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Abstract

Background: Measurable residual disease (MRD) assessed by multiparametric flow

cytometry (MFC) has gained importance in clinical decision-making for acute myeloid

leukemia (AML) patients. However, complying with the recent In Vitro Diagnostic

Regulations (IVDR) in Europe and Food and Drug Administration (FDA) guidance in

the United States requires rigorous validation prior to their use in investigational clin-

ical trials and diagnostics. Validating AML MRD-MFC assays poses challenges due to

the unique underlying disease biology and paucity of patient specimens. In this study,

we describe an experimental framework for validation that meets regulatory

expectations.

Methods: Our validation efforts focused on evaluating assay accuracy, analytical

specificity, analytical and functional sensitivity (limit of blank (LoB), detection (LLoD)

and quantitation (LLoQ)), precision, linearity, sample/reagent stability and establishing

the assay background frequencies.

Results: Correlation between different MFC methods was highly significant (r = 0.99

for %blasts and r = 0.93 for %LAIPs). The analysis of LAIP specificity accurately dis-

criminated from negative control cells. The assay demonstrated a LoB of 0.03, LLoD

of 0.04, and LLoQ of 0.1%. Precision experiments yielded highly reproducible results

(Coefficient of Variation <20%). Stability experiments demonstrated reliable mea-

surement of samples up to 96 h from collection. Furthermore, the reference range of

LAIP frequencies in non-AML patients was below 0.1%, ranging from 0.0% to 0.04%.

Conclusion: In this manuscript, we present the validation of an AML MFC-MRD

assay using BM/PB patient specimens, adhering to best practices. Our approach is
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expected to assist other laboratories in expediting their validation activities to fulfill

recent health authority guidelines.

K E YWORD S

assay validation, flow-cytometry, measurable residual disease

1 | INTRODUCTION

Acute myeloid leukemia (AML) is a malignancy of hematopoietic cells

that occurs in the bone marrow (BM), characterized by defects in the

maturation program with abnormal proliferation and accumulation of

myeloid progenitor cells, leading to impaired hematopoiesis and ulti-

mately BM failure (Dohner et al., 2015). The disease is highly hetero-

geneous concerning morphology, immunophenotype, cytogenetics,

molecular aberrations, gene expression signatures, and survival out-

comes following current approved treatment modalities (Hou &

Tien, 2020). The current management of AML involves induction che-

motherapy to achieve complete remission (CR), followed by post-

remission treatment, which consists of either several courses of addi-

tional chemotherapy or stem cell transplantation (either autologous or

allogeneic) (Dohner et al., 2017). Despite high initial remission rates of

up to 90% after intensive chemotherapy, the 5-year survival for adults

over 60 years of age is only 30%, depending on disease-related char-

acteristics and measurable residual disease (MRD) status after two

cycles of chemotherapy (Short et al., 2018; Short et al., 2020). This

dismal outcome is predominantly due to the occurrence of relapses

that are often resistant to chemotherapy, highlighting the need for

early detection of relapse to guide post-remission therapy

(Ossenkoppele & Schuurhuis, 2014).

Detecting MRD using various techniques allows for the prediction

of impending relapse (Schuurhuis et al., 2018). Multiparametric flow

cytometry (MFC) can be used to quantify MRD in more than 90% of

AML cases, with a sensitivity that surpasses detecting one tumor cell

among 1000 white blood cells (WBC) (Buccisano et al., 2017). MRD

status is prognostic for overall survival (OS) and relapse-free survival

(RFS) (Schuurhuis et al., 2018; Short et al., 2020). In recent years,

MRD has gained importance not only in treatment decision-making

but also in patient selection for clinical trials (Hu et al., 2020;

Löwenberg et al., 2021; Venditti et al., 2019). More importantly, MRD

is expected to become a surrogate endpoint for survival based on

ongoing research collaborations such as HARMONY and MPAACT

(MRD Partnership and Alliance in AML Clinical Trials), potentially

expediting new drug effectivity assessments over the next few years.

Consequently, there is a growing emphasis on ensuring the reliability

of MRD results and the appropriate validation of underlying assays.

Hence, to enable clinical decision-making based on MRD, it is essen-

tial to use an assay that adheres to the In Vitro Diagnostic Regulations

(IVDR). Similarly, the U.S. Food and Drug Administration (FDA)

requires comprehensive analytical validation of MRD assays prior to

their use in interpreting drug efficacy in investigational clinical trials

(U.S. Department of Health and Human Services OCoE, Center for

Drug Evaluation and Research, Center for Biologics Evaluation and

Research, 2020; Wood et al., 2013). Currently, MFC-MRD assays vary

among different centers and depend on extensive scientific expertise

and knowledge of inter-patient differences for accurate interpretation

of data (Grimwade & Freeman, 2014; Keeney et al., 2015). To harmo-

nize interpretation and reporting, recently, the European Leukemia

Network (ELN) MRD working party on AML has recommended the

utilization of a single consensus panel of markers for MRD monitoring

(Heuser et al., 2021).

