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Key Points

•DNMT3AR882, TET2,
ASXL1, and SRSF2
mutations identified at
the time of diagnosis
are associated with
delayed count recovery.

• Persistence of preleu-
kemic mutations in re-
mission at high variant
allele frequency is as-
sociated with delayed
count recovery.

Introduction

Induction chemotherapy debulks the leukemic burden in acute myeloid leukemia (AML) patients. Count
recovery driven by hematopoietic progenitor cells (HPCs) usually occurs during the fourth or fifth week
after the start of chemotherapy in patients who achieve complete remission (CR). However, a subset of
patients experiences substantial delays in recovery that can increase the risk of infection and bleeding
in the short term.1,2 Such delays are also associated with inferior relapse-free survival and overall survival
in the long term.3 Prior studies have identified several factors associated with prolonged cytopenias, but
our understanding of the underlying mechanisms remains incomplete.4-7

Recent studies demonstrated that ;40% to 50% of AML patients who are in CR after induction
chemotherapy continue to carry a subset of leukemia-associated mutations.8-10 The most common
persistent mutations were in the genes DNMT3A, TET2, ASXL1, and SRSF2 (DTAS).9 These mutations
have been implicated as candidate drivers of clonal hematopoiesis (CH) and preleukemic conditions,
including myelodysplastic syndrome.11 These mutations are initially acquired in hematopoietic stem cells
and are subsequently propagated to HPCs and terminally differentiated blood cells. In this study, we
hypothesized that persistence of these mutations in HPCs might compromise their capacity for
hematopoietic reconstitution following chemotherapy. To test this hypothesis, we determined the impact
of preleukemic mutations identified at the time of diagnosis and their persistence during remission on
time to hematologic recovery in patients who achieved morphologic remission in the bone marrow
(BM) after 1 cycle of induction chemotherapy.

Methods

Study cohort

We retrospectively identified 323 consecutive adult patients with newly diagnosed AML who received
induction chemotherapy at Princess Margaret Cancer Centre between September 2014 and October
2018 and achieved at least a morphologic leukemia-free state. Patients who required a second induction
or received granulocyte colony-stimulating factor were excluded. We reviewed medical records to
obtain information on patient demographics, complete blood counts, disease characteristics, and
chemotherapy regimen.

Sequencing analysis

Targeted next-generation sequencing (NGS) using an amplicon-based targeted 54-gene panel
(TruSight Myeloid Sequencing Panel; Illumina, San Diego, CA) was performed on DNA isolated from
peripheral blood (PB) or BM samples collected at the time of diagnosis. Detection of persistent
mutations in DNA isolated from remission PB samples was performed using a custom 37-gene error-
corrected NGS platform based on the Duplex Sequencing method.12
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Definitions and statistical analysis

Time to neutrophil and platelet recovery were defined as the
number of days from the start of chemotherapy to the day when
absolute neutrophil count and platelet count were$0.53 109/L
and $50 3 109/L, respectively. These cutoffs are consistent
with the definition of CR with partial hematologic recovery.13

Count recovery curves were constructed using the Kaplan-
Meier method, and the difference in curves was tested for
statistical significance using the log-rank test. Hazard ratios
(HRs) were calculated according to Altman et al.14 Multivariable
Cox regression analysis was used to adjust for potential
confounding variables. P , .05 was considered significant.
Data were processed and analyzed using MedCalc (version
18.11.6) software.

See supplemental Methods for further details.

