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Abstract

Objectives This study retrospectively investigated in which cycle measurable residual disease (MRD) is associated with
prognosis in patients in first complete remission (CR1) of intermediate-risk acute myeloid leukemia (AML).

Methods The study enrolled 235 younger patients with intermediate-risk AML. MRD was evaluated by multiparameter
flow cytometry after the Ist, 2nd, and 3rd chemotherapy cycles (MRD1-3, respectively).

Results No significant association was detected after the 1st and 2nd cycles. However, the 5-year incidence of relapse was
higher in the MRD3-positive group (n=99) than in the negative group (n=136) (48.7% vs. 13.7%, P =0.005), while 5-year
disease-free survival (DFS) and overall survival (OS) were lower in the MRD3-positive group than in the negative group
(43.2% vs. 81.0% and 45.4% vs. 84.1%; P=0.003 and 0.005, respectively). Allogeneic hematopoietic stem cell transplantation
led to a lower 5-year relapse, and higher DFS and OS rates than chemotherapy in the MRD3-positive group (22.3% vs. 71.5%,
65.9% vs. 23.0%, and 67.1% vs. 23.9%; P <0.001, 0.002, and 0.022, respectively), but did not affect the MRD-negative group.
Conclusions MRD3 could serve as an indicator for post-remission treatment choice and help improve outcomes for
intermediate-risk AML in CR1.

Keywords Acute myeloid leukemia - Intermediate-risk - Measurable residual disease - Hematopoietic stem cell
transplantation
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chemotherapy [1]. To improve the leukemia-free survival of
patients with AML, distinct therapeutic strategies for post-
remission consolidation have been developed. Treatment
decisions are based on cytogenetic risk profiles, and,
recently, on the measurable residual disease (MRD) [2, 3].
In the treatment of intermediate-risk AML (IR-AML),
post-remission relapse is a major concern; but no consensus
on post-remission treatment exists. Some reports suggest
that high-dose combined chemotherapy is a viable option for
patients with IR-AML [4, 5]. Other studies have indicated
that allogeneic hematopoietic stem cell transplantation (allo-
HSCT) was associated with better survival compared with
chemotherapy when applied as post-remission therapy (PRT)
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[6-9]. Interestingly, the HOVON/SAKKAML 42A study
mentioned that MRD plays a crucial role in deciding which
PRT options would be the most effective [10]. Another study,
which investigated standard-risk AML in CR1 according to
the second cycle MRD status, could not indicate whether
allo-HSCT was significantly useful in MRD-positive
cases (95% confidence interval (CI) 0.31-1.69) [11]; in
the IR-AML subgroup following the GIMEMA AML1310
protocol [12], no significant differences in survival between
the second cycle (one induction and one consolidation cycle)
MRD-positive receiving allo-HSCT and MRD-negative
receiving auto-HSCT subgroups were found. However, the
selection of strategy (including allo-HSCT, auto-HSCT, and
chemotherapy) for IR-AML, and the MRD cycle for deciding
the therapeutic strategy remains controversial. Thus, which
specific cycles of MRD are closely associated with prognosis
should be clarified; this would be helpful in determining
post-remission treatment strategies for IR-AML in CR1.
We conducted a retrospective study examining younger
adults with de novo IR-AML in CR1 who underwent either
chemotherapy, auto-HSCT, or allo-HSCT as consolidation
therapies in our centers.

Methods
Patients

Younger patients in our centers (the First Affiliated Hospital
of Zhengzhou University, the First Affiliated Hospital of
Xinxiang Medical University, and Huaihe Hospital of Henan
University) who had a confirmed diagnosis of IR-AML
between January 2015 and December 2018 were enrolled
if they met the following criteria: (1) newly diagnosed with
de novo IR-AML, (2) between the ages of 14 and 60 years,
(3) received >3 cycles of chemotherapy and in CR1. The
study is in accordance with the principles of the Declaration
of Helsinki and was approved by the ethical committee of
the First Affiliated Hospital of Zhengzhou University, the
First Affiliated Hospital of Xinxiang Medical University,
and Huaihe Hospital of Henan University.

Diagnostic methods

AML was diagnosed as previously described [13].
Immunophenotyping was performed on diagnostic bone
marrow (BM) aspirate samples by CD45/SSC gated 8-color
flow cytometry [14]. The cytogenetic examination was
performed using standard techniques. Molecular screening
for fusion genes and gene mutations was performed
using real-time quantitative-polymerase chain reaction,
and sequence analysis was applied to all patients [15].
The classification of IR-AML was based on the National

Comprehensive Cancer Net-work 2019 recommendations
version 3 as follows: (1) mutated NPM1 and FLT3-ITD
high; (2) wild type NPM1 without FLT3-ITD or with
FLT3-ITD low (without adverse-risk genetic lesions); (3)
t(9;11) (p21.3;923.3); MLLT3-KMT?2A, or (4) cytogenetic
abnormalities not classified as favorable or adverse [16].