In this current study, we report the validation of a semi-

quantitative MFC-MRD assay using a 4-tube, 8-parameter panel

incorporating cell differentiation markers recommended by the ELN

AML MRD working party. The panel was originally designed by the

AML MRD working group of the Dutch cytometry association and

has been employed in multiple large clinical studies conducted by the

Hemato-Oncology Foundation for Adults in the Netherlands

(HOVON)/Swiss Group for Clinical Cancer Research (SAKK)

(Löwenberg et al., 2021; Terwijn et al., 2013; Zeijlemaker, Grob,

et al., 2019). While previous trials have provided a clinical validation,

establishing a correlation between flow MRD positivity and out-

comes, this manuscript solely focuses on the analytical validation. The

validation principles adheres to the assay performance criteria pro-

posed by Wood et al. (2013) and CLSI H62 (2021). The validation pro-

cess of the MRD assay involves assessing assay accuracy using a

separate MFC assay, determining analytical specificity by utilizing a

predefined set of leukemia associated immuno-phenotype (LAIP) with

established limit of blanks in regenerating/within-normal bone mar-

rows. Additionally, it involves evaluating analytical and functional sen-

sitivity (limit of detection and quantitation), examining precision/

reproducibility, assessing linearity, evaluating sample/reagent stability,

and establishing the assay background frequencies through a refer-

ence range. The validation is conducted for the entire assay and,

although preferred, not for each LAIP separately as such an exercise

would be impractical. Our results demonstrate that a well-validated

AML MFC-MRD assay can accurately quantify a LAIP at diagnosis

and MRD at follow-up. With the reliability of MFC assay readouts,

MRD results could be used in clinical trial and support new drug

approvals in the treatment of AML (U.S. Department of Health and

Human Services OCoE, Center for Drug Evaluation and Research,

Center for Biologics Evaluation and Research, 2020). Importantly, our

results provide a framework for other clinical laboratories to validate

their own MFC panel or replicate our validated assay for use in their

clinical practice or trials.
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2 | MATERIALS AND METHODS

The MRD qualification experiments were conducted at the Cancer

Center Amsterdam. In addition, accuracy, sensitivity, and linearity

experiments were carried out simultaneously at Navigate BioPharma,

a subsidiary of Novartis. Furthermore, the inter-laboratory experi-

ments involved the collaboration of the two aforementioned laborato-

ries and three other laboratories affiliated with the AML MRD

working group of the Dutch cytometry association, namely Erasmus

MC in Rotterdam, Radboud UMC in Nijmegen and Medlon/Medisch

Spectrum Twente (MST) in Enschede (Dutch Cytometry

Association, 2022). All MRD measurements adhered to the protocol

published by Cloos et al. (2018). Flow cytometry data acquisition was

performed using FACS Canto-II flow cytometer (BD Biosciences, San

Jose, CA, USA) and Navios cytometer (Beckman Coulter, Miami, FL,

USA), with daily calibration following the EuroFlow procedures or

Harmonemia settings (Kalina et al., 2012; Lacombe et al., 2016).

Detailed information on the instruments and software used for the

experiments can be found in Table S1.

2.1 | Antibody panel

The assay consists of four eight-color tubes, with each tube contain-

ing antibodies for a common set of backbone markers: CD13, CD34,

CD45, CD117, HLA-DR, along with three additional antibodies for

informative markers to enhance the identification of relevant LAIPs.

The specific composition of the four tubes is detailed in Tables S2–S5.

The choice of antibodies and their conjugated fluorochromes in the

panels is carefully designed to minimize spectral overlap. The panel

consists of antibodies against backbone markers to facilitate consis-

tent gating of WBC, lymphocytes, CD45dim, and the primitive marker.

The additional lymphocytic and monocytic markers are included in

one tube and are used for the identification of all other relevant popu-

lations, including the determination of LAIPs.

2.2 | Reagents

In addition to the antibodies, we utilized Phosphate Buffered Saline

(PBS) solution containing 0.05% sodium azide and 0.1% Serum Albu-

min, along with an NH4Cl-based lysing solution. Monoclonal antibody

(MoAb) cocktails were prepared regularly (approximately on a weekly

basis) using the reagents to make liquid cocktail with volumes suffi-

cient for 60 MRD tests. For a comprehensive overview of the

reagents used, see Table S6, while the stability results of the antibody

panel used can be found in Section 3.6.

2.3 | Patient specimens and LAIP interpretation

All patient specimens were obtained after informed consent according

to institutional guidelines. These patients participated in either

HOVON/SAKK or Novartis sponsored CPKC412E2301 clinical trial or

received treatment at the Amsterdam University Medical Center

(location VUmc). For the validation experiments, fresh frozen samples

of BM and peripheral blood (PB) were used. An overview of

samples used for each experiment can be found in Table S7. The anal-

ysis of samples was performed using Infinicyt™ software version 1.8

(Cytognos, Salamanca, Spain), FlowJo version 10.5.3 (BD Biosciences)

or KALUZA™ analysis software version 2.1.3 (Beckman Coulter).

