse in acute myeloid
leukemia. J Clin Oncol. 2018;36(18):
1788-1797.

2694 blood® 20 JUNE 2019 | VOLUME 133, NUMBER 25 NAKAMURA et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/133/25/2682/1557446/blood880690.pdf by guest on 04 M

ay 2024

http://orcid.org/0000-0003-4362-7981
http://orcid.org/0000-0002-2556-3833
http://orcid.org/0000-0002-2556-3833
http://orcid.org/0000-0002-2486-2321
http://orcid.org/0000-0003-4811-8262
http://orcid.org/0000-0002-1496-376X
http://orcid.org/0000-0002-1496-376X
http://orcid.org/0000-0002-6556-2894
http://orcid.org/0000-0003-1224-227X
http://orcid.org/0000-0003-1224-227X
http://orcid.org/0000-0002-2989-308X
http://orcid.org/0000-0002-1753-6616
http://orcid.org/0000-0001-9016-1948
mailto:a-tojo@ims.u-tokyo.ac.jp
mailto:k-yoko@ims.u-tokyo.ac.jp
mailto:k-yoko@ims.u-tokyo.ac.jp
https://doi.org/10.1182/blood-2018-10-880690
https://doi.org/10.1182/blood-2018-10-880690
mailto:k-yoko@ims.u-tokyo.ac.jp
http://www.bloodjournal.org/content/133/25/2631


27. Parkin B, Londoño-Joshi A, Kang Q, Tewari M,
Rhim AD, Malek SN. Ultrasensitive
mutation detection identifies rare residual
cells causing acute myelogenous leukemia
relapse. J Clin Invest. 2017;127(9):3484-3495.

28. Balsat M, Renneville A, Thomas X, et al.
Postinduction minimal residual disease
predicts outcome and benefit from
allogeneic stem cell transplantation in acute
myeloid leukemia with NPM1 mutation:
a study by the acute leukemia French asso-
ciation group. J Clin Oncol. 2017;35(2):
185-193.

29. Shayegi N, Kramer M, Bornhäuser M, et al;
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