Treatment

Induction chemotherapy was administered following one of
the three regimens: (1) idarubicin (8-10 mg/m? for 3 days)
combined with cytarabine (Ara-C, 100 mg/m? for 7 days);
(2) daunorubicin (45 mg/m2 for 3 days) in combination
with Ara-C, or (3) homoharringtonine (2 mg/mz), Ara-C
(100 mg/mz) and aclarubicin (20 mg) for 7 days. Induction
chemotherapy was performed for two cycles if the patients
achieved CR or partial remission (PR) in the first cycle.
Otherwise, those who had no-remission (NR) after the
first cycle received FLAG (30 mg/m? fludarabine on days
1-5, 2 g/m? Ara-C on days 1-5, and 300 pg G-CSF on days
0-5) or CLAG (5 mg/m2 cladribine on days 1-5, 2 g/m2
Ara-C on days 1-5, and 300 pg G-CSF on days 0-5 [17, 18].
After two cycles of induction chemotherapy, patients who
were NR were administered decitabine + CAG (cytarabine,
aclarubicin, and G-CSF) or were enrolled in a clinical
trial, and the CR/complete remission with incomplete
count recovery (CRi) patients were given consolidation
chemotherapy, which consisted of one cycle of IDAC (i.e.,
intermediate-dose cytarabine, 2 g/m? q12h for 3 days).
Subsequently, the CR/CRi patients were administered
further consolidation chemotherapy (IDAC*3—4 cycles)
or allo-HSCT, which consisted of matched sibling donor
(MSD) transplantation, matched unrelated donor (MUD)
transplantation, haploidentical donor (HID) transplantation,
or auto-HSCT based on MRD and donor availability
(Fig. 1). In auto-HSCT, peripheral blood stem cells were
harvested after mobilization with IDAC. In allo-HSCT,
Busulfan-based myeloablative conditioning regimens were
administered to all patients as previously described [19].

Treatment response definitions

CR was defined as follows: <5% BM blasts; absence
of blasts with Auer rods; absence of extramedullary
disease; absolute neutrophil count>1.0 X 10°/L; platelet
(PLT) count>100x 10%/L, and independence of red cell
transfusions. CRi corresponded to all CR criteria except
for neutropenia (<1.0x 10°/L) or thrombocytopenia
(<100 % 10°/L). PR was defined as 5% <BM blasts <25%
and a decrease in the pre-treatment bone marrow blast by at
least 50%. NR was defined as BM blasts >25%; relapse was
arecurrence of >5% BM blasts, the reappearance of blasts in
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the blood, or the development of extramedullary disease, and
non-CR included NR and PR as described previously [13].

Monitoring and definition of MRD

BM samples were collected to monitor MRD using
8-color multiparameter flow cytometry (MFC) after each
course of chemotherapy (induction and each cycle of
consolidation). MRD was detected using a panel of eight
antibody combinations [14]. LAIP (leukemia-associated
immunophenotype) defined at AML diagnosis was used
for MFC-MRD detection. The different-from-normal
immunophenotype was performed to monitor MFC-MRD
when LAIP was not available at diagnosis. The sensitivity of
MFC-MRD detection was 0.1%, and any level of measurable
MRD >0.1% was considered positive, and <0.1% was
negative. MRD1-3 refers to the MRD after the 1st, 2nd,
and 3rd cycles of chemotherapy, respectively.

Endpoints and statistical methods

Cumulative incidence of relapse (CIR) was the primary
endpoint of the study. Secondary endpoints included disease-
free survival (DFS) and overall survival (OS), as estimated
using the Kaplan—Meier method and compared by the log-
rank test. Both CIR and DFS were measured from the date of
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achievement of the first remission, and OS was measured from
the date of diagnosis. The x2 analyzed categorical variables
or Fisher’s exact test, and differences between distributions of
continuous variables were evaluated using the Mann—Whitney
U test. The area under the receiver operating curve constructed
from logistic regression analysis was used to present the
associations between MRD and relapse. Based on the cut-off
value for relapse, MRD was defined as negative or positive.

The Cox proportional hazards model was applied to
evaluate the association between patient characteristics and
outcomes in multivariate analysis. Variables associated with
relapse or survival with P-values less than 0.10 in univariate
analysis or variables (e.g., age, high white blood cell (WBC),
cycles required to achieve CR >2) known to influence
outcomes were included in the final models. P-values
of <0.05 whereas considered statistically significant. SPSS
22.0 (Mathsoft, Seattle, WA), GraphPad Prism 6 (GraphPad
Software Inc., La Jolla, CA), and R software (http://cran.R-
project.org) were used for all data analysis.
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Results
Patient characteristics

From January 2015 to December 2018, 337 consecutive
younger adult patients were diagnosed with IR-AML in our
centers (Fig. 1). Of the 337 patients, 21 lacked complete
cytogenetic data at diagnosis, and 25 were not treated; both
were excluded from the study. Of the remaining 291 patients,
32 were excluded from this study due to death (n=19) or
loss to follow-up (n=13) during the two cycles of induction
chemotherapy. Of the remaining 259 patients, those with
non-CR (n=12), loss to follow-up (n=4), missing MRD
measures (n==6), or mortality (n=2) were excluded after
another cycle of chemotherapy consolidation. The remaining
235 patients were enrolled.

