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Abstract: Background: Monitoring of measurable residual disease (MRD) requires highly sensitive
flow cytometry protocols to provide an accurate prediction of shorter progression-free survival. High
assay sensitivity generally requires rapid processing to avoid cell loss from small bone marrow sample
volumes, but this requirement conflicts with the need in most clinical cytometry laboratories for long
processing and acquisition times, especially when multiple MRD studies coincide on the same day.
Methods: The proposed protocol was applied to 226 human bone marrow and 45 peripheral blood
samples submitted for the study of MRD or the detection of rare cells. Samples were processed within
24 h of extraction and acquired with an eight-color flow cytometer. Results: The FACSLyse-Bulk
protocol allows for the labelling of millions of cells in under 90 min in small sample volumes without
affecting the FSC/SSC pattern or antigen expression, and it also allows antigens to be fixed to the
membrane, thus avoiding the capping phenomenon. Conclusions: The proposed protocol would
allow clinical flow cytometry laboratories to perform MRD studies in house and easily achieve a
limit of detection and limit of quantification <0.001%, thus avoiding the need to outsource analysis to
specialized cytometry laboratories.

Keywords: measurable residual disease; hematology; leukemia; lymphoma; flow cytometry; limit
of detection; bone marrow; multiple myeloma; mastocytosis; staining and labeling; high-sensitivity
flow cytometry

1. Introduction

Clinical laboratories face increasing demands for greater sensitivity in the detection
of small numbers of residual malignant cells—known as measurable residual disease
(MRD)—after treatment for leukemia or lymphoma. The sensitivity of MRD detection has
increased with the introduction of digital cytometers that allow for the analysis of eight or
more colors and marking protocols that permit the analysis of millions of cells [1,2].

The application of bulk lysis protocols is crucial for the accurate study of MRD in
leukemia by flow cytometry, especially when a high number of cells must be acquired
to ensure sensitivity. Bulk lysis efficiently removes erythrocytes and non-nucleated cells,
ensuring that the analysis focuses solely on nucleated cells, which is essential for detecting
rare leukemic cells present at very low frequencies.

Acquiring a large number of cells significantly enhances the sensitivity of MRD de-
tection as it increases the likelihood of identifying rare leukemic populations that might
otherwise be missed. An insufficient number of cells reduces the reliability of MRD detec-
tion, increasing the risk of false negatives.

Bulk lysis also facilitates the processing of large sample volumes, allowing for the
acquisition of millions of cells. This is critical not only for the precise quantification of MRD
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but also for the robust assessment of leukemic subpopulations. In a clinical setting, this
approach maximizes the accuracy of MRD detection while ensuring efficient, large-scale
cell acquisition, which is necessary for informed therapeutic decision making. Highly
sensitive methodologies used to detect MRD in multiple myeloma patients include next-
generation flow cytometry (NGF) and next-generation sequencing (NGS), which have
enabled the detection of MRD with sensitivity thresholds of up to 1072 and 107° [1,2].
The use of these methodologies has improved progression-free survival (PFS) and overall
survival in patients attaining MRD negativity, leading to the broader adoption of MRD
assessment. Together, these studies highlight the clinical value of MRD assessment as a
critical prognostic indicator for patient survival [3].

However, the long staining and acquisition times required for flow cytometry analysis
and the high service demand mean that many hospital laboratories are unable to carry
out routine MRD studies and have to outsource analysis to specialist laboratories. The
well-established EuroFlow-NGF protocol requires more than 3 h for complete sample
processing [2]. The limit of detection (LOD) is the lowest signal that can be detected
above the background. Consensus recommendations stipulate an LOD in MRD studies of
<0.001%, which requires the acquisition of at least 3 x 10° bone marrow cells. This in turn
implies that flow cytometry approaches for detecting MRD in multiple myeloma should
ideally have a limit of quantification (LOQ, the lowest signal that can be precisely and
accurately measured) of 0.001%, requiring the acquisition of a minimum of 5 x 10° bone
marrow cells [4,5].

The aim of this study was to establish a straightforward protocol to allow clinical flow
cytometry laboratories, equipped with standard resources (a flow cytometer with at least
eight color channels) and limited personnel, to conduct MRD analyses. In this report, we
present FACSLyse-Bulk, a protocol for the rapid staining of large numbers of cells in bone
marrow and peripheral blood samples that can be adapted to the equipment and schedules
of routine clinical diagnostic laboratory practice.