Detailed procedures for identifying LAIP at diagnosis and assessing

MRD at follow-up are described in Cloos et al. (2018) and Zeijlemaker,

Kelder, et al. (2019). The gating strategy for each LAIP is visualized in

Figure S1, although adjustments of gates may be necessary for each

individual specimen. A table of all immature LAIPs can be found in

Table S8. Cell viability of fresh specimens were analyzed using a cell-

ometer (Nexcelom, Lawrence, MA, USA). In addition, samples were

assessed to ensure the absence of clumps, clotting, hemolysis, con-

tamination, and debris (as observed in the forward scatter (FSC) ver-

sus side scatter (SSC) plot) prior to their use.

2.4 | Statistics

Statistical analyses were performed with IBM SPSS Statistics

26 (Armonk, NY, USA) and the results were visualized with GraphPad

prism 9 (San Diego, CA, USA). The Mann–Whitney U-test was used to

compare non-parametric unpaired variables. Correlation coefficients

were calculated using the Pearson Correlation test, with a significance

level set at p < 0.05 (two-sided).

3 | VALIDATION EXPERIMENTS AND
RESULTS

The design and results of each validation experiment are presented

along with the specific acceptance criteria for testing and the corre-

sponding outcomes. A summary of all the results can be found in

Table 1.

3.1 | Accuracy

Although it would be preferable to determine accuracy of a test by an

orthogonal method (i.e., molecular qPCR or NGS), we considered

these methods to be not suitable for determining closeness of agree-

ment based on previous observations of the discrepancies and

because the origin of these discrepancies are still unknown (Jongen-

Lavrencic et al., 2018; Morita et al., 2018; Venditti et al., 2019).

Instead, we determined accuracy by comparing our experimental

results to an alternative flow cytometry assay routinely used for diag-

nosing hematological malignancies at VUmc (Zeijlemaker, Kelder,

et al., 2019). The comparison was based on the percentage LAIPs and

blasts, using Pearson correlation coefficient (PCC), with a threshold of

≥0.9 considered acceptable (Narayanan & Weinberg, 2020). Eleven
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patients were included in the comparison, resulting in a total of

21 LAIPs across both assays (Cremers et al., 2017; Ossenkoppele

et al., 2011). These LAIPs consisted of CD45 + CD34 + CD13

+ CD7+ (n = 3), CD45 + CD34 + CD13 + HLA-DR� (n = 4),

CD45 + CD34 + CD13 + CD2+ (n = 1), CD45 + CD34 + CD13

+ CD22+ (n = 1), CD45 + CD34 + CD13 + CD33� (n = 4),

CD45 + CD13 + CD133 + CD34� (n = 1), CD45 + CD34

+ CD33+/CD13� (n = 1), CD45 + CD34 + CD13 + CD15+ (n = 2),

CD45 + CD34 + CD13 + CD11b+ (n = 1) and CD45 + CD34

+ CD13 + CD56+ (n = 3). The concordance between the two assays

was 0.99 for blast percentage and 0.93 for LAIP percentage (see

Figure 1). The largest discrepancy was observed in the LAIP expres-

sing CD15, although the same clone was used. The MRD assay

showed relatively lower CD15 expression compared to the immuno-

phenotyping assay, but these differences did not influence result

interpretation as the frequency of these cells was above 10% (or 100

fold above the MRD cut-off) in both assays routinely used for LAIP

identification at diagnosis. Furthermore, consistent results were

obtained when the same sample was measured in different laborato-

ries (see Section 3.4.4), further supporting the accuracy of the assay.

3.2 | Analytical specificity

The assay's analytical specificity was determined by the capability of

each marker to identify the desired cell population while accurately

discriminating between multiple other cell types found in the sample.