After the first induction, 184 (78.3%) patients were MRD1-
positive while 51 (21.7%) were MRD1-negative. Among the
MRD1-positive patients, 91 (49.5%), 63 (34.2%), and 30
(16.3%) were administered chemotherapy, allo-HSCT, and
auto-HSCT, respectively; correspondingly, 23 (45.1%), 16
(31.4%), and 12 (23.5%) MRD1-negative patients underwent
chemotherapy, allo-HSCT, and auto-HSCT, respectively.
After the second induction, 153 (65.1%) patients were MRD2-
positive while 82 (34.9%) were MRD2-negative. Among the
MRD2-positive patients, 73 (47.7%), 54 (35.3%), and 26
(17.0%) underwent chemotherapy, allo-HSCT, and auto-
HSCT, respectively. Among the MRD2-negative patients, 41
(50.0%), 25 (30.5%), and 16 (19.5%) underwent chemotherapy,
allo-HSCT, and auto-HSCT, respectively. After the third cycle
of chemotherapy, 43.4% of patients were MRD3-positive
while 56.6% were MRD3-negative. According to the MRD3
status, the patients were divided into MRD3-positive (n=102)
and -negative (n=133) groups. The MRD3-positive group
contained 55 patients in chemotherapy consolidation and 47
in Allo-HSCT subgroups; and the MRD3-negative group
contained 59 in chemotherapy, 32 in allo-HSCT, and 42 in
auto-HSCT subgroups (Fig. 1).

The characteristics of the patients are summarized in
Table 1. The median age of the patients was 36 years, and
the WBC count at diagnosis was >100x 10°/L in 29 patients.
After the first induction cycle, 181 patients achieved CR/CRi,
including 51 MRD-negative cases (MRD1 <0.1%); after the
second induction cycle, 215 achieved CR/CRi including 82
MRD2-negative cases; and after the third cycle, 133 (56.6%)
patients were MRD3-negative. The median follow-up period
for this cohort was 18 (3—72) months.

Table 1 Patient clinical characteristics

Characteristic No. (%)
Age, years
Median (range) 36 (14-60)
<36 122 (51.9)
>36 113 (48.1)
Sex (%)
Male 123 (52.3)
Female 112 (47.7)
WBC count at diagnosis (range) x10°/L
High WBC (>100) 29 (12.3)
WBC (£100) 206 (87.7)
Cytogenetics and gene mutations
Normal cytogenetics only 58 (24.7)
NPM1 and FLT3-ITD"¢" 14 (6.0)
Wild NPM1 and FLT3-ITD" 21 (8.9)
t(8;21) with c-Kit 15 (6.4)
inv(16) with c-Kit 73.0)
t(9;11) 6 (2.6)

Others without favorable and poor-risk cytogenetics 114 (48.4)
and genetic lesions

Induction regimen

1A 76 (32.3)

DA 132 (56.2)

HAA 27 (11.5)
CR/CRi achieved

After cyclel 181 (77.0)

After cycle2 215 (91.5)
MRD- (FCM <0.1%)

MRDI1- 51(23.7)

MRD2- 82 (34.9)

MRD3- 133 (56.6)
Consolidation

Chemotherapy 114 (48.5)

Allo-HSCT 79 (33.6)

Auto-HSCT 42 (17.9)

Allo-HSCT Allogeneic hematopoietic stem cell transplantation, Auto-
HSCT Autologous HSCT, CR Complete remission, CRi CR with
incomplete blood count recovery, MRD Measurable residual disease,
MRDI-3 MRD after the 1st-3rd chemotherapy cycle, respectively

Association between different MRD cycles
and relapse and survival

As shown in Fig. 2, in the context of MRDI1, the estimated
5-year CIR (MRD1 positive vs. negative: 32.3% vs.
18.2%, P=0.419), DFS (60.0% vs. 76.0%, P=0.339), and
OS (61.4% vs. 79.3%, P=0.500) were not significantly
different between the groups. Similarly, after the 2nd cycle
(MRD?2), 5-year relapse incidence, DFS, and OS were not
significantly different between the groups (MRD?2 positive
vs. negative: 34.6% vs. 17.2%, 58.8% vs. 74.4%, and 59.7%
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Fig.2 Cumulative relapse, DFS, and OS based on MRD for different
chemotherapy cycles. The estimated 5-year cumulative incidence of
relapse, DFS, and OS according to MRD1 A, MRD2 B, and MRD3

vs. 75.8%; P=0.257, 0.469, and 0.373; respectively).
However, after the 3rd cycle (MRD3), the 5-year CIR was
higher in the MRD3-positive group than in the negative
group (48.7% vs. 13.7%, P =0.005). Furthermore, the
5-year DFS and OS were lower in the MRD3-positive
than in the negative group (43.2% vs. 81.0% and 45.4%
vs. 84.1%; P=0.003 and 0.005, respectively).
Additionally, the area under the curve (AUC) of MRD3
for predicting relapse was the largest (AUC =0.72,
P <0.001, cut-off value, 0.1%), with sensitivity and
specificity of 0.77 and 0.56, respectively (Figure S1). The
corresponding AUCs for MRD1 and MRD?2 for predicting
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C. MRD1-3, measurable residual disease after the 1st, 2nd, and 3rd
cycles of chemotherapy respectively

relapse were smaller (AUC=0.58 and 0.56, P=0.111 and
0.239, respectively, Figure S1).

