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Abstract

Persistent measurable residual disease (MRD) is an increasingly important prognostic

marker in acute myeloid leukemia (AML). Currently, MRD is determined by multi-

parameter flow cytometry (MFC) or PCR-based methods detecting leukemia-specific

fusion transcripts and mutations. However, while MFC is highly operator-dependent

and difficult to standardize, PCR-based methods are only available for a minority of

AML patients. Here we describe a novel, highly sensitive and broadly applicable

method for MRD detection by combining MFC-based leukemic cell enrichment using

an optimized combinatorial antibody panel targeting CLL-1, TIM-3, CD123 and

CD117, followed by mutational analysis of recurrently mutated genes in AML. In dilu-

tion experiments this method showed a sensitivity of 10−4 to 10−5 for residual dis-

ease detection. In prospectively collected remission samples this marker combination

allowed for a median 67-fold cell enrichment with sufficient DNA quality for muta-

tional analysis using next generation sequencing (NGS) or digital PCR in 39 out of

41 patients. Twenty-one samples (53.8%) tested MRD positive, whereas 18 (46.2%)

were negative. With a median follow-up of 559 days, 71.4% of MRD positive (15/21)

and 27.8% (5/18) of MRD negative patients relapsed (P = .007). The cumulative inci-

dence of relapse (CIR) was higher for MRD positive patients (5-year CIR: 90.5% vs

28%, P < .001). In multivariate analysis, MRD positivity was a prominent factor for

CIR. Thus, MFC-based leukemic cell enrichment using antibodies against CLL-1,

TIM-3, CD123 and CD117 followed by mutational analysis allows high sensitive

MRD detection and is informative on relapse risk in the majority of AML patients.
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1 | INTRODUCTION

Acute myeloid leukemia (AML) is a heterogeneous group of clonal

hematopoietic stem-cell and progenitor-cell (HSPC) disorders with a

variable response to therapy. Although the majority of patients

achieve morphologic complete remission (CR) after induction chemo-

therapy, relapse rates are high due to the persistence of trace

amounts of chemoresistant leukemic cells.1 Nevertheless, the choice

of post-remission treatment is still based on risk stratification at the

time of diagnosis. Distinct chromosomal and molecular aberrations

assign patient risk and guide post-remission therapy conceivably

including allogeneic hematopoietic stem cell transplantation.2 In

recent years the detection of residual leukemic cells beyond CR, ter-

med as measurable residual disease (MRD), using molecular

methods3-6 or multiparameter flow cytometry (MFC)7,8 has been

shown to provide additional independent prognostic information, with

MRD negative patients having a better clinical outcome than MRD

positive ones. Thus, current guidelines from the European Leukemia

Net propose the separation of CR into CR-MRD positive and

CR-MRD negative subgroups, with the former carrying a higher risk of

relapse.9,10

Quantitative polymerase chain reaction (qPCR) techniques

detecting fusion transcripts and mutated genes are the best

established methods for measuring MRD in AML with sensitivities

ranging from 10−2 to 10−6. However, qPCR is applicable only in

approximately 40% of patients.10-12 In contrast, MRD detection by

MFC employing leukemia-associated immunophenotypes (LAIPs),

such as lack of antigen expression, cross-lineage expression, over-

expression, and asynchronous expression of surface markers can be

applied to the majority of AML patients.10,13-15 However, the sensi-

tivities are lower ranging only from 10−2 to 10−4. In addition, MFC

is laborious, difficult to standardize, and immunophenotypic shifts

resulting in false negative MRD detection results can frequently

occur during the course of disease.16,17 Next generation sequencing

approaches are increasingly used in clinical trials, but are not yet

generally recommended in clinical practice.10 Thus, although MFC

and molecular methods have proven their value in predicting

relapse-free (RFS) and overall survival (OS), there is no current stan-

dard to detect MRD, which is applicable to virtually all AML

patients.