2. Results
2.1. Staining Quality and Cell Number

The FACSLyse-Bulk protocol permits the sample preparation of large numbers of
cells for multiparametric flow cytometry, including intracytoplasmic antibody labelling,
in under 90 min. In all samples studied, correct staining was achieved with the supplier-
recommended antibody amounts for just 1 x 10° cells. Although the lysing solution
contains formaldehyde, the markers studied showed no evidence of tandem breaks. Mem-
brane fixing by the lysing solution prevents capping and receptor-mediated endocytosis
and also allows sample acquisition to be delayed until the cytometer is available. The
protocol generates less debris and fewer doublets than described in the Bulk Lysis Euroflow
protocol [2] (Table 1 and Figure S1) and does not significantly affect cell complexity or
labelling resolution (Figure S2).

Table 1. Distribution of percentage values for debris, cell doublets, and total events; total number of
events (excluding doublets and debris); and sample volume in 51 bone marrow samples processed
with the FACSLyse-Bulk protocol.

Sample Volume

%Debris %Doublets % Total Events Total No. of Events
(uL/test)
Mean 4.84 1.17 93.99 8,097,651.92 634.60
Range (1.05-33.43) (0.27-2.76) (65.50-97.88) (4,189,186-21,212,792) (140.00-1800.00)
N 51 51 51 51 50
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The white blood cell count stained with this protocol in bone marrow was
15,961,484 + 6,051,776, and that in peripheral blood was 7,418,500 £ 2,475,834 (mean and
standard deviation); the minimum-to-maximum range in each case was 4,260,000-53,712,000
and 3,710,000-13,260,000. As these were real clinical samples and we did not want to risk
losing any sample due to a staining error, no maximum staining limit was enforced. It is
possible that the protocol may allow for staining of a significantly higher number of cells
(Figure 1).
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Figure 1. Violin plot representation of stained white blood cells detected with the FACSLyse-Bulk
protocol in bone marrow and peripheral blood.

The results from a bone marrow sample containing 13 million cells (excluding debris
and doublets) are shown in Figure S2. The analysis shows that the cell populations can be
resolved by reducing the number of events shown, greatly facilitating their assessment. The
figure also illustrates how the protocol preserves the sample and ensures a clean staining,
an important feature given that protocols that provoke more cell death are associated
with cell clumping, non-specific staining (false positives), autofluorescence, and decreased
antigen expression [6].

The lack of any significant distorting effect of FACSLyse-Bulk on fluorescence is
illustrated in Figure 2, which shows the appropriate identification of mature B-cells,
clonal plasma cells, and polyclonal plasma cells in a sample of more than 12 million
acquired events.

We also found no marked differences between antigenic expression intensities detected
by surface or intracellular staining (Figure 3). Similarly, the percentage and number of
events in the different populations analyzed did not vary significantly between surface and
intracellular staining (Table S1).

2.2. Limit of Detection and Limit of Quantification

For the LOD, several studies cite a minimum of 20 events for the identification of a
homogeneous, clustered population of cells reliably detectable by flow cytometry [7-9],
whereas the LOQ can be obtained from a cluster of 50 events if a sufficient total number of
events is acquired [4,8,10,11]. With the FACSLyse-Bulk protocol, an LOD < 0.001 was easily
achieved in 99.26% of the samples studied. In some cases, there was no need to acquire
a large number of events because pathological cells were abundant, whereas the larger
number of acquired events in samples with no detected pathological cells resulted in lower
LOD and LOQ values (Figure 4A). Of the 271 patient cases studies, no pathological cells
were detected in 103 of them.
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Figure 2. Example of FSC/SSC distribution (a) and phenotypic expression profiles of CD138, CD38,
CD19, and CD56 (a—f) and intracellular light chains (g—i) in bone marrow from a multiple myeloma
patient during the study of MRD with the FACSLyse-Bulk protocol. Polyclonal plasma cells are
depicted in green, mature B lymphocytes in blue, and clonal plasma cells in dark purple. Clonal
plasma cells constitute 1.84% (3001 events) of the total population (12.41 million events), excluding
debris and doublets, and have an altered CD19—-CD56+CD45—and low CD38 phenotype with a
kappa light chain restriction.