Multivariate prognostic analysis

The univariate and multivariate analyses of relapse, DFS,
and OS are shown in Table2. For all patients, age >36 years,
MRD3 positivity, and consolidation chemotherapy
(compared with allo-HSCT) was independent risk factors
for relapse [P =0.023, 0.001 and <0.001; hazard ratio
(HR)=2.200, 3.937 and 4.560; and 95% CI 1.116-4.338,
1.692-9.159 and 1.967-10.575, respectively]. No other
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Table 2 Multivariate analysis of outcomes

Factors Relapse DFS oS
Univariate Multivariate (P (HR, 95% Univariate Multivariate (P (HR, 95% Univariate Multivariate (P (HR, 95%
CI)) CDh) D)

Patient age

<36 vs.>36 years 0.268 0.023 (2.200, 1.116- 0.348 0.030 (1.886, 1.065— 0.665 0.525 (1.235, 0.644-2.371)
4.338) 3.341)

High WBC vs. WBC 0.452 0.604 (1.369, 0.418- 0.634 0.847 (1.096, 0.432— 0.741 0.975 (1.017 0.358-2.884)
4.485) 2.782)

Cycles required to achieve CR

1 vs.>2 0.709 0.523 (1.266, 0.614— 0.925 0.805 (1.082, 0.578— 0.343 0.367 (1.366, 0.693-2.693)
2.610) 2.207)

MRD3- vs. MRD3+ 0.007 0.001 (3.937, 1.692— 0.004 0.003 (2.643, 1.381- 0.006 0.016 (2.582, 1.197-5.567)
9.159) 5.058)

Treatment choice

Chem vs. Allo 0.005 <0.001 (4.560, 1.967- 0.035 0.001 (2.872, 1.499— 0.082 0.025 (2.267, 1.107-4.645)
10.575) 5.503)

Chem vs. Auto 0.138 0.859 (1.103, 0.372- 0.016 0.235 (1.787, 0.685— 0.056 0.400 (1.631, 0.522-5.102)
3.237) 4.661)

Allo vs. Auto 0.333 0.026 (0.242, 0.069— 0.792 0.371 (0.622, 0.220— 0.523 0.594 (0.719, 0.214-2.417)
0.845) 1.758)

Allo Allogeneic transplantation, Auto Autologous transplantation, Chem Chemotherapy, CI Confidence Interval, DFS Disease-free survival, HR
Hazard ratio, MRD Measurable residual disease, MRD3 MRD after the third chemotherapy cycle, OS Overall survival

factors, including high WBCs and >2 cycles required to
achieve CR, were significantly associated with relapse
in multivariate analysis (P> 0.05). For DFS, patient
age >36 years, MRD3 positivity and consolidation
chemotherapy were also independent risk factors (P=0.030,
0.003 and 0.001; HR=1.886, 2.643 and 2.872; 95% CI
1.065-3.341, 1.381-5.058 and 1.499-5.503, respectively),
whereas other factors demonstrated no association with
DFS (P> 0.05). For OS, MRD?3 positivity and consolidation
chemotherapy were also independent risk factors (P=0.016
and 0.025; HR =2.582 and 2.267; 95% CI 1.197-5.567 and
1.107-4.645, respectively), while patient age >36 years,
high WBCs, and >2 cycles required to achieve CR had no
significant influence (P >0.05).

Interaction between MRD and beneficial effects
of HSCT in CR1

In this study, 42 patients who were MRD3 negative
underwent auto-HSCT in CR1. Among the other patients,
consolidation chemotherapy and allo-HSCT were
administered to 114 and 79 cases respectively. The allo-
HSCT subgroup included 34 patients (43.0%) with a human
leukocyte antigen (HLA)-MSD transplant (10/10 HLA-
matched), 21 patients (26.6%) with a matched or mismatched
unrelated donor transplant (10/10-9/10 HLA-matched), and
24 patients (30.3%) with an HLA-mismatched related donor
transplant (1/10-5/10 HLA-mismatched).

The interaction between MRD1-3 and HSCT and
its effects on patient outcomes were assessed. Among
chemotherapy, allo-HSCT, and auto-HSCT subgroups of
MRD1-positive and -negative patients, the estimated CIR,
and survival are shown in the Supplementary Material;
the 5-year cumulative OS was not significantly different
(P>0.05, Figure S2). Among chemotherapy, allo-HSCT,
and auto-HSCT subgroups of MRD2-positive and -negative
patients, CIR and survival are shown in the Supplementary
Material; the estimated 5-year OS was not significantly
different (P> 0.05, Figure S2). The effects of MRD3 and
HSCT on patient outcome were also evaluated (Fig. 3). The
results indicated that outcomes were improved by allo-HSCT
(n=47) compared with consolidation chemotherapy (n=>55)
for patients with MRD3 positivity. For MRD3-negative
patients, no significant difference between different therapies
was found in 5-year cumulative relapse (13.9% vs. 9.5%
vs. 17.3% in chemotherapy, allo-HSCT, and auto-HSCT
subgroups, respectively; P=0.469, Fig. 3). Similarly, there
was no statistically significant difference in the estimated
5-year DFS and OS rates among the three subgroups (DFS:
78.1% vs. 83.0% vs. 82.7%; OS: 79.0% vs. 87.7% vs. 85.6%;
P =0.805 and 0.940; respectively, Fig. 3). However, for
MRD3-positive patients, the 5-year CIR was lower in the
allo-HSCT than in the chemotherapy subgroup (22.3% vs.
71.5%, P <0.001, Fig. 3); the 5-year cumulative DFS and
OS were higher in the allo-HSCT than in the chemotherapy
subgroup (65.9% vs. 23.0%, and 67.1% vs. 23.9%; P=0.002
and 0.022, respectively, Fig. 3).
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Fig. 3 Interaction between MRD3 and beneficial effects of HSCT in
AML with CR1. The estimated cumulative incidence of relapse A,
DFS B, and OS C according to the MRD level after the 3rd cycle
of chemotherapy (>0.1% or<0.1%) in patients with intermediate-
risk acute myeloid leukemia in the first complete remission. Allo