In the present study, we aimed to establish a novel method

for monitoring MRD in AML with a broader applicability by com-

bining MFC-based leukemic cell enrichment followed by mutational

profiling of recurrently mutated genes in AML using next genera-

tion sequencing (NGS) or digital PCR. After having optimized an

antibody panel for leukemic cell enrichment, this novel method of

MRD detection was validated in a prospective pilot trial. Indeed, it

was applicable in >90% of AML patients with a high sensitivity to

detect residual leukemic cells and was informative on relapse risk

with a significantly shorter RFS in patients with a positive MRD

status.

2 | PATIENTS AND METHODS

2.1 | Clinical samples

To establish surface markers for leukemic cell enrichment a retrospec-

tive cohort comprising 150 adults diagnosed with AML according to

WHO criteria at the Division of Hematology, Medical University of

Graz, Austria were included in this study. The cohort also included

25 cases, in which relapse material was available. To assess the normal

CD34+ HSPC compartments, bone marrow samples (NBM) were

obtained from 12 lymphoma patients without any evidence of disease

in the BM. To validate the MRD assay, a prospective cohort compris-

ing of 41 patients who achieved CR after induction chemotherapy

was included. The BM or peripheral blood (PB) samples collected from

patients were processed as described.18 Informed consent was

obtained from all patients and the study was approved by the Institu-

tional Review Board of Medical University Graz, Austria (protocol

26-050 ex 13/14 and 29-499 ex 16/17).

2.2 | MFC analysis and cell sorting

Multi-parameter flow cytometry was performed using a Fortessa

cytometer (Becton Dickinson; BD; San Jose, CA, USA) with strictly

harmonized baseline settings as described.19 In brief, cryopreserved

cells were thawed, washed with phosphate-buffered saline and sta-

ined with the appropriate antibodies (Table S1). At least 200 000

events were recorded and data were analyzed using either Kaluza

software (Beckman Coulter, USA) or by merging all panels using the

Infinicyt software (Cytognos, Salamanca, Spain).

For enrichment of residual cells of remission samples, phycoery-

thrin (PE)-labeled antibodies targeting CLL-1, TIM-3, CD117, and

CD123, along with the backbone markers CD45, CD34 and CD38

were used (Table S2). After excluding CD14+ monocytes and

CD203c+ basophils, the mononuclear cells were sorted into PE posi-

tive and PE negative fractions using a FACS Aria II (Becton Dickinson).

Purity of the sorted fractions was >95%.

2.3 | Detection of the NPM1 W288fs*12 mutation
by digital PCR (dPCR)

Sorted cells from patients positive for NPM1 mutation W288fs*12

were analyzed by dPCR as described.20 In brief, after DNA extraction

using the QIAamp DNA Micro Kit (Qiagen, Hilden, Germany) dPCR

was performed in duplicates using QuantStudio 3D Master Mix v2

and a QuantStudio 3D Digital PCR System (Applied Biosystems).

A control sample with a known NPM1 W288fs*12 mutation along with

a no template control was added to each run. Chips were imaged in

the QuantStudio 3D Chip Reader and raw data were analyzed using

the QuantStudio 3D Analysis Suite Software (Applied Biosystems).
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2.4 | Mutational analysis by NGS