To demonstrate specificity of the antibodies used for AML MRD

detection, five healthy donor specimens representing bone marrow

and peripheral blood were stained using each of the four LAIP test

tubes representing all the CD markers used for identification of AML

MRD. The specificity of each antibody was analyzed by gating internal

positive and negative control populations. Each constituent antibody

clearly identified internal positive and negative control populations

and normal BM and PB samples showed <0.1% of AML MRD burden

of total WBC, a cut point utilized for reporting MRD status (see

Figure 2). To further verify antibody specificity, we compared mean

fluorescence intensity (MFI) of the test antibodies on the population

of interest (blast cells) to a control population (lymphocytes), although

other factors such as gating strategy and interactions with other

reagents are also important. Consistency in MFI should be consistent

for the backbone CD markers in all four MRD test tubes, with a Coef-

ficient of Variation (CV) of ≤20% for 80% of the measurements. The

MFI ratio between internal positive and negative control cell popula-

tions should be >2. To evaluate these criteria, we assessed the MFIs

produced by all test antibodies on BM obtained from three healthy

donors and two AML patients (diagnostic and follow-up specimens). A

table of the inter positive and negative controls used in this validation

are stated in Table S9. The %CV for all backbone markers was below

20% (median %CV of 8.3% for CD117, 7.2% for CD34, 10.6% for

HLA-DR and 13.6% for CD13), indicating highly reproducible results

(Table S10a). The ratio of internal positive and negative control popu-

lations varied between 2.7 and 4127.9, clearly distinguishing theT
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F IGURE 1 Correlation between diagnostic immunophenotypic-assay and MRD assay. (a) Scatter plot demonstrating the correlation between
the percentage of blasts detected using the MRD-assay (y-axis) and the immunophenotype-assay (x-axis) in 11 different bone marrow
(BM) diagnosis samples. The analysis includes 21 leukemic-associated immunophenotype (LAIP) markers, yielding a Pearson correlation
coefficient (PCC) of 0.99. (b) Scatter plot illustrating the correlation between the percentage of LAIP cells in the same samples using the MRD-
assay (y-axis) and the immunophenotype-assay (x-axis), resulting in a PCC of 0.93. [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 2 Assay specificity. The flow cytometry plots depict the specificity of the assay, demonstrating the recognition of target-specific
populations by each antibody used for detection of AML MRD. [Color figure can be viewed at wileyonlinelibrary.com]
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populations in scatter plots (Table S10b). The MFIs produced by all

other test antibodies also showed clear distinction between the inter-

nal positive population (blast cells) and negative control (lymphocytes).

In addition, specific markers were measured with blast cells as the

negative control and another cell type as internal positive population

(e.g., CD14 with monocytes as the target population). In summary,

internal positive and negative control populations were clearly distin-

guishable for all markers, and the MFI was highly reproducible across

backbone markers (Mean %CV 9.9% and CV <20% for 82.1% of the

observations).

3.3 | Detection capability: Limits of blank,
detection and quantitation (sensitivity)

Analytical and functional sensitivity of the assay was estimated by

measuring either healthy donor samples without LAIP or AML speci-

mens with varying frequencies of LAIP at which MRD could still be

assessed accurately. Limit of blank (LoB) (maximum number of LAIP

cells acquired in samples lacking leukemia) was calculated using the

formula (Mean + 1.645 standard deviation (SD)) and Lower limit of

detection (LLoD) (minimal number of LAIP cells that can accurately be

distinguished above background) calculated using the formula (LoB

+ 1.645 SD of low LAIP specimens) in specimen with a spiked MRD

level of 0.01%. Lower limit of quantitation (LLoQ) was defined as the

value where triplicates exhibited a %CV ≤20 and the MRD value fell

within 30% of the expected value for the lowest dilution of LAIP spec-

imens (Donnenberg & Donnenberg, 2007). The acceptance criteria for

all LAIPs regarding LLoD are set to be below 0.1%. However, it is

desirable for the LLoD to ideally be 0.01%.

Bone marrow mononuclear cells (BMMC) from five AML patients

were spiked into three BM samples from three healthy donors to

achieve a low level tumor specimens (e.g., 0.01% of total WBC). All

serial dilutions generated were stained with the complete AML MRD

panel representing real clinical trial/diagnostic specimen testing. Each

healthy donor BM samples lacking spiked AML BMMCs cells served

as a LoB control. LoB was assessed in BM of four healthy donors with

four LAIPS analyzed with five replicates, generating a total of 20 mea-

surements. Mean of blank specimens was 0.024 with a SD of 0.005

(Table S11). To establish LLoD, cryopreserved BMMCs from four

AML patients were stained and spiked at low levels (<0.1% of total

WBC) into five unique healthy donor BM which were pre-stained with

the total panel. The LAIPs used can be found in Table S9. This resulted

in the detection of four LAIPs in triplicates. The SD for 12 low positive

samples was 0.0025%. LLoD was determined to be 0.036% of total

WBC (see Table S12). The lowest quantifiable levels of five unique

LAIPs among four AML patients evaluated ranged from 0.1% to

0.01% (Table S13) with acceptable imprecision in replicate assess-

ments and within ±20% CV of expected spike value across 15 mea-

surements (% CV range = 0.0–15.8).

3.4 | Precision

To determine the precision of the assay, multiple aspects were evalu-

ated. Figure 3 provides a visual representation of the precision experi-

ment conducted in this study. Inter-operator variability was assessed

by involving two operators who processed and measured three AML

samples. The inter-gating was assessed by having two gating experts

independently perform gating on two additional samples. Inter-

F IGURE 3 Design of the precision experiments. Visual overview of various precision experiments, including inter-operator, inter-gating, inter-
instrument, intra-assay and inter-laboratory comparisons. [Color figure can be viewed at wileyonlinelibrary.com]
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instrument variability was examined by measuring a sample across

three different instruments, while intra-run variability was evaluated

by dividing one sample through three sub-runs. Additionally, inter-

laboratory variability was assessed among five different laboratories

by measuring a sample and a sister-sample in two different laborato-

ries. In precision studies, a target % CV of ≤20% was set as the accep-

tance criteria. However, for samples containing very low frequencies

of tumor cells, the absolute frequencies of events were also com-

pared. Results of precision studies are shown in Figure 4.