Discussion

AML is a heterogeneous clonal disease with dismal survival,
largely due to high relapse incidence [20]. Although more
than 70% of patients will achieve CR1 after induction
chemotherapy, many may relapse [21]. In previous studies,
MRD status was proven to be an independent prognostic
predictor for oncologic outcomes [10, 22, 23]. The precise
timepoint at which MRD is associated with prognosis
remains controversial. In this study, we demonstrated that
MRD3-positive patients (i.e., after the third chemotherapy
cycle, two inductions and one consolidation) were more
likely to relapse compared to those with MRD3 negativity
in the population of younger patients with de novo IR-AML.
Additionally, MRD3-positive patients had lower 5-year
DFS and OS. However, these unfavorable outcomes
were ameliorated more effectively by allo-HSCT than
chemotherapy. Therefore, our results indicated that MRD3
(after the third cycle of chemotherapy) was an appropriate
indicator of PRT choice for IR-AML in CR1.

For patients with IR-AML who have achieved CR after
induction therapy, additional PRT is an essential component
for maintaining a disease-free status. Three PRT alternative
strategies, including conventional chemotherapy, auto-
HSCT, and allo-HSCT, could be chosen as consolidation
therapy for post-induction. The centers have different
choices that depend on factors such as patient characteristics,
availability of a donor, and doctors’ discretion [24-27].
Auto-HSCT has higher availability and a lower rate of non-
relapse mortality than allo-HSCT. However, it is associated
with a higher relapse rate, due to a lack of a graft-versus-
leukemia effect [28]. Allo-HSCT following a myeloablative
conditioning regimen has been considered an effective
option for reducing the risk of relapse for patients with AML
in CR1, particularly in younger patients with MRD-positive
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allogeneic hematopoietic stem cell transplantation, Auto autologous
hematopoietic stem cell transplantation, Chem Chemotherapy
consolidation, DFS Disease-free survival, MRD Measurable residual
disease, OS Overall survival

status. These patients should preferentially be offered
myeloablative rather than reduced-intensity conditioning
allo-HSCT [29-31]. Nevertheless, the timepoint at which
MRD is most closely associated with prognosis remains
controversial. A few studies showed that MRD after cycle
1 or 2 was associated with prognosis, while another study
suggested that MRD was an independent prognostic factor
after several cycles by next-generation sequencing (such as
pre-transplantation) [10, 11, 32].

Several factors influence MRD status and the subsequent
outcomes of patients with IR-AML, including the
chemotherapy intensity, infection, HSCT application, and
survival [33-35]. Recently, a study indicates that high-
intensity relative to low-intensity chemotherapy results
in higher rates of MRD-negative cases [35]; another
study indicates that induction therapy of IDAC with
daunorubicin and omacetaxine mepesuccinate increases
survival in patients with AML aged 15-55 years relative to
conventional-dose cytarabine [36]. Luca Maurillo reported
that MRD negativity is not less in the standard-dose group as
compared to high-dose cytarabine after both induction and
consolidation [37]. Three doses of cytarabine consolidation
(1.5 g/m2, 2 g/m?, and high-dose cytarabine (HIiDAC) 3 g/
m?) were administered to intermediate- and poor-risk AML
patients, and showed no significant differences in DFS
and OS; however; septic shock was significantly higher
after HIDAC 3 g/m? administration as compared to the
IDAC regimen [38]. The present study indicated that MRD
direction and HSCT selection in the PRT were vital for
improving the survival of IR-AML patients.

In our study, we explored the role of MRD1-3 in directing
the selection of PRT for patients with de novo IR-AML in
CR1, although the selection for transplant was dependent
on MRD status and donor availability. As demonstrated by
our results for patients who were MRD3 negative, outcomes
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did not differ among high-dose chemotherapy, auto-HSCT,
and allo-HSCT treatment. Venditti et al. [12] also reported
that auto-HSCT exerts an effect similar to that of allo-HSCT
on patients with IR-AML and MRD negativity. However,
for our patients with MRD?3 positivity, allo-HSCT yielded
a better outcome than consolidation chemotherapy; it
significantly decreased relapse rates and increased DFS
and OS. Additionally, different outcomes were not found
among the MSD, MUD, and HID transplant subgroups,
although the sample sizes were limited. This agrees with
results from recent studies, which have also indicated that
clinical outcomes for HID are equivalent to MSD and
MUD transplantation [39-42]. Therefore, consolidation
chemotherapy and auto-HSCT could be considered a
valuable alternative after induction therapy, which may be
preferred for patients with IR-AML and MRD3 negativity
in the absence of a suitably matched donor. In the presence
of low resources, allo-HSCT should be reserved for patients
with IR-AML and MRD3 positivity.