Sequencing of other mutations was done using an Ion Torrent plat-

form as described.20 In brief, after isolation of DNA from sorted cells

with an Ion AmpliSeq Direct FFPE DNA Kit (Thermofisher Scientific,

Waltham, USA), NGS libraries were prepared using the AmpliSeq

library kit 2.0 (Thermo Fisher Scientific) and one of the following Ion

AmpliSeq Custom Next-Generation Sequencing DNA Panels: either

the AMLv2-Panel covering the whole coding sequence of CEBPA,

DNMT3A, GATA2, TET2 and TP53 as well as hotspot mutations in

ASXL1, BRAF, CBL, FLT3 (D835), IDH1, IDH2, JAK2, KIT, KRAS, NPM1,

NRAS, PTPN11, RUNX1 and WT1 or the MN Panel covering the whole

coding sequence of CEBPA, BCOR, DDX41, DNMT3A, ETV6, GATA2,

NF1, PHF6, SF3B2, SFRP1, SRP72, STAG2, TP53, ZRSR2, and hotspot

mutations in NPM1, ASXL1, BRAF, CALR, CBL, CSF3R, ETNK1, EZH2,

FLT3, IDH1, IDH2, JAK2, KIT, KRAS, MPL, NRAS, PTPN11, RUNX1,

SETBP1, SF3B1, SRSF2, STAT3, TET2, U2AF1 and WT1. Sequencing

was performed in duplicate using an Ion Proton benchtop sequencer

(Thermo Fisher Scientific). On average, 1 × 106 reads were obtained

for each sample with more than 90% of bases above AQ20 and 87% to

93% reads on-target. For data analysis the Ion Torrent Suite Software

Plug-ins (Thermo Fisher Scientific, open source, GPL, https://github.

com/iontorrent/) was used. Called variants were annotated using open

source software ANNOVAR and SnpEff. All coding, nonsynonymous

mutations were further evaluated and visually inspected in IGV (http://

www.broadinstitute.org/igv/) and variant calls resulting from technical

read errors or sequence effects were excluded from the analysis.

2.5 | Statistical analysis

Differences in patient characteristics were calculated using a two-

sided Fisher´s exact or Mann-Whitney tests. Comparison of cell

populations concerning the percentage of cells positive for distinct

surface markers was done using the Mann-Whitney test. The package

survival 2.44-1.1 of R 3.6.1 (www.r-project.org) was used to calculate

relapse-free survival and cumulative incidences of relapse with death

as competing risk.9 The Fine and Gray model was used for univariate

and multivariate assessment of risk factors for relapse using cmprisk

2.2-8. Sensitivity and specificity to predict relapse was calculated by

the package timeROC 0.3 with a method that is appropriate for cumu-

lative incidence settings. All remaining statistical analyses were per-

formed using GraphPad Prism software version 8.0 (GraphPad

Software, La Jolla, CA, USA).

3 | RESULTS

3.1 | MFC analysis of cell surface markers
for residual leukemic cell enrichment

An ideal cell surface marker for MFC-based leukemic cell enrichment

should display exclusive expression on the vast majority (>90%) of

leukemic cells in all AML patients, but not on normal hematopoietic

cells. We therefore analyzed the expression of 24 surface markers on

bulk leukemic cells in 150 diagnostic AML samples by MFC. For each

marker the number of AML cases expressing them on more than 90%,

50%-90%, 10%-50% and less than 10% of blasts was determined

(Figure 1A). By these criteria, CD44 and CD305 were expressed on

>90% of bulk leukemic cells in the majority of evaluated AML cases.

When including samples with a surface expression on 50%-90% of

cells, the markers CD47, CD33, CLL1, CD45RA, CD117, CD123,

GPR56, TIM-3 and CD99 were prevalent in a substantial number of

evaluated AML cases. The rest of markers were hardly expressed on

30% of the evaluated AML cases. We then analyzed the expression of

these markers on normal CD34+38− HSPCs counterparts. Both CD44

and GPR56 were expressed on >90% of CD34+38− HSPCs, while the

markers CD117, CD305, CD47 and CD33 were prevalent in substan-

tial numbers of normal HSPCs with a surface expression on 50%-90%

of cells, comparably to what has been reported.21-28 The remaining

markers were hardly expressed on CD34+38− HSPCs (Figure 1B).

