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Novelty statement:

1. “Low” MRD level (0.1-0.5%) detected by flow cytometry did not have significant impact on survival
outcomes in multivariate analysis related to “high” (>0.5%) MRD level.
2. The quantitative MRD detection might be less important that the qualitative one.
3. Patients with “low” pre-transplant MRD level detected with MFC represent a population with

increased relapse risk compared with MRD negative patients.

Abstract

Objectives and Methods: We analyzed the impact of pre-transplant MRD level in bone
marrow measured by flow cytometry using “different from normal” method on outcomes
for 189 AML patients (108 males; median age, 58 (21-80) years). All patients were
subdivided into negative (n=96), “low” (0.1-0.5%, n=32) and “high” MRD (>0.5%, n=61)
groups.

Results: In multivariate analysis, the hazard ratios for “high” and “low” MRD levels
related to MRD negativity were 7.9 (95% CIl 3.5-18.1, p<0.001) and 5.4 (95% CI 2.1-14,
p=0.0058) for relapse; 2.3 (95% Cl 1.3-4.1, p=0.006) and 1.6 (95% CI 0.82-3.3, p=0.16)
for OS; 2.8 (95% Cl 1.7-4.7, p<0.001) and 2.2 (95% CI 1.1-4.2, p=0.02) for LFS,
respectively. We found no significant impact of “low” MRD level on relapses (0.68, 95%
Cl 0.33-1.4, p=0.30), OS (0.72, 95% CI: 0.36-1.5, p=0.36) and LFS (0.79, 95% CI: 0.42-
1.5, p=0.46) related to “high” MRD group.

Conclusions: Presence of detectable MRD was indicative for a high relapse risk, low
LFS and OS. “Low” MRD level showed no significant impact on relapse, LFS and OS
related to “high” MRD group.
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Introduction

Allogeneic hematopoietic stem cell transplantation (allo-SCT) is an effective potentially
curative post-remission treatment for patients with acute myeloid leukemia (AML). Despite
substantial improvements in non-relapse mortality (NRM) during the last decades (1), up
to 50% of AML patients finally develop relapses. The outcome for relapsing patients with
AML is very dismal with 2-year survival rates of only 20% independent of the choice of
salvage therapy (2,3).

It has been shown that residual chemotherapy-resistant leukemia cells during remission
can drive leukemia relapse (4). Therefore, early and accurate detection of minimal
measurable disease (MRD) has emerged as a topic of interest in the past decade.
Different methods like quantitative real-time PCR (gqPCR), next generation sequencing, and
multiparametric flow cytometry (MFC) are most commonly used for MRD detection in AML
patients (5).

Of those, MFC is a method to directly identify residual leukemic cells that can be applied
in virtually all AML patients. Two separate approaches with a sensitivity of 10 to 104
were suggested: (i) the leukemia associated immunophenotype (LAIP) method which
defines a disease-specific expression pattern at diagnosis and facilitates subsequent
tracking of this phenotype during follow-up period (6); and (ii) the “different from normal’
method (7) can be used in patients in whom the immunophenotype at diagnosis is not
available. Walter et al. have already reported on the feasibility of the “different from
normal” method in allogeneic setting (8). An international expert panel recently published
a consensus for MRD detection in AML patients and recommended considering LAIP-
positive cells, leukemic cells as well as “different from normal” progenitors (9).

The prognostic meaning of pre-transplant MRD level in transplant setting remains under
investigation. Recently, Dillon et al. reported on prognostic meaning of MRD level
detected with PCR in NPM1* patients. After a median follow-up of 4.9 years, patients
with negative, low (<200 copies per 105 ABL in the peripheral blood and <1000 copies in
the bone marrow aspirate), and high levels of MRD had an estimated 2-year OS of 83%,
63%, and 13%, respectively (p=0.0001) (10). Regarding the MFC MRD detection, Anthias
et al. reported on the worst outcomes due to increased relapse risk of 70% in AML
patients with “high MRD” (21%) pre-transplant. The authors used LAIP-based method with
measurements of 10% mononuclear cells/sample. Any level of MRD was considered as
positive. Probably due to the limited number of patients there were no data on the

impact of MRD level in multivariate analysis (11).
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In the present study, we assessed survival outcomes focusing on impact of pre-
transplant MRD level measured using the “different from normal” flow method in 189 AML

patients.

Patients and methods

Study cohort

Adult (=218 years old) patients were included in this study if they had AML in complete
remission, and underwent allo-SCT with available MRD data. We used the genetic
European Leukemia Net (ELN) criteria (2017) to assign a disease-dependent risk (12).
Criteria for response to therapy were used as proposed by an International Working
Group (13). The conditioning was defined according to criteria published previously (14).
The acute graft-versus-host disease (GVHD) were graded according to Przepiorka et al.
(15). The chronic GVHD were classified according to Jagasia et al. (16). All patients
consented in accordance with the Declaration of Helsinki. Follow-up was current as of
May 15, 2020.

MFC detection of MRD by the “different from normal” method

Immunophenotypic analysis was performed within a median of 7 days (range 2-14) prior
to allo-SCT on whole bone marrow specimens after stain-lyse-wash standard techniques.
Eight-colour immunostaining with fluorochrome directly conjugated with monoclonal
antibodies was performed. The extended panel consisted of (1) CD34-BV421, CD33-PE-
Cy7, CD56-BV510, CD2-FITC, CD65-PE, CD14-PerCP, NG2-APC, CDA45-APC-H7; (2)
CD34-BVv421, CD61-FITC, CD135-PE, CD14-PerCP, CD33-PE-Cy7; CD235a-APC, CD45-
APC-H7; (3) CD34-PerCP, CD33-PE-Cy7, CD13-FITC, HLADR-PE, CD7-BV421, CD117-
APC, CD45-APC-H7; (4) CD34-PerCP, CD33-PE-Cy7, CD19-APC,CD38-PE, CD15-
FITC,CD123-BV421, CD45-APC-H7; (5) CD34-BV421, CD11b-FITC, CD65-PE, CD33-
PE.Cy7, CD14-PerCP, CD117-APC, CD45-APC-H7 (="old” panel) was used in 113 (60%)
patients. Up to 250,000 events per tube were acquired. In 76 (40%) patients the panel
suggested by ELN (='new” panel) was used (9) with up to 2,000,000 events per tube
and lower amount of used markers: (1) CD34-PerCP, CD13-PE-Cy7, CD117-APC, CD45-
APC-H7, CD33-FITC, CD7-Bv421, HLADR-V500, CD56-PE; (2) CD34-PerCP, CD13-PE-
Cy7, CD117-APC, CD45-APC-H7, CD33-FITC, CD19-Bv421, CD15-V500, CD11b-PE; (3)
CD34-PerCP, CD13-PE-Cy7, CD117-APC, CD45-APC-H7, CD33-FITC, CD4-Bv421, CD14-