3.4.1 | Inter-operator precision

To assess the variability between operators, we selected three AML

patient samples and processed them by two different operators. The

samples were acquired on the same day and measured on the same flow

cytometer. Among the three samples, one sample was determined to be

MRD-negative (LAIP percentage below 0.1%). For all parameters (%

WBC, %blasts, %primitive marker and %LAIPs) measured in these sam-

ples, we observed a low SD of 1.0 and a CV of less than 20% (ranging

from 0.1% to 14.0%) (see Figure 4a and Table S14 for detailed results).

3.4.2 | Inter-gating precision

To ensure the robustness of the LAIP interpretation, two additional

technicians independently analyzed the raw data from the two MRD+

patients to evaluate the inter-gating variability. The interpretation of

11 out of the 14 gates showed high reproducibility (<20% CV). The

variability in the frequency of the LAIPs was also relatively low

(SD ranging from 0.0 to 0.39) (see Figure 4d and Table S15 for detailed

analyses). Two out of the fourteen gates exhibited higher variability

F IGURE 4 Results for the precision experiments. (a) Inter-operator precision was evaluated by comparing the measured results of all
components for three AML samples, assessed by two different operators/technicians. A total of four different staff members were involved.
Coefficient of variation (CV) ranged from 0.1% to 14%. (b) Inter-instrument precision was assessed by comparing the results obtained from three
flow cytometry instruments (all FACS-Canto II) when measuring the same three AML samples (The %CV range was 0.4–8.2). (c) Thirteen AML
samples were measured in triplicate, revealing a SD range of 0.0–2.9 and a %CV range of 0.1–10.0. (d) Inter-gating precision was determined by
four different technicians who gated two AML samples. The comparison of all gates showed an SD range of 0.00–0.39 and a %CV range of 0.00–
31.94. [Color figure can be viewed at wileyonlinelibrary.com]
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(CD34 + CD13 + CD7+ and CD34 + CD13 + CD11b+; range

0.0%–66.33%), which can be attributed to their low frequencies in the

MRD-negative samples. In samples with frequencies below 0.1%, the

CV is not considered an optimal parameter for assessing variability.

3.4.3 | Inter-instrument precision

Three AML de novo patient samples were acquired using three differ-

ent FACS Canto II instruments operated by the same individual. The

obtained results were analyzed and checked by two different opera-

tors. The frequencies of WBC, blasts, primitive compartments

(CD34+ cells) and LAIPs were compared across the samples. The cal-

culated %CV for all cell populations were below 20% (range 0.9%–

8.2%). For further details, see Figure 4b and Table S16.

3.4.4 | Intra-assay precision

Thirteen patient specimens were divided into three parts and pro-

cessed separately. The sample processing was performed by a single

operator and the data were acquired on a single instrument. The anal-

ysis of the data was performed by the same expert. Across the tripli-

cate measurements of the 13 patient specimens, all LAIP frequencies

were found to be below 20% (range 0.1%–10.0%). For detailed infor-

mation, see Figure 4c and Table S17.

3.4.5 | Inter-laboratory precision

A total of 82 fresh diagnostic AML samples were acquired for MRD

analysis at the laboratory of Amsterdam UMC, location Vrije

Universiteit. Of these samples, 64 were also acquired simultaneously

at Erasmus MC, 14 at Radboudumc and 4 at MST laboratories. In

77 of 82 samples (93.9%), both laboratories identified a LAIP above or

below the 0.1% cut-off, generating a similar result in both centers.

Table S18 provides a detailed overview of these findings. To ensure

comprehensive inter-laboratory precision, five AML diagnosis samples

were selected, containing 18 different LAIPs and representing a range

of tumor cell frequencies. These samples were initially analyzed at the

Amsterdam UMC laboratory and duplicate specimens were frozen

and sent to Navigate BioPharma laboratory in the United States for

concurrent assessment, to mimic a global clinical trial. The results of

these five samples are shown separately due to the possible influence

of the freeze–thaw process. Antibody reagents and flow cytometer

settings were standardized across all laboratories. The percentages of

LAIP are shown in Table S19. Across the two laboratories, the fre-

quencies of LAIPs acquired demonstrated a CV below 20% for

17 LAIPs. The only exception was the CD45 + CD34 + CD13

+ CD11b+ LAIP, with results ranging from 0.39% to 4.01% across

laboratories.