Since no single marker showed an ideal expression profile for leu-

kemic cell enrichment, we aimed to determine the best marker combi-

nation enabling enrichment of residual leukemic cells in a maximum

number of AML cases. Although CD47, GPR56, CD33, CD305 and

CD45RA were expressed on >90% blasts of the majority of AML

cases evaluated, these markers were not considered further for

enrichment, because they were also widely expressed on normal

hematopoietic cell subtypes including CD34+38− HSPCs21-25

(Figure 1B and Figure S2). From that perspective CLL-1, TIM-3,

CD117 and CD123 were the most promising markers, since they were

only expressed on either a distinct progenitor population or on small

subtypes of mature leukocytes.26-28 The remaining markers were

expressed at levels too low to allow reliable enrichment and therefore

were not considered further.

3.2 | Establishment and validation of an MFC
leukemic cell enrichment panel

To establish the numbers of AML samples covered sufficiently by our

enrichment panel, the performance of the possible enrichment

markers CLL-1, TIM-3, CD117 and CD123 was reanalyzed. First, the

number of AML cases where at least one of the enrichment markers

was expressed on >90% of leukemic blasts was determined. Among

the 150 AML cases analyzed, 58% of the AML cases (86/150) showed

expression of at least one marker on >90% blasts in our initial analysis,

which was done for each marker using a separate fluorochrome for

each antibody (Figure 2A). Sixty of the remaining 64 AML samples

(in four samples no additional material was available), which did not

have any single enrichment marker expressed on >90% of cells were

further analyzed using an antibody cocktail targeting all four enrich-

ment markers labeled with the same fluorochrome (PE). In 48 samples

>90% of blasts were identified within the PE (marker) positive gate

(Figure 2A) indicating that the cocktail including antibodies against

CLL-1, TIM-3, CD117 and CD123 sufficiently labeled >90% of AML
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cells. Thus, in total 134 out of 146 AML samples (91.7%) showed ade-

quate labelling (>90% of cells) using this enrichment panel.

Next, we compared expression levels of the selected enrichment

markers between leukemic cells and their normal HSPC counterparts.

While TIM-3, CD123 and CLL-1 were hardly expressed on normal

HSPCs (P < .001; Figure S3), CD117 was present on a subset of nor-

mal HSPCs. We thus speculated whether CD117 could be omitted

due to its expression on a significant fraction of normal HSPCs. How-

ever, a combination of CLL-1, CD123 and TIM-3 allowed coverage of

>90% leukemic cells in less than 75% of AML samples. Therefore, in

order to be able to target the majority of AML samples, CD117 was

necessary to include along with the other selected markers. Based on

these results the markers CLL-1, TIM-3, CD117 and CD123 were

eventually assigned for enrichment of residual leukemic cells in a max-

imum number of AML patients. Although CD117 has been used as a

backbone marker for detection of MRD in previous studies,29,30 the

fact that the enrichment markers, especially CD117, are also

expressed on a fraction of normal HSPCs, excludes the use of this

marker combination for MRD detection based on MFC alone.

Analysis of paired diagnostic and relapse samples (n = 25) indi-

cated that the expression of all the four enrichment markers was con-

served throughout the disease course with either an increase or no

F IGURE 1 Expression of putative enrichment markers on AML bulk cells and normal HSPCs. A, The percentages of AML samples or B, CD34
+ 38- HSPC NBM samples of which cells were either <10%, 10%–50%, 50%–90% or > 90% positive for a distinct marker, are given

DAGA ET AL. 1151



significant change between diagnosis and relapse gate (Figure S4A).

Most importantly, among the 25 cases studied, 17 cases had at least

one of the selected enrichment markers positive and expressed on

>90% of cells. In the remaining eight samples ≥90% of blasts were

identified within the PE (marker) positive gate using an PE-labeled

antibody cocktail targeting all four enrichment markers (Figure S4B).

Thus, the antibody cocktail targeting CLL-1, TIM-3, CD117 and

CD123 sufficiently labeled >90% of AML cells both at diagnosis and

at relapse in all 25 patients studied ensuring that enrichment was not

hampered by immunophenotypic shifts. In addition, analysis of mat-

ched remission and relapse samples revealed that the majority of

blasts from the relapse sample were within the same PE (marker) posi-

tive gate as in remission sample (Figure S5) suggesting that this

enrichment panel was accurate.