V500, CD64-PE. The aberrant blasts were defined according to asynchronous expression
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(e.g. CD34/CD15, CD34/CD64, CD34/CD11b), cross-lineage expression (e.g. CD34/CD56,
CD34/CD4, CD34/CD19, CD34/CD7), loss (e.g. CD34, HLADR) and/or increased
expression (e.g. CD45) of selected markers.

The comparison of both panels regarding the relapse incidences is provided in
supplemental Appendix. All antibodies were obtained from Beckman-Coulter (CA, USA) or
Becton Dickinson (BD Biosciences, New Jersey, USA). A CD45/SSC gating strategy was
used for analysis of abnormal blasts (6). Analysis of list mode files was performed using
Infinicyte™ Flow Cytometry Software (Cytognos, Salamanca, Spain). The assessments
were performed using the “different from normal” strategy. The LAIP method was not
used due to absence of initial phenotype data. Samples from a total of 20 healthy
donors who underwent bone marrow harvest in our department were analysed according
to the same strategy and were used as reference for defining the “normal’
hematopoiesis. When identified, the abnormal population of granulopoietic progenitors was
quantified as a percentage of the total CD45* white blood cell events. A level of at least
0.1% of cells with aberrant phenotype was considered MRD positive (MRD*). According
to the MRD status all patients were divided into three groups: MRD negative (MRD),
‘low” MRD level (0.1-0.5%) and “high” MRD level (>0.5%). There were three reasons to
take the cut-off of 0.5%. First, based on relevance for survival outcomes; second, based
on the fact that “old” panel was less sensitive and the cut-off of 1% mostly used in
other studies may be associated with increased amount of false-negative results and

third, to provide more balanced groups for uni- and multivariate analysis.

Statistical analysis

Unadjusted probabilities of overall survival (OS) and leukemia-free survival (LFS) were
estimated by using the Kaplan-Meier method, and probabilities of NRM and relapse were
summarized by using cumulative incidence estimates. NRM was defined as death without
relapse and was considered a competing risk for relapse, whereas relapse was a
competing risk for NRM. The probability of developing acute GVHD or chronic GVHD was
depicted by calculating the cumulative incidence with relapse and death without relapse or
acute GVHD or chronic GVHD as competing risks. Variables with a p-value of <0.05 were
considered to be significant and were included into multivariate analysis. Multivariate
analysis for OS and LFS was performed with Cox backwards regression method. The
multivariate analysis for comparison of NRM and relapses was based on a subdistributive
hazard model for cumulative incidence function. Categorical characteristics were compared

by Pearson’s or Fisher's exact test. Statistical analysis was performed with IBM SPSS
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Version 25 (SPSS, Inc.; Chicago, IL, USA) and R software (Version 3.5.1 R Foundation,
Vienna, Austria) with competing risks calculated using the package ‘cmprsk’
(http://CRAN.R-project.org/package=cmprsk).

Results

Patients’ characteristics

A total of 189 patients were included in to the analysis. The allografts were performed at
University of Hamburg in the period 01/2015 to 12/2018. All patients fulfilled the criterion
for CR or CRi at the time of allo-SCT. Ninety-six patients (51%) were MRD-, whereas 32
had “low” (17%) and 61 “high” (32%) MRD level. The characteristics of the study
population are summarized in Table 1. The patients with “high” MRD level had more
likely adverse risk AML (41% vs 22% and 26% for “low” and MRD- patients, respectively,
p=0.06). The interval between achieving of CR and allo-SCT did not differ significantly
between three groups. A total of 13 patients (7%) received donor lymphocyte infusions
within 288 days (range 180-1100) post-transplant due to persisting mixed chimerism (n=6),
morphologic relapse (n=5) or molecular relapse (n=2). The median dosage was 1x108 kg
b.w. (range 5x10° — 5x107) with median number of 2 infusions (range 1-3). A total of 7
(54%) patients (mixed chimerism, n=4; molecular relapse, n=1 and morphologic relapse,

n=1) responded.

Impact of pre-transplant MRD status on OS, LFS, Relapse, NRM: univariate analysis

In the study cohort of 189 patients, there were a total of 58 deaths, 45 relapses, and 27
NRM events. The median follow-up among survivors was 25 months (0.3-60). The 5-year
probabilities for OS and LFS were 63% (95% confidence interval [CI] 55-70%) and 55%
(95% CIl 52-62%), respectively. The cumulative incidences of relapse and NRM at 5
years were 31% (95% CI 22-41%) and 16% (95% Cl 11-23%), respectively.

The results of univariate analysis are represented in the Table 2. The highest 5-year OS
was observed for MRD negative patients compared with those with “low” and “high” MRD.
The cumulative incidence of relapse at 5 years was highest in patients with “high” MRD
level compared with “low” MRD level and with MRD negativity: 63% vs 39% vs 9%,
p<0.001, Fig. 1a-c). There was no difference in the NRM incidence between three
groups.

Among the other factors, we found male sex associated with lower 5-year due to
increased relapse incidence . Older patients experienced higher NRM resulting in lower 5-

year OS. Patients with extramedullary manifestations showed lower 5-year OS due to
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higher NRM. Patients with adverse ELN risk had higher incidence of relapses comparing

with intermediate and favorable resulting in corresponding survival outcomes.