3.5 | Linearity

Linearity demonstrates an assay's ability to obtain results that are

directly or indirectly proportional to the concentration of an aberrant

subpopulation in a sample within a specified range. We employed two

methods to assess linearity. In the first method, LAIP-positive cells

were spiked into the total WBC compartment of normal bone marrow

specimens, and the measured values were compared with the

expected (calculated) values. The obtained results were plotted, and

the regression analysis (PCC) was performed based on the mean of all

measurements (see Figure 5a). A total of 11 BM samples and one PB

F IGURE 5 Linearity assessment. (a) Correlation plot with percentage of expected LAIPs (x-axis) versus measured LAIPs (y-axis) at five
different concentration levels (0.01%, 0.025%, 0.04%, 0.1% and 0.4%, respectively). The Pearson correlation coefficient (PCC) is r = 0.99
(p < 0.001), indicating a strong correlation between expected and measured values. (b) Percentage of expected LAIP-positive cells (x-axis)
compared to the mean percentage of three measurements (y-axis). One of 22 measurements (Expected% 16.64, observed% 16.98) is excluded
from the plot for better visualization. The overall PCC is r = 0.995 (p < 0.001), again demonstrating a high correlation between the expected and
observed values. [Color figure can be viewed at wileyonlinelibrary.com]
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(relapse) sample were used to achieve 12 serial dilution of LAIP at five

concentrations. The overall PCC was determined to be r = 0.99

(p < 0.001), with the largest deviation observed at 0.4% dilution

(SD = 0.107). For the second method, linearity was assessed by spik-

ing BMMCs from four AML patients into three BM and one PB

obtained from four healthy donors. This approach aimed to cover a

tumor target range of 20%–0.1% of total WBC. A total of 22 LAIPs

were detected across the four specimens, with each specimen tested

in triplicate. Pearson's correlation analysis was performed by

comparing the observed averages (from triplicates) with the expected

normalized values obtained from the sensitivity (LLoQ) study. The

overall PCC of the 66 measurements was determined to be r = 0.995

(p < 0.001), as illustrated in Figure 5b.

3.6 | Stability

Stability of specimens and reagents is essential for obtaining reliable

MRD results, as logistical constrains may prevent samples from being

acquired within 24 h of collection, likewise, preparing fresh antibody

cocktails for each specimen is impractical. To assess specimen stabil-

ity, the LAIP percentage was measured in BM (at diagnosis and at

follow-up) and PB samples (at diagnosis only) over consecutive days

up to 7 days, comparing each measurement to the initial measurement

on day 1. The specific LAIP can be found in the Supplementary Tables.

In addition, a fixable viability dye (BD, Fixable Viability Stain 780) was

utilized to assess the percentage of viable cells at each time point. The

results were used to identify the time range in which samples remain

stable, ensuring reliable identification of LAIPs. The specimens were

stored at room temperature to mimic an ordinary diagnostic labora-

tory setting.

To assess stability of antibody reagents used in the MRD assay;

the MFIs of each CD marker on relevant aberrant cell populations

were quantified in three cryopreserved AML BM samples. These sam-

ples were stained and acquired with the antibody cocktail on Days

1, 7, 14, 28 and 56 days after the initial measurement on the same

cryopreserved specimens.

3.6.1 | Stability of bone marrow diagnosis
specimens with higher tumor burden

For the specimen stability assessments, five specimens were selected

with LAIPs above the 10% threshold on day 1. In these samples, 10 of

the 11 LAIPs were still measurable above the 10% cut-off after 5–

7 days, as indicated in Table S20. Eight out of eleven (73%) LAIPs

remained stable until day 5, with a CV below 20% compared to day

1. However, only 4 out of 11 LAIPs remained stable for 7 days, as

shown in Table S20. Interestingly, in one sample, the CD34/CD15

double positive LAIP increased over time, surpassing the 10% thresh-

old 6 days after the initial measurement. To verify the adequacy of

LAIPs in specimens with low-cell count, five additional BM samples

were diluted 1:10 with AB plasma on day 1 and processed similarly to

the undiluted samples. In comparison to the undiluted specimens

described earlier, the diluted samples showed even less variation, and

all LAIPs (except for CD15) could be detected after 7 days. The LAIP

frequencies remained stable until day 4, with 7 out of 10 LAIPs having

a %CV below 20%, as detailed in Table S21.

3.6.2 | Stability of post-treatment bone marrow
samples with low tumor burden

Over the course of five successive days, six AML BM follow-up speci-

mens and one healthy donor BM were tested. These specimens con-

tained a total of 15 LAIPs, with six LAIPs above the 0.1% MRD cut-off

on day 1 of testing. All six LAIPs remained MRD-positive on

subsequent days (see Table S22). On day 7, only one LAIP became

MRD-positive, while it had been MRD-negative in the previous mea-

surements (specifically, CD34+/CD15+; 0.06% on day 1 vs. 0.14%

on day 7). The MRD-negative LAIPs decreased with a maximum of

0.02% within the first 3 days after the initial measurement and 0.06%

after 5 days. In general, the LAIP cells remained stable within the first

4 days and no change in MRD status was observed during the

first 6 days of testing.