Thus, for flow cytometry based enrichment of residual leukemic

cells in remission BM samples, a single tube was designed by com-

bining antibodies targeting CLL-1, TIM-3, CD117 and CD123 in the

PE-fluorescence channel along with the backbone markers CD45,

CD14, CD34 and CD38. Furthermore, an antibody against CD203c,

a basophil marker, was included to improve enrichment for leukemic

cells by exclusion of CD123+ basophils (Table S2). The cells were

sorted into PE (marker) positive and PE (marker) negative fractions

according to the sorting strategy described in the methods

section (Figure 3A).

3.3 | Sensitivity for detection of residual leukemic
cells after MFC-based cell enrichment and mutational
analysis

In order to determine the sensitivity of this newly developed two-step

MRD assay to detect residual leukemic cells, serial dilutions experi-

ments were performed. The NPM1-W288fs*12 mutated leukemic cells

from three different patients were diluted with normal BM cells at

ratios from 1:102 to 1:105. Sorting of these normal BM leukemic cell

mixtures was then performed by applying the above described enrich-

ment panel and NPM1 mutational analysis of sorted cells was done

using dPCR. The NPM1 mutation was clearly enriched in all sorted PE

(marker)-positive samples up to the dilution of 1:104. In two out of

three samples tested, the NPM1 mutation could even be traced in PE

positive cells in dilutions 1:105. In contrast, NPM1-mutations were not

detected in PE (marker) negative cells in dilutions higher than 1:102

(Figure 2B). Thus, the sensitivity to detect a NPM1-mutated AML cell

among normal BM cells with this approach was 10−4 to 10−5.

F IGURE 2 Expression of
enrichment markers in 150 AML
samples and dilution experiment to
determine the sensitivity for
detecting a leukemic cell in
NBM. A, Expression of enrichment
markers in 150 diagnostic AML
samples. The makers are arranged
in descending order with the

marker displaying the highest
percentage of cells at the left while
the marker displaying the lowest
percentage of cells positive is on
the right. Each row represents one
patient sample. In 64 samples no
single marker was expressed on
>90% of blasts. Thus, these
samples were analyzed with an PE-
labeled antibody cocktail targeting
all four enrichment markers. Two
representative examples of primary
AML samples are shown. In
48 samples the majority of blasts
(>90%) were then identified within
the PE (marker) positive gate. B,
NPM1 variant allelic frequency
(VAF) of sorted PE positive (black)
and PE negative cells (red) of
various dilutions of three NPM1
W288fs*12mutated leukemic
samples mixed with normal BM
cells (mean ± SE). neg, negative;
NBM, normal bone marrow [Color
figure can be viewed at
wileyonlinelibrary.com]
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3.4 | Validation of the combination of MFC-based
cell enrichment and mutational analysis for MRD
detection in a prospective AML cohort

For validation of the combination of MFC-based cell enrichment and

mutational analysis for MRD detection we performed a pilot study

including 41 patients with AML in complete remission after induction

chemotherapy (for patient characteristics see Table S3). In total,

93 mutations were identified at diagnosis in these patients with at

least one informative mutation per patient, which could serve as a

marker for residual disease (Table S4). Remission BM samples were

subjected to MFC-based cell enrichment. A median of 6499 PE

(marker) positive cells (range 2066-38 700 cells) were sorted from

CD45+ cells (median 499.600, range 190.400-1.760.000 cells)

resulting in 0.4% - 6% PE (marker) positive cells (median of 1.5% cells).