Cumulative incidences of acute and chronic GvHD

A total of 43 of 189 patients developed severe (grade II-IV) acute GvHD with a median
of 56 days (range 8-189). The cumulative incidence of aGvHD at 1 year was 22% (95%
Cl 17-28%).

A total of 80 of 189 patients developed chronic GvHD (mild, n=37; moderate, n=35,
severe, n=8). The cumulative incidence of chronic GvHD at 5 years was 42% (95% CI
35-50%).

Subgroup analysis regarding the conditioning

In the whole cohort, we observed higher 5-year OS for MAC comparing with RIC.
Despite the higher number of patients with adverse ELN risk in the MAC group (47/133,
35% vs 10/56, 18%, p=0.008) we did not observe increased relapse incidence in MAC
patients (27% vs 25%, p=0.95). On the other hand, we observed increased NRM rate in
patients from RIC cohort. This was a result of higher number of older (>58 years)
patients in this group (47/56, 84% vs 42/133, 32%, p<0.001).

Further, we analyzed outcomes regarding the MRD status. Due to limited patients’
number, the comparison was performed between MRD- and MRD* patients. First, we
observed significantly higher 5-year OS (60% 95% Cl 46-73% vs 36% 95% Cl 17-60%,
p=0.047) after MAC for MRD* patients. This was rather result of lower NRM (9% 95% CI
4-20% vs 28% 95% Cl 12-52%, p=0.014) than lower relapse incidence in the MAC
cohort (47% 95% CIl 34-60% vs 34% 95% Cl 16-59%, p=0.31). The 5-year LFS did not
differ significantly after MAC vs RIC for these patients (35% 95% Cl 20-53% vs 39%
95% CIl 20-62%, p=0.45).

Second, the 5-year OS and 5-year LFS for MRD- patients did not differ significantly after
MAC (OS: 79% 95% CIl 68-87%; LFS: 76% 95% Cl 63-86%) and RIC (OS: 61% 95%
Cl 39-79%, p=0.13; LFS: 61% 95% CI 39-79%, p=0.24) as well as the relapse rate
(MAC: 12% 95% CI 6-22% vs RIC: 0%, p=0.09). However, we observed higher NRM
after RIC (39% 95% CI 21-61% vs MAC: 12% 95% CIl 6-22%, p=0.01) allografts.

Subgroup analysis regarding the remission status
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The results of univariate analysis for all patients regarding the remission status are
represented in the Table 2. In details, the data of subgroup analysis are presented in

supplemental Appendix (Table 1S).

Subgroup analysis regarding the interval between achieving the remission and allo-SCT
The results of univariate analysis for all patients regarding the interval between achieving
the remission and allo-SCT are represented in the Table 2. In details, the data of

subgroup analysis are presented in supplemental Appendix (Table 1S).

Subgroup analysis according to ELN risk

We observed significantly higher relapse incidence in MRD* patients in all ELN risk
groups with the highest rate in patients with adverse status. However, we did not
observe any significant difference concerning the 5-year OS. This could be due to trends
to increased NRM in MRD- patients in all three groups (Table 1S). Only the 5-year LFS

for patients with intermediate ELN risk was significantly higher in MRD- patients.

Impact of pre-transplant MRD status on OS, LFS, Relapse, and NRM: multivariate
analysis

The multivariate models for OS and LFS included six (patients’ age, patients’ sex,
extramedullary involvement, ELN, conditioning and MRD status). The multivariate model
for relapses included four variables (patients’ sex, ELN, MRD status and conditioning); the
multivariate model for NRM included three variables (patients’ age, extramedullary
involvement and conditioning). The results of multivariate analysis with the variables
remained in final models are represented in the Table 3. The hazard ratios for “high”
MRD vs. MRD negativity and “low” MRD vs. MRD negativity were significantly increased
for OS, LFS and for relapses. However, we found no significant impact when comparing
directly "low” MRD vs “high” MRD on relapses and OS. Also, we observed a significant
negative impact of male sex on relapse incidence. Younger age (<58 years), as well as
the absence of extramedullary manifestations showed a favorable independent impact on
NRM. Additionally, younger age had a favorable impact on OS and the absence of
extramedullary manifestations had a favorable impact on OS. Concerning the intensity of

conditioning, we observed a favorable impact of MAC on NRM but not on relapses.

Additionally, we performed a separate multivariate analysis. Concerning the MRD- patients
we observed a favorable impact of younger (<58) age (HR 0.35 95% CI 0.14-0.88,
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p=0.026) and absence of extramedullary involvement (HR 0.19 95% CI 0.07-0.51,
p=0.001) on OS and LFS ( for patients <58 years: HR 0.38 95% CI 0.16-0.92, p=0.031
and for absence of extramedullary manifestations: HR 0.20 95% CI 0.08-0.53, p=0.001) in
final models. Due to low event number (n=7) the multivariate analysis for relapses in this
group was not performed. Regarding the NRM, absence of extramedullary manifestations
(HR 0.86 95% CI 0.05-1.5, p=0.14) and younger age (HR 1.2 95% CI 0.26-5.5, p=0.81)
remained in the final model.

Concerning the MRD* patients, the variables remained in the final model for relapses
were patients’ sex (male vs female: HR 1.9 95% CI 0.97-3.6, p=0.06) and ELN risk
(favorable vs adverse: HR 0.96 95% CI 0.4-2.3, p=0.93; intermediate vs adverse: HR
0.53 95% CI 0.26-1.1, p=0.078; wald-test, p=0.22). Due to low NRM (n=7) the
multivariate analysis for relapses was not performed. Following variables remained in the
final model for OS: patients’ age (<58 vs >58, HR 0.43 95% CI 0.2-0.89, p=0.022), MAC
vs RIC (HR 0.44 95% CI 0.18-1.1, p=0.068) and ELN risk (favorable vs adverse HR 0.8
95% CI 0.29-2.3, p=0.68; intermediate vs adverse HR 0.33 95% CIl 0.14-0.75, p=0.008;
wald-test, p=0.023). Only ELN risk (favorable vs adverse HR 1.0 95% CI 0.44-2.5,
p=0.94; intermediate vs adverse HR 0.50 95% CI 0.27-0.93, p=0.029, wald-test, p=0.059)

remained in the final model for LFS.