Our results also demonstrated that MRD?3, but not MRD1
or MRD?2 was closely related to relapse and survival. MRD3
could be interpreted as insufficient ‘depth of remission’
from the first two chemotherapy cycles, and patients should
undergo or prepare for allo-HSCT to prevent relapse and
protect organs at the time of the fourth chemotherapy
cycle. We also found that a 0.1% cut-off value for MRD
was appropriate to discriminate between patients with
significantly different CIRs. In addition, a recent study by
Paiva et al. [43] indicated that a cut-off value of 0.1% was
suitable to discriminate patients with different relapse rates,
although other reports showed different values [44, 45].

This study had some limitations. First, our study was
not randomized, and the number of patients was not large.
Second, the possibility of treatment bias exists, as patients
with MRD positivity may be less likely to receive auto-
HSCT due to the high rate of relapse [46]. In addition, older
patients were not included in this study because of their
inability to receive HSCT. Therefore, larger, prospective
randomized clinical trials are required to validate, modify,
or disprove our results with more certainty.

In summary, our results indicate that MRD3, rather
than MRD1 or MRD2, could be used, not only as a potent
predictor of outcomes, but also as an indicator of optimal
subsequent treatment strategies for patients with de novo
IR-AML in CR1. The findings of this study also suggest that
patients with IR-AML could be further categorized based
on MRD3 status, which could improve personalized PRT.
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$12185-022-03441-6.

Acknowledgements We would like to thank Editage (www.editage.cn)
for the English language editing. This work was partially funded by the

Jointly Sponsored Project of Henan Medical Science and Technology
Research Plan (LHGJ20190040), Key scientific research projects of
colleges and universities in Henan Province (20B320048), Medical
Science and Technology Project of Henan Province (SB201901106),
and National Natural Science Foundation of China (82000163).

Declarations

Conflict of interest The authors declare that they have no conflicts of
interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Klco JM, Miller CA, Griffith M, Petti A, Spencer DH, Ketkar-
Kulkarni S, et al. Association between mutation clearance after
induction therapy and outcomes in acute myeloid leukemia.
JAMA. 2015;314:811-22.

2. Papaemmanuil E, Gerstung M, Bullinger L, Gaidzik VI, Paschka
P, Roberts ND, et al. Genomic classification and prognosis in
acute myeloid leukemia. N Engl J Med. 2016;374:2209-21.

3. 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;378:1189-99.

4. Kantarjian H, Kadia T, DiNardo C, Daver N, Borthakur G,
Jabbour E, et al. Acute myeloid leukemia: current progress and
future directions. Blood Cancer J. 2021;11:41.

5. Walter RB, Appelbaum FR, Estey EH. Optimal dosing of
cytarabine in induction and post-remission therapy of acute
myeloid leukemia. Leukemia. 2021;35:295-8.

6. Ustun C, Le-Rademacher J, Wang HL, Othus M, Sun Z, Major
B, et al. Allogeneic hematopoietic cell transplantation compared
to chemotherapy consolidation in older acute myeloid leukemia
(AML) patients 60—75 years in first complete remission (CR1): an
alliance (A151509), SWOG, ECOG-ACRIN, and CIBMTR study.
Leukemia. 2019;33:2599-609.

7. Versluis J, In ’t Hout FE, Devillier R, van Putten WL, Manz
MG, Vekemans MC, et al. Comparative value of post-remission
treatment in cytogenetically normal AML subclassified by NPM1
and FLT3-ITD allelic ratio. Leukemia. 2017;31:26-33.

8. Stelljes M, Krug U, Beelen DW, Braess J, Sauerland MC, Heinecke
A, et al. Allogeneic transplantation versus chemotherapy as
postremission therapy for acute myeloid leukemia: a prospective
matched pairs analysis. J Clin Oncol. 2014;32:288-96.

9. Keating A, DaSilva G, Pérez WS, Gupta V, Cutler CS, Ballen
KK, et al. Autologous blood cell transplantation versus HLA-
identical sibling transplantation for acute myeloid leukemia in
first complete remission: a registry study from the Center for

@ Springer


https://doi.org/10.1007/s12185-022-03441-6
https://doi.org/10.1007/s12185-022-03441-6
http://www.editage.cn
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

900

L. Han et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

International Blood and Marrow Transplantation Research.
Haematologica. 2013;98:185-92.

. Terwijn M, van Putten WL, Kelder A, van der Velden VH,

Brooimans RA, Pabst T, et al. High prognostic impact of flow
cytometric minimal residual disease detection in acute myeloid
leukemia: data from the HOVON/SAKK AML 42A study. J Clin
Oncol. 2013;31:3889-97.

Freeman SD, Hills RK, Virgo P, Khan N, Couzens S, Dillon R,
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;36:1486-97.

Venditti A, Piciocchi A, Candoni A, Melillo L, Calafiore V,
Cairoli R, et al. GIMEMA AML1310 trial of risk-adapted, MRD-
directed therapy for young adults with newly diagnosed acute
myeloid leukemia. Blood. 2019;134:935-45.

Dohner H, Estey EH, Amadori S, Appelbaum FR, Biichner T,
Burnett AK, et al. Diagnosis and management of acute myeloid
leukemia in adults: recommendations from an international
expert panel, on behalf of the European LeukemiaNet. Blood.
2010;115:453-74.

Chang YJ, Wang Y, Liu YR, Xu LP, Zhang XH, Chen H, et al.
Haploidentical allograft is superior to matched sibling donor
allograft in eradicating pre-transplantation minimal residual
disease of AML patients as determined by multiparameter flow
cytometry: a retrospective and prospective analysis. J Hematol
Oncol. 2017;10:134.