This indicated an enrichment of ≈15-250-fold with a median enrich-

ment of 67-fold (Figure 3B). Since subsequent mutational profiling of

sorted PE (marker) positive cells was possible in all but two patient

samples, data from 39 patients were included for further analysis. In

both samples with unsuccessful sequencing cell numbers were low

(2070 and 1780 cells, respectively). We previously reported that the

sensitivity of detecting a mutated variant using our sequencing

approach was 0.5%.20 However, insertions and deletions, as found for

example with NPM1 or RUNX1 mutations were reliably detected with

a sensitivity of 0.1% as also reported by others.31,32 In addition, our

dPCR approach to detect the NPM1 W288fs mutation showed also a

sensitivity of 0.1%.20 Therefore, we defined persisting residual disease

as a detected VAF of ≥0.5% while in the case of insertions we used

≥0.1% as cut-off. By applying these cut-off values, 44 of the 93 muta-

tions (47.3%) still persisted in 27 patients (69%) at remission. The VAF

F IGURE 3 Leukemic cell enrichment using MFC-based sorting followed by parallel sequencing for MRD detection. A, Sorting strategy for
enrichment of residual leukemic cells. The MNCs were identified using SSC low and CD45 low. The monocytes and basophils were excluded
using CD14/CD203c. The CD14/CD203c negative cells were gated on marker cocktail and the marker positive and marker negative fractions
were sorted. B, Percentage of sorted PE (marker) positive cells calculated as percentage of total nucleated BM cells obtained after FACS based
cell sorting in 41 remission samples. C, Calculated frequencies of mutated cells detected during complete remission using our two-step MRD
detection method. Black circles denote mutated cell frequencies as detected by DTA mutations and red squares display mutated cell frequencies
as detected by non-DTA mutations. MFC, multi-parameter flow cytometry; MRD, measurable residual disease; MNC, mononuclear cells; DTA,
DNMT3A, TET2 or ASXL1 [Color figure can be viewed at wileyonlinelibrary.com]
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ranged from 0.1% to 47%. Mutations in DNMT3A and TET2 followed

by NPM1 were the most common detectable mutations at remission

(Table S4). Because DNMT3A, TET2 and ASXL1 (DTA) mutations were

shown to persist in regenerating BM despite clearance of AML

blasts,20,31-33 DTA mutations were excluded for analysis of residual

disease. Interestingly, in six of 27 (22%) patients, who had both DTA

mutations and non-DTA mutations, DTA mutations still persisted after

induction therapy while the non-DTA mutations were cleared. These

observations were consistent with the idea that residual cells bearing

DTA mutations represent pre-leukemic clones.34,35 Persistence of

non-DTA mutations within the PE (marker)-positive fraction was

found in twenty-one out of 39 samples (21/39) with a median VAF of

5% (mean 11.5%, range: 0.14%–45%) indicating MRD positivity in

53.8% of our analyzed patients. The calculated frequencies of

mutated leukemic cells in these MRD positive remission BM samples

ranged between 1.98 × 10−2-1.9 × 10−5 (Figure 3C, Table S4). In

19 of the 39 samples we also did mutational analysis of the PE

(marker)-negative cell fraction. Notably, leukemia-specific mutations

were absent in the PE (marker)-negative cells of all samples tested.

Since nine out of these 19 samples were MRD positive in the PE

(marker)-positive cells, these results clearly suggested a leukemic cell

enrichment using our enrichment panel (Table S5).

3.5 | MRD positivity as detected by this two-step
assay serves as a reliable biomarker for relapsing
disease