Results and discussion

Clinical characteristics of the 323 patients in the study cohort
are listed in supplemental Table 1. To test our hypothesis, we
first queried whether time to recovery was delayed in patients
with $1 of the DTAS mutations at diagnosis compared with
those without DTAS mutations. We focused on DTAS mutations
because of their well-characterized involvement in preleukemia
and frequent persistence in remission.8-10 In our cohort, the
proportion of patients with DNMT3A, TET2, ASXL1, or SRSF2
mutation at diagnosis was 30% (n 5 97), 17% (n 5 56), 8%
(n 5 26), and 10% (n 5 33), respectively. In the subset of
patients with DNMT3A mutations, 52% (n 5 50/97) harbored
missense mutations in the hotspot R882 codon. Time to platelet
recovery was significantly delayed in DNMT3AR822-mutated
patients relative to those without DTAS mutations (median,
25 days [10th-90th percentile, 21-37] vs median, 23 days [10th-
90th percentile, 20-30]; HR, 0.64; P5 .006; Figure 1A). Time to
neutrophil recovery was also significantly delayed (median,
28 days [10th-90th percentile, 22-38] vs median, 26 days [10th-
90th percentile, 22-34]; HR, 0.72; P5 .04; Figure 1A). In contrast,
DNMT3Anon-R882 mutations were not associated with delayed
platelet or neutrophil recovery (Figure 1A). The presence of
TET2 mutations was also associated with a longer time to platelet
recovery (median, 25 days [10th-90th percentile, 20-38] vs
median, 23 days [10th-90th percentile, 20-30]; HR, 0.63;
P 5 .004) and a trend toward delayed neutrophil recovery (median,
28 days [10th-90th percentile, 21-35] vs median, 26 days [10th-
90th percentile, 22-34]; HR, 0.74; P 5 .06) (Figure 1B). Similarly,
the presence of ASXL1 or SRSF2 mutations was strongly
correlated with a longer time to platelet recovery (ASXL1: median,
27 days [10th-90th percentile, 23-52] vs median, 23 days [10th-
90th percentile, 20-30]; HR, 0.37; P , .0001; SRSF2: median,
25 days [10th-90th percentile, 22-39] vs median, 23 days [10th-
90th percentile, 20-30]; HR, 0.44; P , .0001) and neutrophil
recovery (ASXL1: median, 28 days [10th-90th percentile, 22-37]
vs median, 26 days [10th-90th percentile, 22-34]; HR, 0.57;
P 5 .005; SRSF2: median, 28 days [10th-90th percentile, 22-40]
vs median, 26 days [10th-90th percentile, 22-34]; HR, 0.61;
P 5 .009) (Figure 1C-D). When combined into 1 group, the
subset of patients with mutations in DNMT3A R882, TET2,
ASXL1, or SRSF2 (DR882TAS) at diagnosis experienced a signif-
icantly longer time to platelet recovery (median, 25 days [10th-
90th percentile, 20-39] vs median, 23 days [10th-90th percentile,

20-30]; HR, 0.56; P , .0001) and neutrophil recovery (median,
28 days [10th-90th percentile, 21-37] vs median, 26 days [10th-
90th percentile, 22-34]; HR, 0.69; P5 .002) compared with those
without DR882TAS mutations (supplemental Figure 1). In contrast,
the presence of NPM1, NRAS, KRAS, or FLT3 mutations, which
are not preleukemic, was not associated with delayed recovery
(supplemental Figure 2).8-10 To determine whether the presence of
DR882TAS mutations was an independent risk factor, we performed
multivariable Cox regression analysis and confirmed its statis-
tical significance after adjusting for age, type of AML, presence
of myelodysplasia-related changes, cytogenetic risk category,
and chemotherapy regimen (supplemental Table 2).