3.6.3 | Stability of peripheral blood specimens

The same experiment was repeated for five PB specimens collected at

the time of diagnosis. These samples are particularly important as they

allow for LAIP determination upon diagnosis, while the availability of

a BM sample might be intermittent. Out of the 12 LAIPs identified

above the 10% cut-off, nine LAIPs remained above the cut-off 6 days

after initial measurement. However, it is worth noting that PB speci-

mens exhibited less stability compared to BM specimens, with only

6 out of the 12 LAIPs stable on day 6 (with a change of less than 20%

from the day 1 measurement). Detailed values for each LAIP can be

found in Table S23.

3.6.4 | Stability of MRD at low WBCs

As variation in cell yields is a common occurrence in specimens, we

assessed the impact of total acquired WBC events on accurate MRD

interpretation. Three independent AML patient specimens were

spiked separately into healthy donor peripheral blood at a target con-

centration of 0.1% (MRD cut-off) of total WBC and stained with the

respective LAIP antibody tube. Varying number of total WBC events

ranging from 0.025 to 1.0 million were acquired for each LAIP tube.

Across the three AML patients, six LAIPs were identified. The final

frequencies of all LAIPs remained consistent at 0.1% (with an accept-

able CV of 20%) across the range of WBC enumerated (see Figure 6).

However, for two out of a six LAIPs, the absolute count fell below the

threshold of 50 events (lower limit for MRD interpretation), even

when 100,000 WBC were acquired. Hence, to ensure reliable MRD-
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positive interpretation, we recommend evaluating a minimum of

200,000 total WBCs and at least 50 clustered LAIP events.

3.6.5 | Reagent stability

The stability assessment of the MRD antibody panel involved the

measurement of MFI for specific MRD-defining cell populations in

cryopreserved AML BM samples collected at time of diagnosis. Multi-

ple vials from the sample were cryopreserved, and on day 1, all sam-

ples were stained with the same combination of antibodies. Samples

were thawed on day 1, 7, 14, 28 and 56. Figure S2 provides the

median MFI values for all markers used to identify abnormal popula-

tions within the blast population of each patient. MFI values for all

CD markers in all samples, at all time-points, showed a high level of

reproducibility (<20% CV) until Day 56, except for CD15, which

remained stable until Day 28, as indicated in Table S24.

3.7 | Reference range

To establish reference ranges observed with this assay in both healthy

donors (negative) and AML patients (positive), we analyzed LAIP data

from 10 healthy donor BM and 300 post-treatment AML BM samples

from patients in CR(i) who were participating in the HOVON 102 trial

(Zeijlemaker, Grob, et al., 2019). The healthy donor samples have been

measured only once and are different from the samples used for the

LoB experiments. The LAIP percentages in the healthy donor BM

samples were below the MRD interpretation cut-off of 0.1%, ranging

from 0% to 0.04%). In contrast, the LAIP frequencies in the positive

AML patient samples varied from 0.1% to 30%. These results confirm

the reliability of our assay for wider application (see Figure 7 for visu-

alization of the results).

4 | DISCUSSION

For accurate clinical decision making using a MFC-based MRD assay

for AML patients, it is essential to use a rigorously validated and reli-

able assay that meets current regulatory expectations (Armbruster &

Pry, 2008; der Strate et al., 2017; Du et al., 2015; Selliah et al., 2019;

Wood et al., 2013). Our results demonstrate that our standardized

MRD assay has met all predefined acceptance criteria (Table 1). How-

ever, it is important to note that additional parameters such as qualita-

tive and quantitative specificity, which were not reported in this

study, may be required for compliance with the IVDR. Our experi-

ments have some limitations. One notable limitation is the challenge

in conducting accuracy experiments due to the absence of an appro-

priate reference assay. Although techniques like next-generation

sequencing (NGS) can be utilized to measure MRD, they are comple-

mentary to flow cytometry assays and not entirely interchangeable.

This is because not all LAIP+ cells contain mutations, rendering NGS

less suitable as reference assay (Jongen-Lavrencic et al., 2018; Patkar

et al., 2021). However, once further understanding of these discrep-

ancies is achieved, NGS may serve as a valuable reference for future

accuracy experiments. Due to the quasi-quantitative character of the

assay and the lack of reference standard, the direct applicability of

the assay accuracy is limited. It has to be emphasized that not all

experiments could be performed with native specimens, most notably

samples containing very low levels of LAIPs required for sensitivity

experiments, as obtaining such samples proved challenging. Hence,

we had to resort to diluting samples with higher MRD burden in order

to establish the LLoD and limits of quantitation (MRD cut-off). Fur-

thermore, it is worth noting that the inter-instrument experiments

F IGURE 6 Stability of MRD at low white blood cells levels. This
figure depicts the frequencies (solid red line) and total events (solid
blue line) of representative LAIPs observed in each of three AML
subjects across a range of total WBC enumerated. The green dotted
lines represent the ±20% change from the expected value, indicating
the stability range. The blue dotted line represents the cut point for a
minimum of 50 LAIP events, ensuring sufficient sensitivity for MRD
detection. [Color figure can be viewed at wileyonlinelibrary.com]
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were carried out using de novo samples, which may potentially under-