Next, we analyzed RFS and OS according to the MRD status of the

patients. Median follow-up time was 559 days. Among the 21 MRD

positive patients, 15 patients relapsed (71.4%), while only five of

18 MRD negative patients (27.8%) relapsed (P = .007). After 3 years

F IGURE 4 Relapse-free survival (RFS) and cumulative incidence of relapse (CIR) in AML patients receiving intensive chemotherapy according
to MRD status. A, RFS of AML patients according to MRD status (n = 39). Patients with a positive MRD status as measured by our two-step MRD
assay had a significantly shorter duration of RFS (P = .0031). B, Competing risk analysis for CIR in AML patients according to their MRD status.
C, Box plot displaying univariate analysis of hazard ratios of risk factors for CIR. D, Box plot displaying multivariate analysis of hazard ratios of risk
factors for CIR. alloSCT, allogeneic stem cell transplantation; MRD pos, measureable residual disease positive; ELN int/adverse, European
Leukemia Net intermediate/adverse risk [Color figure can be viewed at wileyonlinelibrary.com]
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the calculated sensitivity and specificity of our two-step method to

predict relapse was 0.75 and 0.71, respectively. Patients with a posi-

tive MRD status had a shorter RFS than MRD negative patients

(median RFS 283 vs not reached, P = .003) (Figure 4A). Accordingly,

the cumulative incidence of relapse (CIR) was significantly higher for

MRD positive patients (5-year CIR: 90.5% vs 28%, P < .001,

Figure 4B). However, no prognostic significance of MRD status on

overall survival was seen in our cohort (P = .085, Figure S6).

Univariate analysis including also age, ELN risk category and leu-

kocyte counts, MRD positivity was the only significant risk factor for

CIR (HR, 3.9; 95% confidence interval [CI], 1.4-10.5; P = .00724,

Figure 4C), while allogeneic stem cell transplantation as consolidation

reduced CIR (HR, 0.26; 95% CI, 0.08-0.86; P = .0266). When tested in

a multivariate analysis, MRD positivity (HR, 5. 1; 95% CI, 1.5-17.3;

P = .00902), as well as intermediate/adverse ELN risk groups (HR, 5.0;

95% CI, 2.0-12.3; P = .00046) and stem cell transplantation (HR, 0.22;

95% CI, 0.06-0.84; P = .0271) were factors significantly affecting CIR

(Figure 4D).

4 | DISCUSSION

In this study we established a novel method for monitoring MRD in

AML by combining flow cytometry-based leukemic cell enrichment

using antibodies targeting CLL-1, TIM-3, CD117 and CD123 followed

by mutational analysis using NGS or dPCR. Monitoring MRD by this

method proved to be feasible with clinically relevant sensitivity to

detect one leukemic cell in at least 10 000 normal BM cells or even

more. This two-step MRD method may therefore overcome some of

the limiting issues of current MRD detection making its use attractive

for further clinical development: First, this approach can be used suc-

cessfully in the vast majority of AML patients. Using a combination of

these four markers we were able to enrich leukemic cells in 91.7%

percent of diagnostic AML samples and in our prospectively collected

remission samples DNA quality of sorted cells was sufficient for muta-

tional analysis in 39 out of 41 samples (95%). In all samples tested an

informative leukemia-specific mutation was present. Second, there is

no need for specific reagents for distinct samples involving multiple

antibody or sequencing primer combinations as used by others36,37

allowing standardization and even automation of this method more

easily. Third, by using a combination of four enrichment antibodies in

one fluorescence channel with our approach, an immunophenotypic

shift in one marker might affect MRD measurement only minimally.

This is in contrast to MRD detection by MFC alone, where an

immunophenotypic shift of one surface marker during relapse may

result in false negative reports due to the loss of the LAIP.17,38 In

addition, the documentation of the presence of a leukemia-specific

mutation by parallel sequencing of enriched cells may completely

overcome this problem.