Yul,LiY, Li T, Li Y, Xing H, Sun H, et al. Gene mutational
analysis by NGS and its clinical significance in patients with
myelodysplastic syndrome and acute myeloid leukemia. Exp
Hematol Oncol. 2020;9:2.

Tallman MS, Wang ES, Altman JK, Appelbaum FR, Bhatt VR,
Bixby D, et al. Acute myeloid leukemia, version 3.2019, NCCN
clinical practice guidelines in oncology. J Natl Compr Canc Netw.
2019;17:721-49.

Burnett AK, Hills RK, Nielsen OJ, Freeman S, Ali A, Cahalin
P, et al. A comparison of FLAG-Ida and daunorubicin combined
with clofarabine in high-risk acute myeloid leukaemia: data from
the UK NCRI AML17 Trial. Leukemia. 2018;32:2693-7.
Patzke CL, Duffy AP, Duong VH, El Chaer F, Trovato JA, Baer
MR, et al. Comparison of high-dose cytarabine, mitoxantrone,
and pegaspargase (HAM-pegA) to high-dose cytarabine,
mitoxantrone, cladribine, and filgrastim (CLAG-M) as first-line
salvage cytotoxic chemotherapy for relapsed/refractory acute
myeloid leukemia. J Clin Med. 2020. https://doi.org/10.3390/
jecm9020536.

Han L, Zhao K, Li Y, Han H, Zhou L, Ma P, et al. A gut microbiota
score predicting acute graft-versus-host disease following
myeloablative allogeneic hematopoietic stem cell transplantation.
Am J Transplant. 2020;20:1014-27.

Ngai LL, Kelder A, Janssen J, Ossenkoppele GJ, Cloos J. MRD
tailored therapy in AML: what we have learned so far. Front
Oncol. 2020;10: 603636.

Koreth J, Schlenk R, Kopecky KJ, Honda S, Sierra J, Djulbegovic
BJ, et al. Allogeneic stem cell transplantation for acute myeloid
leukemia in first complete remission: systematic review and meta-
analysis of prospective clinical trials. JAMA. 2009;301:2349-61.
Chen X, Xie H, Wood BL, Walter RB, Pagel JM, Becker PS, et al.
Relation of clinical response and minimal residual disease and
their prognostic impact on outcome in acute myeloid leukemia. J
Clin Oncol. 2015;33:1258-64.

Freeman SD, Virgo P, Couzens S, Grimwade D, Russell N, Hills
RK, et al. Prognostic relevance of treatment response measured by
flow cytometric residual disease detection in older patients with
acute myeloid leukemia. J Clin Oncol. 2013;31:4123-31.

Springer

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Dohner H, Estey E, Grimwade D, Amadori S, Appelbaum FR,
Biichner T, et al. Diagnosis and management of AML in adults:
2017 ELN recommendations from an international expert panel.
Blood. 2017;129:424-47.

Ferrara F, Picardi A. Is there still a role for autologous stem cell
transplantation for the treatment of acute myeloid leukemia?
Cancers (Basel). 2019. https://doi.org/10.3390/cancers12010059.
Saraceni F, Labopin M, Gorin NC, Blaise D, Tabrizi R, Volin
L, et al. Matched and mismatched unrelated donor compared to
autologous stem cell transplantation for acute myeloid leukemia
in first complete remission: a retrospective, propensity score-
weighted analysis from the ALWP of the EBMT. J Hematol
Oncol. 2016;9:79.

Cornelissen JJ, Versluis J, Passweg JR, van Putten WL, Manz MG,
Maertens J, et al. Comparative therapeutic value of post-remission
approaches in patients with acute myeloid leukemia aged 40-60
years. Leukemia. 2015;29:1041-50.

Takami A. Hematopoietic stem cell transplantation for acute
myeloid leukemia. Int J Hematol. 2018;107:513-8.

Cornelissen JJ, van Putten WL, Verdonck LF, Theobald M, Jacky
E, Daenen SM, et al. Results of a HOVON/SAKK donor versus
no-donor analysis of myeloablative HLA-identical sibling stem
cell transplantation in first remission acute myeloid leukemia
in young and middle-aged adults: benefits for whom? Blood.
2007;109:3658-66.

Gilleece MH, Labopin M, Yakoub-Agha I, Volin L, Socié G,
Ljungman P, et al. Measurable residual disease, conditioning
regimen intensity, and age predict outcome of allogeneic
hematopoietic cell transplantation for acute myeloid leukemia in
first remission: a registry analysis of 2292 patients by the Acute
Leukemia Working Party European Society of Blood and Marrow
Transplantation. Am J Hematol. 2018;93:1142-52.

Hourigan CS, Dillon LW, Gui G, Logan BR, Fei M, Ghannam J,
et al. Impact of conditioning intensity of allogeneic transplantation
for acute myeloid leukemia with genomic evidence of residual
disease. J Clin Oncol. 2020;38:1273-83.

Tsai CH, Tang JL, Tien FM, Kuo YY, Wu DC, Lin CC, et al.
Clinical implications of sequential MRD monitoring by NGS at 2
time points after chemotherapy in patients with AML. Blood Adv.
2021;5:2456-66.