estimate the observed effect. While the majority of validation accep-

tance criteria are often based on %CV, this parameter may not be

optimal for assessing very low levels of LAIPs. Although certain indi-

vidual comparisons showed higher variation than the desired CV of

≤20%, these were mainly in the very low range. Importantly, none of

the experiments resulted in misclassification of MRD results based on

a cut point of 0.1%. Differences in gating strategy among individual

operators could introduce some variability that cannot be eliminated

in each measurement. In addition, pipetting errors may contribute to

small differences between samples. The limit set by health authorities

to demonstrate detectability of LAIPs at a 10-fold lower level than the

MRD cut-off could not be achieved, potentially due to presence of

non-leukemic hematopoietic precursors in regenerating bone marrow

at very low levels, as observed in healthy donors included in our refer-

ence range study (Figure 7). Finding appropriate samples for LLoD/

LLoQ experiments posed a challenge. Firstly, a sample needed to be

assessed to determine if it was MRD-positive with a MRD percentage

in the lower range. Subsequently, the sample needed to have suffi-

cient remaining cells for the LLoD/LLoQ experiments. Inter-laboratory

experiments showed a discrepancy in 5 out of 82 (6.1%) MRD results,

which urged further investigation. After discussion and data re-

analyses, we concluded that the discrepancy was most likely due to

hemodilution, as each laboratory received different pulls of the BM

sample and %LAIP differences were in the same ratio between the

pulls. We are currently conducting further investigations to identify

potential markers that may indicate hemodilution and to assess the

extent of its influence on MRD results.

These validation experiments have led to the establishment of

best quality practices that are now prerequisite in our laboratory for

releasing MRD results for clinical decision making. These practices

include the following; (1) Post-treatment samples should be tested

within 7 days after collection; (2) caution is warranted for samples

collected in tubes with anticoagulant other than heparin, as specimen

stability in other anticoagulants may vary (e.g., EDTA); and (3) when a

sample has limited cell availability, the tube with the LAIP observed at

diagnosis should be tested first. Notably, the results indicated that

acquiring 200,000 CD45 expressing cells at follow-up still resulted in

an accurate MRD%, which may be used when limited material is avail-

able, in particular for MRD-positive samples. The consensus remains

that a reliable MRD-negative result requires the acquisition of

500,000 events in all tubes. Additionally, it is becoming increasingly

relevant to state the achieved sensitivity in MRD reporting to the

clinic. When the data are deemed unreliable based on any of the cri-

teria but is critical for clinical decision making, a second sample taken

after 2 weeks can be used to confirm the results. It has to be empha-

sized that in addition to having a validated assay, care should be taken

to ensure all required steps are in place prior to clinical specimen test-

ing. This included instrument set up, critical reagent qualification, veri-

fication of specimen quality via viability and hemodilution

assessments and utilization of harmonized criteria for interpreting

(gating) raw data (Tettero et al., 2022). In addition, it should be noted

that new therapies/agents targeting specific CD markers present on

AML cells, which are used in the current assay, can potentially impact

the reliability of the assay. Therefore, the potential influence of new

agents on the LAIP and, consequently, the accuracy of the assay

should always be investigated before incorporating them into clinical

decision-making. Additionally, the specific treatment received and

time point at which the sample is collected can influence the regener-

ation patterns, potentially mimicking a LAIP post-treatment and

affecting the background levels of the LAIPs. Therefore, it is advisable

to measure both normal bone marrow and regenerating bone marrow

to gain knowledge about transient clonal shifts during therapy. This is

particularly important for achieving proper LoB/LLoD. Moreover,

ensuring a correct gating strategy, including the use of back gates and

careful avoidance of gates passing through populations, is essential.

F IGURE 7 Reference LAIP
percentages for different LAIPs. The LAIP
percentage represents LAIP events gated
on different primitive markers (CD34,
CD117 and CD133). The black dots
represent LAIP percentages from
individual NBM samples, while the blue
dots represent the LAIPs from AML
samples. It is important to note that a

single dot can represent multiple
measurements if the results overlap.
[Color figure can be viewed at
wileyonlinelibrary.com]
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These guidelines are especially important for acute monocytic leuke-

mia, which can be challenging to gate due to the high overlap with

regenerating bone marrow. We recommend utilizing back gating in

the CD45 versus SSC-plot to reduce false-positivity. Yet, the LLoD/

LLoQ may be higher for this more mature AML phenotype.

To conclude, our extensive dataset demonstrates that the MFC

assay described in this manuscript fulfills all validation requirements

and is capable of reporting reliable and accurate MRD results. These

results include assay accuracy, specificity, sensitivity, precision, linear-

ity and stability, which are fundamental for the correct identification

of rare subpopulations. We anticipate that our approach will assist

other laboratories expediting their validation activities to meet recent

health authority guidelines and facilitate the implementation of novel

effective therapeutic modalities once MRD is approved as a surrogate

endpoint.
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