Although we are not aware of any study performing more than

one technique for MRD detection in a combinatorial manner as

described here, several studies have explored using more than one

MRD detection method in parallel. Simultaneous use of MFC and

qPCR for detection of fusion transcripts in CBF AMLs was equally

effective in predicting CIR.39 Note, MFC in addition to WT1-based

molecular assessment of pre-transplant MRD could predict the risk of

post-transplant relapse in AML.40,41 A study comparing MFC with

multigene sequencing to measure MRD in AML patients before HSCT

found that the presence of MRD as detected by either method prior

to HSCT was predictive for relapse risk.42 Interestingly, in a recent

study using NGS as well as MFC concomitantly, the highest relapse

risk was observed in patients, who were positive by both assays.32

Patients with a discordant status had an intermediate risk, while

patients negative in both assays had the lowest relapse risk. These

data show that the combinatorial use of more than one MRD detec-

tion technique may improve prognostication. Our combined approach

takes advantage of both techniques and therefore may display

improved sensitivity for the detection of residual leukemic cells.

Indeed, in our remission samples, where we performed mutational

profiling in both populations, leukemia-specific mutations were pre-

sent within sorted PE (marker) positive cells, but absent in PE (marker)

negative cells.

Our pilot study also has some limitations. While in >90% of AML

patients MRD can be detected using the selected antibodies, still a

proportion of patient samples lacks sufficient expression of the

enrichment markers. Interestingly, subsequent MFC analysis of frozen

diagnostic material of the five patients who tested MRD negative but

relapsed, three samples fell in the latter category and lacked sufficient

expression of CLL-1, TIM-3, CD117 and/or CD123. Another relapsing

patient tested MRD negative showed cytogenetic evolution at relapse

suggesting that or enrichment strategy may miss persisting low-level

subclones at remission. In addition, our sorting strategy makes MRD

detection in patients with CD14+ monocytic/monoblastic AMLs chal-

lenging, because in these cases leukemic cells may significantly over-

lap with normal/regenerating monocytes. However, despite these

limitations of the enrichment process, the calculated sensitivity of the

two-step MRD assay with 0.75 was absolutely comparable with other

assays5-8,43-45 and only 28% of MRD-negative patients relapsed. Pre-

vious studies exploring the prognostic significance of either mutation-

based3 or MFC-based7,8 MRD detection reported higher relapse rates,

with nearly 40% of MRD negative patients relapsing. Furthermore,

expression of CD117 on normal HSPC may hamper sufficient enrich-

ment of residual leukemic cells for subsequent sequencing, and there-

fore reduce the sensitivity to detect a leukemic cell in remission

BM. To improve enrichment the use of newly identified markers with

better specificity for leukemic cells may be useful. The markers

CD191, CD70 and LILRB2 were recently found to be expressed on

more than 75% of leukemic cells in almost all AML cases with low

expression on normal hematopoietic cells, making them good candi-

dates for enrichment of residual leukemic cells.46 Furthermore, the

background error rate in calling mutations in our NGS approach lim-

ited the detection of already known mutations to a sensitivity of 0.1%

to 0.5%.20,47 Recent studies using error-corrected sequencing

approaches have shown increased sensitivities to detect leukemic

cells48,49 and were found to be highly predictive for relapse risk.50

Application of such molecular barcoding in future studies might help
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to increase the sensitivity as well as specificity of our two-step

method.

Irrespective of the technique used, a strong association between

MRD status and relapse risk has been shown in many stud-

ies.4-6,10,32,43,44 In this pilot study, patients with a positive MRD status

as assessed by our two-step MRD assay had an about 5-fold higher

risk of relapse, therefore confirming and extending data from previous

studies. In contrast to previous studies, we could not detect a signifi-

cant impact of the MRD status on overall survival, which is possibly

attributable to the rather low number of patients in our pilot study.

Thus, although a high sensitivity to detect residual leukemic cells and

clinical applicability of the assay could be established with this pilot

study, a proper prospective evaluation in larger cohorts is required.

Moreover, a comparison of our two-step MRD assay with the current

standard methods of MFC-MRD and qPCR as well as novel NGS

methods, such as error-corrected sequencing, is warranted to further

solidify its performance. In conclusion, our two-step MRD assay is

predictive of impending relapse and allows for faster simpler MRD

detection in more than 90% of the AML patients with high sensitivity

making this novel test highly attractive for further clinical

development.
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