Discussion

The quantitative and qualitative determination of MRD levels using MFC during aplasia,
either early after induction and/or after consolidation chemotherapy in AML patients, was
proven useful to predict relapse and poor outcome outside the allogeneic setting (17-19).
Further, Walter et al. reported on the outcomes of 99 AML patients who received
allografts in CR depending on the pre-transplant MRD status using the “different from
normal” method. They postulated MRD positivity prior to allo-SCT to be an independent
factor for OS, DFS, and relapse (8). Other studies in AML patients (most of which were
based on MRD detection by the LAIP method) confirmed these data (11,20,21).
Nevertheless, the prognostic value of the pre-transplant MRD level remains to be further
clarified.

In the majority of patients from our series the initial phenotype of leukemic cells was not
available. Thus, the MRD assessment had been performed using the “different from
normal” method with extended panel created at our institution with 250,000 events per
tube (“old” panel) or according to ELN recommendations with up to 2,000,000 events per

tube (“new” panel) (9). This is in sharp contrast to the majority of published studies in
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this field, which were performed using only one MFC panel. Nevertheless, comparing two
different MFC panels within lineal regression method, we found significantly strong
correlations for neutrophils, monocytes, lymphocytes, blasts and aberrant blasts. Also, we
did not observe any difference in relapses (Appendix). The feasibility to use lower events
by the MFC MRD analysis might be important in patients with hypocellular bone marrow
who still not regenerated after salvage chemotherapy and undergo allo-SCT.

A proportion of 49% of the 189 patients in our study showed MRD positivity at the time
of allo-SCT. This number of MRD* patients is slightly higher than reported in previous
studies. The possible explanations for this can include different induction strategies as well as
changed antigen expression in regenerative bone marrow especially in patients with CRi.
Unfortunately, in our study we did not have MFC data from the regenerating bone
marrow.

Regarding the clinical impact of the pre-transplant MRD status, in general, we confirmed
previous observations (8,11,20,21) describing an independent prognostic significance of
MRD positivity on relapse incidence, OS, LFS but not on NRM in patients with AML in
CR. To further investigate the role of pre-transplant MRD level, we subdivided all patients
in three groups: MRD negative, and those with “low” (0.1-0.5%) and “high” (>0.5%) MRD
level. In univariate analysis, we observed higher LFS for patients with “low” MRD level
due to lower relapse incidence comparing with patients with “high” MRD level. Further,
we observed a trend to improved OS for the former group. In multivariate analysis, we
observed an independent unfavourable impact on relapses and LFS of both “low” and
‘high” MRD levels vs MRD negativity. Also, “high” MRD level had a unfavourable impact
on OS related to MRD negativity. However, we did not observe significant impact of “low”
vs “high” MRD level on relapses, LFS or/and OS. Thus, the are suggesting that the
quantitative measurements of MRD level in case of MRD positivity may be prognostically
not as relevant. Several explanations could be provided in this setting. First, detection of
low level of leukemic cells that may represent more aggressive clone pre-transplant can
lead to fast proliferation and development of relapse post-transplant in case of failure of
graft-vs-leukemia effect. Second, abnormal blast population in case of unknown LAIP can
also correspond to clonal hematopoiesis, which can be associated with false-positive
results (21). Third, this could be explained also due to different sensitivity of MFC
approach depending on quality (e.g. blood dilution) and preparations of bone marrow
samples.

In the same context, Anthias et al. reported on the outcomes for 88 AML patients in CR

according to their pre-transplant MRD status measured by MFC according to LAIP
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method. A number of 35 (40%) of patients were MRD*. The authors confirmed the
negative independent impact of pre-transplant MRD positivity. They reported a significantly
higher relapse incidence at 2 years in the high-level (21%) MRD* group compared to the
low-level positive (<1%) group and the MRD- patients at 70%, 37% and 7.6%,
respectively (p<0.001) (11). These results are in line with our findings. Nevertheless, no
multivariate analysis data were presented.

We found a significant favourable impact of intermediate ELN risk (2017) on relapses,
LFS and OS, suggesting that cytogenetics and molecular genetics are equally important
for the risk of relapse after allo-SCT. Recently, Grimm et al. reported on the prognostic
meaning of pre-transplant ELN risk (2017) stratification on relapse risk (2.95 95% CI:
2.09-4.18, p<0.001) and OS in 234 patients with AML (23).

Further, in a randomized study by Hourigan et al. the authors reported improved survival
with lower relapse risk for NGS positive patients independently of age (24). In our study,
we observed favourable impact of MAC on LFS in multivariate analysis. However, this
effect was rather due to increased NRM in RIC cohort including higher number of older
patients than due to lower relapses after MAC.

Among the other factors, we found female sex to be associated with lower relapse rate
in accordance with previously published studies (25). Younger (<58 years) patients’ age
and absence of extramedullary manifestations were associated with improved survival due
to a significantly lower NRM. The latter observation can be explained by the fact, that
those patients received irradiation before the allo-SCT, which may increase the post-
transplant NRM.

In conclusion, though having confirmed previous data on the significance of the pre-
transplant MRD as determined by the identification of aberrant hematopoiesis by MFC on
the incidence of relapses, probability of LFS and OS, our series arises some new
important points. First, the MRD MFC measurements according to “different from normal”
method seems to be feasible also with lower (<2,000,000 per tube) events. Second, the
qualitative MRD results (positive vs negative) seems to be more prognostically important
for relapse incidence, LFS and OS as its quantitative evaluation. Third, the ELN risk
stratification seems to play prognostic role also in the transplant settings. Further
stratification of patients according to their ELN risk pre-transplant and MRD status may
be helpful to identify patients with the highest risk who might benefit from early post-
transplant pre-emptive interventions such as early tapering of immunosuppression, or use

pre-emptive use of donor lymphocyte infusions.

This article is protected by copyright. All rights reserved



Author contributions: EK performed the research. EK, MC, NK designed the research
study. UB, AB, UFF contributed essential reagents or tools. EK, NK analysed the data.