Stemler J, de Jonge N, Skoetz N, Sinkd J, Briiggemann R,
Busca A, et al. Antifungal prophylaxis in adult patients with
acute myeloid leukaemia treated with novel targeted therapies:
a systematic review and expert consensus recommendation
from the European Hematology Association. Lancet Haematol.
2022;9:¢361-73.

Griffiths J, White P, Thompson A, da Fonseca D, Pickering R,
Ingram W, et al. A novel strategy to identify haematology patients
at high risk of developing Aspergillosis. Front Immunol. 2021;12:
780160.

Hochman M, Othus M, Walter R, Shaw C, Gardner K, Percival
M, et al. Effect of post-treatment MRD status on subsequent
outcomes according to chemotherapy intensity in acute myeloid
leukemia (AML). Leuk Lymphoma. 2021;62:1532-5.

Wei H, Wang Y, Gale R, Lin D, Zhou C, Liu B, et al.
Randomized trial of intermediate-dose cytarabine in induction
and consolidation therapy in adults with acute myeloid leukemia.
Clin Cancer Res. 2020;26:3154-61.

Maurillo L, Buccisano F, Piciocchi A, Del Principe M, Sarlo
C, Di Veroli A, et al. Minimal residual disease as biomarker for
optimal biologic dosing of ARA-C in patients with acute myeloid
leukemia. Am J Hematol. 2015;90:125-31.
Chanswangphuwana C, Polprasert C, Owattanapanich W,
Kungwankiattichai S, Rattarittamrong E, Rattanathammethee
T, et al. Comparison of three doses of cytarabine consolidation


https://doi.org/10.3390/jcm9020536
https://doi.org/10.3390/jcm9020536
https://doi.org/10.3390/cancers12010059

Post-remission measurable residual disease directs treatment choice and improves outcomes... 901

39.

40.

41.

42.

for intermediate- and adverse-risk acute myeloid leukemia: real
world evidence from Thai acute myeloid leukemia registry. Clin
Lymphoma Myeloma Leuk. 2022. https://doi.org/10.1016/j.clml.
2022.06.005.

Han LJ, Wang Y, Fan ZP, Huang F, Zhou J, Fu YW, et al.
Haploidentical transplantation compared with matched sibling
and unrelated donor transplantation for adults with standard-risk
acute lymphoblastic leukaemia in first complete remission. Br J
Haematol. 2017;179:120-30.

Wang Y, Liu QF, Xu LP, Liu KY, Zhang XH, Ma X, et al.
Haploidentical versus matched-sibling transplant in adults with
Philadelphia-negative high-risk acute lymphoblastic leukemia:
a biologically phase III randomized study. Clin Cancer Res.
2016;22:3467-76.

Nishiwaki S, Atsuta Y, Tanaka J. Allogeneic hematopoietic cell
transplantation from alternative sources for adult Philadelphia
chromosome-negative ALL: what should we choose when
no HLA-matched related donor is available? Bone Marrow
Transplant. 2013;48:1369-76.

Gorin NC, Labopin M, Blaise D, de Groot M, Socié G, Bourhis
JH, et al. Stem cell transplantation from a haploidentical donor
versus a genoidentical sister for adult male patients with acute
myelogenous leukemia in first remission: a retrospective study
from the acute leukemia working party of the European Society for
Blood and Marrow Transplantation. Cancer. 2020;126:1004—15.

43.

44,

45.

46.

Paiva B, Vidriales MB, Sempere A, Tarin F, Colado E, Benavente
C, et al. Impact of measurable residual disease by decentralized
flow cytometry: a PETHEMA real-world study in 1076 patients
with acute myeloid leukemia. Leukemia. 2021. https://doi.org/10.
1038/s41375-021-01126-3.

Rossi G, Minervini MM, Melillo L, di Nardo F, de Waure C,
Scalzulli PR, et al. Predictive role of minimal residual disease and
log clearance in acute myeloid leukemia: a comparison between
multiparameter flow cytometry and Wilm’s tumor 1 levels. Ann
Hematol. 2014;93:1149-57.

Sui JN, Chen QS, Zhang YX, Sheng Y, Wu J, Li JM, et al.
Identifying leukemia-associated immunophenotype-based
individualized minimal residual disease in acute myeloid leukemia
and its prognostic significance. Am J Hematol. 2019;94:528-38.
Zhu HH, Zhang XH, Qin YZ, Liu DH, Jiang H, Chen H, et al.
MRD-directed risk stratification treatment may improve outcomes
of t(8;21) AML in the first complete remission: results from the
AMLO5 multicenter trial. Blood. 2013;121:4056-62.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.clml.2022.06.005
https://doi.org/10.1016/j.clml.2022.06.005
https://doi.org/10.1038/s41375-021-01126-3
https://doi.org/10.1038/s41375-021-01126-3

	Post-remission measurable residual disease directs treatment choice and improves outcomes for patients with intermediate-risk acute myeloid leukemia in CR1
	Abstract
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Patients
	Diagnostic methods
	Treatment
	Treatment response definitions
	Monitoring and definition of MRD
	Endpoints and statistical methods

	Results
	Patient characteristics
	Association between different MRD cycles and relapse and survival
	Multivariate prognostic analysis
	Interaction between MRD and beneficial effects of HSCT in CR1

	Discussion
	Acknowledgements 
	References