In the 226 bone marrow and 45 peripheral blood samples tested, the mean LOD values
were 0.0003978% and 0.0009946%, respectively, and the mean LOQ values were 0.0005957%
and 0.0014891% (Table 2 and S2 for more detail). Both the LOD and the LOQ were lower in
studies conducted in bone marrow than in those conducted in peripheral blood (Figure 4B).
This difference is due to the higher proportion of red blood cells in peripheral blood, which
requires a larger sample volume to achieve comparable sensitivity. The present study
primarily focused on the analysis of bone marrow; however, LOD and LOQ values in
peripheral blood could be improved by increasing the sample volume. This approach is
feasible as peripheral blood is generally more readily available, providing an advantage for
studies that require substantial sample quantities.

The volume of most bone marrow aspirates was below 2 mL. In most cases, this did
not present a limitation because the mean sample volume needed for staining 8 million cells
was 695.38 uL (Table 2). A larger volume (1347.22 uL) was required for the peripheral blood
samples because cell counts are usually lower in blood than in bone marrow. Even with
these low sample volumes, FACSLyse-Bulk was able to identify clonal mast cells and villous
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lymphocyte cells in peripheral blood and even clonal T-lymphocytes of lymphocytic-variant

hypereosinophilic syndrome in bone marrow samples (Figure 5).
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Figure 3. Comparison of antigenic expression intensity between surface staining (top) and intracellu-
lar staining (bottom) of MRD in human bone marrow from a patient with B-cell chronic lymphocytic
leukemia. The sample contained no mature B lymphocytes; however, CD34+ (zone 1, cyan) and CD34-
(zone 2, red) B-cell precursors were detected. A limited number of residual clonal cells from B-cell
chronic lymphocytic leukemia (CD19+CD5+CD10—CD45+) were observed post-treatment (zone 3,
blue and circle). The remaining lymphocytes, including T and NK cells, are represented in zone 4
(green). Both surface and intracellular staining accurately identify the clonal cells, and fluorescence
intensity is comparable across all antigens studied in the different subpopulations.
Table 2. Descriptive statistics for sample volume, total acquired events, LOD, and LOQ in bone
marrow and peripheral blood obtained with the FACSLyse-Bulk protocol.
Bone Marrow Peripheral Blood
Sample Total Sample Total
Volume Events LOD (%) LOQ (%) Volume Events LOD (%) LOQ (%)
Added (L) Acquired * Added (L) Acquired *
Mean 695.38 6,072,596.57  0.0003978 0.0009946 1347.22 3,734,489.78  0.0005957 0.0014891
SD 387.45 2,882,620.15  0.0001749 0.0004372 341.00 1,306,281.78  0.0001827 0.0004569
Minimum 75.00 2,096,816.00  0.0009538 0.0023846 600.00 2,141,538.00  0.0009339 0.0023348
Maximum 2000.00 21,212,792.00  0.0000943 0.0002357 2000.00 6,859,463.00  0.0002916 0.0007289
N 131 226 224 224 36 45 45 45

* Excluding debris and doublets; LOD: limit of detection (20 events); LOQ: limit of quantification (50 events);

SD: standard deviation.
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Figure 4. (A) In samples with no detected pathological cells, more events were acquired, result-
ing in lower LOD and LOQ than in samples in which more than 50 clonal events were detected.
(B) Violin plot representation of LOD and LOQ in bone marrow and peripheral blood. p < 0.0001
(Mann-Whitney U test). LOD: Limit of detection; LOQ: limit of quantification; BM: bone marrow;

PB: peripheral blood.
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Figure 5. Example of rare cell identification in peripheral blood and bone marrow samples with
the FACSLyse-Bulk protocol. (A) Detection of mast cells with an aberrant phenotype (blue dots) in
the peripheral blood of a patient with systemic mastocytosis (0.0007%; 20 events from 3,073,318 total



Diseases 2024, 12, 338

7 of 12

cells in a 1200 puL sample volume). The phenotype is compatible with that of mast cells detected
in the bone marrow (reference image in cream). (B) Study of peripheral blood from a patient with
hairy cell leukemia (magenta) after treatment (0.0428%; 2149 events from 4,772,959 total cells in
an 800 pL sample volume). (C) Abnormal T CD4+ lymphocytes (blue) in bone marrow from a
patient with lymphocytic-variant hypereosinophilic syndrome (vSHE) (0.00960%; 1492 events from
15,229,628 total cells in a 300 uL sample volume). Normal T CD4+ lymphocytes are depicted in green.
BM: Bone marrow; PB: peripheral blood.