EK wrote the paper. All authors participated in the interpretation of the data.

Acknowledgments: no funds support was required and received for preparation of the

study

Data Availability Statement: The datasets generated during and/or analysed during the

current study are available from the corresponding author on reasonable request.

References:

1. Gooley TA, Chien JW, Pergam SA, Hingorani S, Sorror ML, Boeckh M, Martin PJ,
Sandmaier BM, Marr KA, Appelbaum FR. Reduced Mortality after Allogeneic
Hematopoietic-Cell Transplantation. N Engl J Med 2010; 363: 2091-2101.

2. Christopeit M, Kuss O, Finke J, Bacher U, Beelen DW, Bornhauser M, Schwerdtfeger
R, Bethge WA, Basara N, Gramatzki M, Tischer J, Kolb HJ, Uharek L, Meyer RG,
Bunjes D, Scheid C, Martin H, Niederwieser D, Kroger N, Bertz H, Schrezenmeier H,
Schmid C. Second allograft for hematologic relapse of acute leukemia after first allogeneic
stem-cell transplantation from related and unrelated donors: the role of donor change. J
Clin Oncol 2013; 31: 3259-3271.

3. Schmid C, de Wreede LC, van Biezen A, Finke J, Ehninger G, Ganser A, Volin L,
Niederwieser D, Beelen D, Alessandrino P, Kanz L, Schleuning M, Passweg J, Veelken
H, Maertens J, Cornelissen JJ, Blaise D, Gramatzki M, Milpied N, Yakoub-Agha |, Mufti
G, Rovira M, Arnold R, de Witte T, Robin M, Kréger N. Outcome after relapse of
myelodysplastic syndrome and secondary acute myeloid leukemia following allogeneic stem
cell transplantation: a retrospective registry analysis on 698 patients by the Chronic
Malignancies Working Party of the European Society of Blood and Marrow
Transplantation. Haematologica 2018; 103: 237-245.

4. Shlush LI, Mitchell A, Heisler L, Abelson S, Ng SWK, Trotman-Grant A, Medeiros JJF,
Rao-Bhatia A, Jaciw-Zurakowsky |, Marke R, McLeod JL, Doedens M, Bader G, Voisin V,
Xu C, McPherson JD, Hudson TJ, Wang JCY, Minden MD, Dick JE. Tracing the origins

of relapse in acute myeloid leukaemia to stem cells. Nature 2017; 547: 104-108.

This article is protected by copyright. All rights reserved


https://www.ncbi.nlm.nih.gov/pubmed/?term=Yakoub-Agha%20I%5BAuthor%5D&cauthor=true&cauthor_uid=29101205
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mufti%20G%5BAuthor%5D&cauthor=true&cauthor_uid=29101205
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mufti%20G%5BAuthor%5D&cauthor=true&cauthor_uid=29101205
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rovira%20M%5BAuthor%5D&cauthor=true&cauthor_uid=29101205
https://www.ncbi.nlm.nih.gov/pubmed/?term=Arnold%20R%5BAuthor%5D&cauthor=true&cauthor_uid=29101205
https://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Witte%20T%5BAuthor%5D&cauthor=true&cauthor_uid=29101205
https://www.ncbi.nlm.nih.gov/pubmed/?term=Robin%20M%5BAuthor%5D&cauthor=true&cauthor_uid=29101205
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kr%C3%B6ger%20N%5BAuthor%5D&cauthor=true&cauthor_uid=29101205

5. Rautenberg C, Germing U, Haas R, Kobbe G, Schroeder T. Relapse of Acute Myeloid
Leukemia after Allogeneic Stem Cell Transplantation: Prevention, Detection, and
Treatment. Int. J. Mol. Sci. 2019; 20: 228-248.

6. Kern W, Voskova D, Schoch C, Hiddemann W, Schnittger S, Haferlach T.
Determination of relapse risk based on assessment of minimal residual disease during
complete remission by multiparameter flow cytometry in unselected patients with acute
myeloid leukemia. Blood 2004; 104: 3078-3085.

7. Loken MR, Alonzo TA, Pardo L, Gerbing RB, Raimondi SC, Hirsch BA, Ho PA,
Franklin J, Cooper TM, Gamis AS, Meshinchi S. Residual disease detected by
multidimensional flow cytometry signifies high relapse risk in patients with de novo acute
myeloid leukemia: a report from Children's Oncology Group. Blood 2012; 120: 1581-1588.

8. Walter RB, Gooley TA, Wood BL, Milano F, Fang M, Sorror ML, Estey EH, Salter Al,
Lansverk E, Chien JW, Gopal AK, Appelbaum FR, Pagel JM. Impact of pretransplantation
minimal residual disease, as detected by multiparametric flow cytometry, on outcome of
myeloablative hematopoietic cell transplantation for acute myeloid leukemia. J Clin Oncol
2011; 29: 1190-1197.

9. Schuurhuis GJ, Heuser M, Freeman S, Béné MC, Buccisano F, Cloos J, Grimwade D,
Haferlach T, Hills RK, Hourigan CS, Jorgensen JL, Kern W, Lacombe F, Maurillo L,
Preudhomme C, van der Reijden BA, Thiede C, Venditti A, Vyas P, Wood BL, Walter
RB, Doéhner K, Roboz GJ, Ossenkoppele GJ. Minimal/measurable residual disease in
AML: a consensus document from the European LeukemiaNet MRD Working Party. Blood
2018; 131: 1275-1291.

10. Dillon R, Hills R, Freeman S, Potter N, Jovanovic J, Ivey A, Kanda AS, Runglall M,
Foot N, Valganon M, Khwaja A, Cavenagh J, Smith M, Ommen HB, Overgaard UM,
Dennis M, Knapper S, Kaur H, Taussig D, Mehta P, Raj K, Novitzky-Basso |, Nikolousis
E, Danby R, Krishnamurthy P, Hill K, Finnegan D, Alimam S, Hurst E, Johnson P, Khan
A, Salim R, Craddock C, Spearing R, Gilkes A, Gale R, Burnett A, Russell NH,
Grimwade D. Molecular MRD status and outcome after transplantation in NPM1-mutated
AML. Blood 2020; 135 :680-688.