Our findings above support a model in which persistence of
preleukemic mutations in remission compromises hematopoietic
reconstitution following chemotherapy. To investigate further,
we used error-corrected NGS to detect mutation persistence in
a subset of 86 patients with available remission samples. A total
of 277 putative oncogenic mutations was identified at diagnosis
in 80 of the 86 patients (93% with $1 mutation). A total of 103
(37%) of these mutations persisted in remission with $1
supporting duplex consensus read. The most common persis-
tent mutations were in TET2 (n 5 25) and DNMT3A (n 5 18)
(Figure 2A). The persistent mutations were found in 52 patients
(60% of patients), of whom 27 harbored $1 mutation. We
divided this subset of 52 patients into 2 groups; the variant allele
frequency (VAF) of the persistent mutation was ,20% in
the “low VAF” group and .20% in the “high VAF” group. For
patients with .1 persistent mutation, the highest VAF was
considered. The majority of the persistent mutations with
a VAF . 20% were in the genes TET2 (n 5 13) and DNMT3A
(n 5 8); the remaining mutations were in IDH1 (n 5 1), ASXL1
(n5 1), and JAK2 (n5 1) (Figure 2B). In contrast, the persistent
mutations with a VAF , 20% were distributed across 20 genes
(Figure 2B). Intriguingly, DNMT3AR882 mutations were more
likely to persist at a higher VAF than were DNMT3Anon-R882

mutations (supplemental Figure 3). This distinction between the
2 types of DNMT3A mutations has been reported10 and
provides a plausible explanation for the lack of association
between the presence of DNMT3Anon-R882 mutations at di-
agnosis and delayed count recovery (Figure 1A).

Patients in the high VAF group experienced a significantly longer
time to platelet recovery (median, 26 days [10th-90th percentile,
21-38] vs median, 23 days [10th-90th percentile, 21-28]; HR,
0.42; P 5 .008) and neutrophil recovery (median, 31 days [10th-
90th percentile, 23-35] vs median, 24 days [10th-90th percen-
tile, 21-32]; HR, 0.42; P 5 .007) than did patients with no
detectable mutations in remission (Figure 2C). In contrast,
patients in the low VAF group experienced no significant delays
in recovery (Figure 2C). These findings suggest that the impact
of persistent mutations on count recovery is correlated with size
of the preleukemic clone(s) and is not merely a manifestation of
residual leukemia. In support of this hypothesis, we found that
detection of minimal/measurable residual disease in BM by
multiparameter flow cytometry was not significantly correlated
with delayed recovery (supplemental Figure 4). On multivariable
Cox regression analysis adjusting for potential confounders,
persistence of mutations above the 20% VAF cutoff remained
independently associated with delayed recovery (supplemental
Table 3).
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Figure 1. Association between DTAS mutations and hematologic recovery following induction chemotherapy in AML patients. Cumulative proportion of

patients with platelet and neutrophil recovery in those with DNMT3A (A), TET2 (B), ASXL1 (C), and SRSF2 (D) mutations compared with those without any DTAS

mutations. The P values were calculated using the log-rank test.
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Our results collectively support a model in which the persistence of
preleukemic mutations in HPCs compromises their capacity for
hematopoietic reconstitution, leading to a delay in count recovery.
This model is supported by mouse studies of Dnmt3a, Tet2,
and Asxl1 mutations, in which the mutant hematopoietic stem
and progenitor cells exhibit a reduced capacity for terminal
differentiation.15-18 Although most individuals with CH do not
have abnormalities in their numbers of PB cells under steady-state
conditions, our results indicate that the impact of preleukemic
mutations may only become apparent under stress conditions (ie,
postchemotherapy). This hypothesis is supported by a recent
study that reported a greater requirement for red blood cell
transfusion during chemotherapy for nonhematologic cancers in
patients with CH compared with those without CH.19 Our study
provides new insights into the impact of preleukemic mutations on
HPC function during stress hematopoiesis in patients with AML.
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Figure 2. Association between persistence of

mutations in remission on hematologic re-

covery following induction chemotherapy in

AML patients. (A) Number of mutations in each

of the indicated genes found at diagnosis and

during remission. (B) VAF of each mutation in each

gene during remission. Each data point represents

an individual mutation detected in remission. The

horizontal dotted line indicates the cutoff used to

distinguish between “high” and “low” VAF. See text

for details. (C) Cumulative proportion of patients

with platelet recovery ($50 3 109/L) and neutro-
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