Due to the time restrictions in the diagnostic hematology laboratory, the whole tube
could be acquired for only a few samples, resulting in lower LOD and LOQ values than
would have been obtained had the entire tube been acquired. Advantages of this protocol
include the ability to handle smaller volumes of both the lysing solution and wash buffer
(using 5 mL tubes instead of 50 mL), which simplifies and speeds up the process and
reduces potential sample handling errors. In addition, only one type of lysing solution is
required and, because there is no need to adjust the final cell concentration for labelling,
the sample can be stained directly.

2.3. Protocol Limitations

As limitations to consider in this protocol, it does not specify a maximum limit for the
number of cells that can be stained. Additionally, it is advisable to test fluorochromes other
than those included in the present study, as only the most commonly tested and validated
fluorochromes for clinical cytometry have been used.

3. Discussion

There is a critical need to enhance the sensitivity of flow cytometry for the detection of
MRD and underrepresented clonal cell populations in order to ensure the precise moni-
toring of treatment responses and hematological diagnosis. The FACSLyse-Bulk protocol
was developed to meet the demand for the completion of MRD assessments in shorter time
frames, enabling their performance by a standard clinical flow cytometry laboratory and
ensuring same-day analysis, even when bone marrow specimens are received late during
regular working hours. FACSLyse-Bulk allowed for accurate MRD reporting in multiple
myeloma cases and demonstrated utility in identifying rare cell populations. Furthermore,
its robustness has been validated through external quality assessments for MRD studies
that our laboratory has participated in.

Diagnostic and MRD assessments of bone marrow require various assays (includ-
ing morphological analysis, molecular profiling, and flow cytometry) that often require
substantial sample volumes that may not always be achievable. Furthermore, efforts to
obtain larger volumes can lead to hemodilution, which can yield false negative MRD re-
sults [12,13]. The ability to conduct these assessments with minimal bone marrow aspirate
volumes would facilitate the completion of all essential tests without exclusions due to
sample limitations while also reducing the risk of hemodilution. This approach would
ultimately enhance the quality and reliability of sample analysis.

With the FACSLyse-Bulk protocol, antigen internalization is prevented, there is no
observed tandem breakage, and the shorter sample processing time frees up laboratory
time for sample acquisition, which can take more than an hour per tube (depending on the
cell concentration and cytometer signal-processing speed). These features make FACSLyse-
Bulk a highly sensitive protocol accessible to any clinical flow cytometry laboratory. This
protocol generates minimal debris and doublets while maintaining FSC/SSC cell profiles
and fluorescence quality.

The FACSLyse-Bulk protocol differs from the well-established EuroFlow Bulk Lysis
protocol in several respects. FACSLyse-Bulk uses a single lysis solution (FACS lysing)
instead of two (ammonium chloride and FACS lysing). The new protocol also uses a lower
volume of lysis solution, just 2 mL per test, compared with 48 mL per test for the EuroFlow
protocol. Sample handling is minimized by the elimination of the need to transfer cells
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from a 50 mL tube to a 5 mL tube. Additionally, in FACLyse-Bulk, there is no need to adjust
the cell count for staining after cell lysis. These features significantly reduce the risk of
handling errors, a critical consideration in protocols involving multiple steps.

MRD studies have a major impact on clinical decision making. In patients with acute
myeloid leukemia (AML), the detection of MRD by multiparametric flow cytometry after
the achievement of complete remission with induction chemotherapy is strongly associated
with an increased cumulative incidence of relapse. Studies using leukemia-associated
immunophenotypes and similar approaches confirm the adverse prognostic impact of
pre-transplant MRD positivity [12]. It has also been demonstrated that MRD-negative
patients have significantly higher 5-year disease-free survival and overall survival rates
than MRD-positive patients, regardless of age, AML subtype, timing of MRD assessment,
or method [14]. A retrospective multinational study demonstrated the prognostic utility of
evaluating MRD in multiple myeloma, thereby helping to inform clinical decision making
to enhance patient outcomes. Among patients monitored for MRD during frontline therapy,
those achieving MRD negativity had notably better progression-free survival (PFS) than
those with persistent MRD. Clinical decisions based on MRD status, such as treatment
adjustments, were associated with improved PFS in patients in whom changes were imple-
mented, as opposed to those in whom MRD findings were not acted upon. Furthermore,
in MRD-positive patients undergoing maintenance therapy, treatment intensification or
modification significantly enhanced PFS [15]

Regarding the future of MRD assessment by flow cytometry, several studies of B-
acute lymphoblastic leukemia have demonstrated strong agreement between MRD results
obtained from bone marrow and those from peripheral blood. These findings support
the use of peripheral blood as a less invasive alternative for ongoing disease monitoring,
which is especially advantageous for patient management and therapeutic decision making.
By adopting this approach, clinicians can facilitate more frequent assessments while also
avoiding the discomfort associated with repeated bone marrow aspirations [16,17].