11. Anthias C, Dignan FL, Morilla R, Morilla A, Ethell ME, Potter MN, Shaw BE. Pre-
transplant MRD predicts outcome following reduced-intensity and myeloablative allogeneic
hemopoietic SCT in AML. Bone Marrow Transplant 2014; 49: 679-683.

This article is protected by copyright. All rights reserved


https://pubmed.ncbi.nlm.nih.gov/31932839/
https://pubmed.ncbi.nlm.nih.gov/31932839/

12. Doéhner H, Estey E, Grimwade D, Amadori S, Appelbaum FR, Bichner T, Dombret
H, Ebert BL, Fenaux P, Larson RA, Levine RL, Lo-Coco F, Naoe T, Niederwieser D,
Ossenkoppele GJ, Sanz M, Sierra J, Tallman MS, Tien HF, Wei AH, Ldéwenberg B,
Bloomfield CD. Diagnosis and management of AML in adults: 2017 ELN recommendations
from an international expert panel. Blood 2017; 129: 424-447.

13. Cheson BD, Bennett JM, Kopecky KJ, Buchner T, Willman CL, Estey EH, Schiffer
CA, Doehner H, Tallman MS, Lister TA, Lo-Coco F, Willemze R, Biondi A, Hiddemann
W, Larson RA, Léwenberg B, Sanz MA, Head DR, Ohno R, Bloomfield CD. Revised
recommendations of the International Working Group for diagnosis, standardization of
response criteria, treatment outcomes, and reporting standards for therapeutic trials in
acute myeloid leukemia. J Clin Oncol 2003; 21: 4642-4649.

14. Gyurkocza B, Sandmaier BM. Conditioning regimens for hematopoietic cell
transplantation: one size does not fit all. Blood 2014; 124: 344-353.

15. Przepiorka D, Weisdorf D, Martin P, Klingemann HG, Beatty P, Hows J, Thomas ED.
1994 Consensus Conference on Acute GVHD Grading. Bone Marrow Transplant; 1995;
15: 825-828.

16. Jagasia MH, Greinix HT, Arora M, Wiliams KM, Wolff D, Cowen EW, Palmer J,
Weisdorf D, Treister NS, Cheng GS, Kerr H, Stratton P, Duarte RF, McDonald GB,
Inamoto Y, Vigorito A, Arai S, Datiles MB, Jacobsohn D, Heller T, Kitko CL, Mitchell SA,
Martin PJ, Shulman H, Wu RS, Cutler CS, Vogelsang GB, Lee SJ, Pavletic SZ, Flowers
ME. National Institutes of Health Consensus Development Project on Criteria for Clinical
Trials in Chronic Graft-versus-Host Disease: |. The 2014 Diagnosis and Staging Working
Group report. Biol Blood Marrow Transplant, 2015; 21: 389-401.

17. San Miguel JF, Vidriales MB, Lopez-Berges C, Diaz-Mediavilla J, Gutiérrez N, Cafizo
C, Ramos F, Calmuntia MJ, Pérez JJ, Gonzalez M, Orfao A. Early immunophenotypical
evaluation of minimal residual disease in acute myeloid leukemia identifies different patient
risk groups and may contribute to postinduction treatment stratification. Blood 2001; 98:
1746-1751.

18. Maurillo L, Buccisano F, Del Principe MI, Del Poeta G, Spagnoli A, Panetta P,
Ammatuna E, Neri B, Ottaviani L, Sarlo C, Venditti D, Quaresima M, Cerretti R, Rizzo
M, de Fabritis P, Lo Coco F, Arcese W, Amadori S, Venditti A. Toward optimization of

This article is protected by copyright. All rights reserved


https://pubmed.ncbi.nlm.nih.gov/7581076/
https://pubmed.ncbi.nlm.nih.gov/25529383/
https://pubmed.ncbi.nlm.nih.gov/25529383/
https://pubmed.ncbi.nlm.nih.gov/25529383/

postremission therapy for residual disease-positive patients with acute myeloid leukemia. J
Clin Oncol 2008; 26: 4944-4951.

19. Freeman SD, Hills RK, Virgo P, Khan N, Couzens S, Dillon R, Gilkes A, Upton L,
Nielsen OJ, Cavenagh JD, Jones G, Khwaja A, Cahalin P, Thomas |, Grimwade D,
Burnett AK, Russell NH. 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: 1486-1497

20. Bastos-Oreiro M, Perez-Corral A, Martinez-Laperche C, Bento L, Pascual C, Kwon M,
Balsalobre P, Mufoz C, Buces E, Serrano D, Gayoso J, Bufio |, Anguita J, Diéz-Martin
JL. Prognostic impact of minimal residual disease analysis by flow cytometry in patients
with acute myeloid leukemia before and after allogeneic hemopoietic stem cell
transplantation. Eur J Haematol 2014; 93: 239-246.

21. Zhou Y, Othus M, Araki D, Wood BL, Radich JP, Halpern AB, Mielcarek M, Estey
EH, Appelbaum FR, Walter RB. Pre- and post-transplant quantification of measurable
('minimal') residual disease via multiparameter flow cytometry in adult acute myeloid
leukemia. Leukemia 2016; 30: 1456-1464.

22. Grimm J, Bill M, Jentzsch M, Beinicke S, Hantschel J, Goldmann K, Schulz J, Cross
M, Franke GN, Behre G, Vucinic V, Pénisch W, Lange T, Niederwieser D, Schwind S.
Clinical impact of clonal hematopoiesis in acute myeloid leukemia patients receiving

allogeneic transplantation. Bone Marrow Transplant 2019; 54: 1189-1197.

23. Grimm J, Jentzsch M, Bill M, Goldmann K, Schulz J, Niederwieser D, Platzbecker U,
Schwind S. Prognostic impact of the ELN2017 risk classification in patients with AML
receiving allogeneic transplantation. Blood Adv 2020; 4: 3864-3874.

24. Hourigan CS, Dillon LW, Gui G, Logan BR, Fei M, Ghannam J, Li Y, Licon A, Alyea
EP, Bashey A, Deeg HJ, Devine SM, Fernandez HF, Giralt S, Hamadani M, Howard A,
Maziarz RT, Porter DL, Scott BL, Warlick ED, Pasquini MC, Horwitz ME. (2020) Impact
of Conditioning Intensity of Allogeneic Transplantation for Acute Myeloid Leukemia With
Genomic Evidence of Residual Disease. J Clin Oncol 2020; 38:1273-1283.

This article is protected by copyright. All rights reserved


https://pubmed.ncbi.nlm.nih.gov/29601212/
https://pubmed.ncbi.nlm.nih.gov/29601212/
https://pubmed.ncbi.nlm.nih.gov/29601212/
https://pubmed.ncbi.nlm.nih.gov/30504903/
https://pubmed.ncbi.nlm.nih.gov/30504903/
https://pubmed.ncbi.nlm.nih.gov/32810221/
https://pubmed.ncbi.nlm.nih.gov/32810221/
https://pubmed.ncbi.nlm.nih.gov/31860405/
https://pubmed.ncbi.nlm.nih.gov/31860405/
https://pubmed.ncbi.nlm.nih.gov/31860405/

25. Kim HT, Zhang M-J, Woolfrey AE, St. Martin A, Chen J, Saber W, Perales M-A,
Armand P, Eapen M. (2016) Donor and recipient sex in allogeneic stem cell

transplantation: what really matters. Haematologica 2016; 101: 1260-1266.

This article is protected by copyright. All rights reserved



Tables and Figures

Table 1. Characteristics of the patients with AML (n=189). (s, secondary; t, therapy-related;

CRi, complete remission with incomplete hematologic recovery)

*

only cycles of conventional chemotherapy included

Parameter MRD- (n=96) MRD “low” MRD ,,high*“ p-value
(n=32) (n=61)

Patient’s sex: 0.61
male 56 (58%) 20 (63%) 32 (53%)
female 40 (42%) 12 (37%) 29 (48%)
Patient’s age 0.51
<58 48 (50%) 16 (50%) 36 (59%)
>58 48 (50%) 16 (50%) 25 (41%)
Origin of disease 0.53
de novo 78 (81%) 23 (72%) 48 (79%)
s/t-AML 18 (19%) 9 (28%) 13 (21%)
Remission status 0.84
1 CR 63 (65%) 20 (62%) 36 (59%)
2+ CR 11 (12%) 6 (19%) 9 (15%)
CRi 22 (23%) 6 (19%) 16 (26%)
Interval between remission 61 (7-979) 49 (11-436) 65 (11-1111) 0.50
and allograft (median, range)

0.77
< 60 days 47 (49%) 18 (56%) 30 (49%)
> 60 days 49 (51%) 14 (44%) 31 (51%)
Extramedullary involvement | 10 (10%) 3 (9%) 3 (5%) 0.47
ELN risk score 0.06
favorable 16 (17%) 2 (6%) 10 (16%)
Intermediate 55 (57%) 23 (72%) 26 (43%)
adverse 25 (26%) 7 (22%) 25 (41%)
Number of previous cycles 0.75
of chemotherapy*
<2 72 (75%) 21 (72%) 43 (71%)
>2 20 (25%) 8 (28%) 15 (25%)
Primary induction failure 27 (28%) 4 (13%) 18 (30%) 0.16
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Previous therapy 0.58
Chemotherapy 66 (69%) 24 (75%) 45 (74%)

Chemotherapy + TKI 16 (17%) 4 (13%) 7 (12%)

5-azacitidine or decitabine 5 (5%) 4 (13%) 6 (10%)

Venetoclax in combinations 5 (5%) - 3 (5%)

other 3 (3%) - -

Donor type: 0.28
MRD 14 (15%) 6 (19%) 16 (26%)

MUD 61 (64%) 15 (47%) 35 (57%)

MMUD 14 (25%) 6 (19%) 6 (10%)
Haploidentical/Cord blood 7 (7%) 5 (16%) 4 (7%)

CMV status (P/D) 0.07
pos/pos 57 (59%) 12 (38%) 34 (56%)

pos/neg 13 (14%) 5 (16%) 6 (10%)

neg/pos 4 (4%) 6 (19%) 3 (5%)

neg/neg 22 (23%) 9 (28%) 18 (30%)

Conditioning 0.56
myeloablative 69 (72%) 20 (63%) 44 (72%)

reduced intensity 27 (28%) 12 (38%) 17 (28%)
Immunosuppression 0.65
ATG 82 (86%) 25 (81%) 49 (82%)

post-transplant 13 (14%) 6 (19%) 11 (18%)

cyclophosphamide

no
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Table 2. Results of univariate analysis in the total cohort of 189 patients with AML.(s, secondary; t, therapy-related; CRi, complete remission with

incomplete hematologic recovery)

Characteristic LFS p (015 o] RI p NRM p
Patients’ sex 0.087 0.039 0.07 0.86
male (n=108) 47% (36-59%) 56% (46-65%) 35% (24-47%) 17% (11-26%)
female (n=81) 61% (47-73%) 74% (61-84%) 24% (14-37%) 15% (9-24%)
Patients’ age 0.04 <0.001 0.22 <0.001
<58 (n=100) 62% (50-73%) 75% (64-83%) 34% (24-46%) 4% (2-10%)
>58 (n=89) 49% (38-61%) 50% (39-61%) 36% (13-68%) 31% (21-44%)
Origin of disease 0.92 0.61 0.98 0.99
de novo (n=149) 51% (40-62%) 63% (54-72%) 33% (23-46%) 17% (12-24%)
s/tAML (n=40) 56% (40-71%) 63% (47-77%) 29% (16-46%) 16% (8-31%)
Remission status 0.51 0.25 0.28 0.65
1 CR (n=119) 54% (42-65%) 67% (57-75%) 24% (17-33%) 16% (11-23%)
2+ CR (n=26) 55% (35-73%) 55% (35-73%) 38% (21-58%) 7% (2-23%)
CRi (n=44) 56% (47-70%) 57% (35-75%) 26% (15-42%) 18% (9-32%)
Interval between CR and allo-SCT 0.74 0.89 0.48 0.66
< 60 days (n=95) 59% (49-68%) 67% (57-76%) 29% (20-40%) 13% (7-25%)
> 60 days (n=94) 50% (35-65%) 60% (48-71%) 33% (19-51%) 19% (11-32%)
Extramedullary involvement: 0.041 0.019 0.89 0.03
no (n=173) 53% (41-64%) 65% (56-73%) 32% (22-46%) 15% (10-22%)
yes (n=16) 44% (24-66%) 44% (24-66%) 25% (10-50%) 31% (13-56%)
ELN risk score 0.012 0.014 0.08 0.36
favorable (n=28) 53% (31-74%) 57% (34-77%) 23% (9-46%) 24% (9-49%)
intermediate (n=104) 66% (56-75%) 73% (62-82%) 22% (15-31%) 12% (7-19%)
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adverse (n=57)

36% (22-52%)

48% (33-63%)

42% (26-60%)

21% (12-35%)

Primary induction failure 0.94 0.68 0.62 0.53
no (n=140) 51% (40-62%) 62% (52-71%) 33% (23-46%) 16% (11-23%)

yes (n=49) 57% (41-71%) 68% (52-81%) 25% (14-41%) 18% (9-32%)

MRD (MFC) before allo-SCT 0.001 0.088 <0.001 0.30
negative (n=96) 72% (61-81%) 73% (62-82%) 9% (5-17%) 20% (13-29%)

“low” (0.1-0.5%) (n=32) 51% (34-68%) 61% (44-76%) 39% (24-57%) 9% (3-24%)

“high” (>0.5%) (n=61) 33% (20-50%) 48% (33-63%) 63% (38-83%) 15% (7-30%)

Donor type: 0.075 0.32 0.07 0.34
MRD (n=36) 49% (27-72%) 61% (38-80%) 41% (21-64%) 10% (2-35%)

MUD (n=11) 57% (42-71%) 67% (57-76%) 25% (14-41%) 18% (12-27%)
MMUD (n=26) 39% (22-59%) 51% (33-69%) 45% (26-66%) 16% (6-37%)
Haploidentical/Cord blood (n=16) 33% (11-65%) 56% (28-81%) 47% (17-79%) 21% (7-47%)
Conditioning 0.05 0.017 0.95 0.01

myeloablative (n=133)

reduced intensity (n=56)

59% (49-68%)
48% (35-61%)

69% (59-78%)
51% (38-64%)

27% (18-38%)
25% (15-38%)

12% (7-19%)
27% (17-49%)

Table 3. Results of multivariate analysis (n=189).

Parameter

|OS

LFS

RI

NRM

Model 1

Patients‘ sex

male vs. female

2.1 (1.1-4.0), p=0.022

Patients‘ age

<58 vs. >58 years

0.42 (0.23-0.77), p=0.005

0.53 (0.33-0.85), p=0.009

0.12 (0.04-0.37),
p=0.0002

Extramedullary manifestation:
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no vs. yes

0.24 (0.11-0.53), p=0.001

0.35 (0.17-0.73), p=0.005

0.24 (0.1-0.64), p=0.0044

MRD before allo-SCT:
Jow* (0.1-0.5%) vs. negative

“high” (>0.5%) vs. negative

"low” (0.1-0.5%) vs. *high” (>0.5%)

p=0.011
2.1 (0.99-4.4), p=0.052
2.5 (1.4-4.6), p=0.003

0.84 (0.41-1.7), p=0.63

p=0.001
2.2 (1.1-4.2), p=0.02
2.8 (1.7-4.7), p<0.001

0.79 (0.42-1.5), p=0.46

p<0.001
6.0 (2.2-15.3), p=0.0034
7.7 (3.3-17.6), p<0.0001

0.78 (0.36-1.7), p=0.54

ELN risk
intermediate vs. favorable
intermediate vs. adverse

favorable vs. adverse

p=0.008
0.66 (0.30-1.5), p=0.31
0.38 (0.21-0.7), p=0.002
0.58 (0.26-1.3), p=0.18

p=0.03

0.65 (0.32-1.3), p=0.22
0.50 (0.30-0.84), p=0.008
0.77 (0.38-1.6), p=0.47

p=0.25
0.58 (0.25-1.3), p=0.20
0.55 (0.28-1.1), p=0.079
0.89 (0.39-2.0), p=0.79

Conditioning:
MAC vs. RIC

0.51 (0.26-0.99), p=0.048

Model 2

Patients‘ sex

male vs. female

2.0 (1.1-3.8), p=0.025

Patients‘ age

<58 vs. >58 years

0.42 (0.23-0.78), p=0.006

0.54 (0.34-0.87), p=0.012

0.17 (0.05-0.58),
p=0.0047

Extramedullary manifestation:

no vs. yes 0.24 (0.11-0.54), p=0.001 | 0.36 (0.17-0.74), p=0.006 0.18 (0.1-0.48), p=0.0005
MRD before allo-SCT:

pos vs. neg 2.3 (1.3-4.1), p=0.004 2.5 (1.5-4.1), p<0.001 7.0 (3.2-15.8), p<0.001 -

ELN risk p=0.004 p=0.013 p=0.16 -

intermediate vs. favorable
intermediate vs. adverse

favorable vs. adverse

0.64 (0.29-1.4), p=0.27
0.37 (0.20-0.67), p=0.001
0.57 (0.26-1.3), p=0.18

0.62 (0.31-1.2), p=0.17
0.47 (0.28-0.78), p=0.003
0.76 (0.38-1.6), p=0.45

0.55 (0.24-1.2), p=0.14
0.52 (0.27-0.99), p=0.045
0.90 (0.39-2.1), p=0.80
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Conditioning:
MAC vs. RIC

0.51 (0.26-0.99), p=0.046
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Figure legends:

Figure 1. Kaplan-Meier curves for all patients (n=189) according to MRD level: a) LFS, b)
OS, ¢) Rl and NRM
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