The possible transition of MRD assessment from bone marrow to peripheral blood is
thus likely to significantly increase sample availability and monitoring frequency, making
the optimization of protocol durations an especially urgent goal. Implementing more
efficient workflows can assist in managing this anticipated increase in peripheral blood
assessments while simultaneously maintaining the quality of laboratory services.

4. Materials and Methods
4.1. Patients and Samples

A total of 271 human samples was submitted to the central laboratory of the Commu-
nity of Madrid at Hospital Infanta Sofia (Madrid), which serves as the central repository for
all specimens collected from the six public hospitals within the community. These samples
comprised 226 heparin-anticoagulated bone marrow specimens and 45 peripheral blood
EDTA samples, which were intended for the study of MRD and rare populations, such as
those observed in mastocytosis (Table 3). All patient samples submitted for MRD studies
were diagnosed previously according to the WHO criteria. All samples were processed
according to the FACSLyse-Bulk protocol and acquired within 24 h of extraction.

Table 3. Distribution of samples analyzed with the FACSLyse-Bulk protocol according to disease

and origin.
Sample
Disease : N
Bone Marrow Peripheral Blood
Multiple Myeloma 131 0 131
Hairy Cell Leukemia 4 19 23
B-Cell Chronic Lymphocytic Leukemia 12 14 26
B-cell Non-Hodgkin Lymphoma 6 2 8

Acute Lymphoblastic Leukemia 25 0 25
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Table 3. Cont.

Sample
Disease : N
Bone Marrow Peripheral Blood

Acute Myeloid Leukemia 13 0 13

Mastocytosis 2 1 3

Diffuse Large B-Cell Lymphoma 4 0 4

Lymphocyte-Variant Hypereosinophila 1 1 2

T-cell non-Hodgkin Lymphoma 1 0 1

Mantle Cell Lymphoma 3 2 5
Marginal Cell Lymphoma 7 3 10
Follicular Lymphoma 17 3 20
TOTAL 226 45 271

4.2. FACSLyse-Bulk Protocol

The required volume was dispensed for each patient sample (with a recommended
minimum of 8 million white blood cells). The recommended minimum cell count is
3 million, as this is required to achieve an LOD below 0.001 [3]. The sample volume depends
on the cell concentration. In all cases, a cell count was performed with a hematological
analyzer (Advia 2120I), and bone marrow samples were filtered by passing them through an
insulin needle (Microlance 3; BD, San Jose, CA, USA). Cells were washed twice with wash
buffer, consisting of 5 mL of PBS or BD FACS™ sheath fluid (BD Biosciences) supplemented
with 3% bovine serum albumin and centrifuged for 5 min at 1800 rpm, followed by removal
of the supernatant with a Pasteur pipette.

Cell surface antigens were labelled by the incubation of samples with appropriate
fluorescence-conjugated antibodies for 15 min at room temperature (RT) in the dark (the
antibody concentration in pL/test should be as recommended by the manufacturer for
staining one million cells). The cells were then washed again with wash buffer and cen-
trifuged for 5 min at 1800 rpm. After removing the supernatant, the cells were dislodged by
gentle vortexing, and 2 mL of lysis buffer (FACS lysing solution (BD Biosciences) diluted
1:10 in distilled water) was added. After incubation for 6 min at RT, the cell suspension
was centrifuged at 1800 rpm for 5 min, the supernatant was removed, lysis was stopped
by the addition of 5 mL wash buffer, the permeabilized cells were centrifuged again in the
same conditions, and the supernatant removed. After this, the cells were incubated for
15 min at RT with appropriate antibodies targeting intracytoplasmic antigens and washed
again. At the end of the procedure, the cells were resuspended in 2 mL of wash buffer, and
samples were analyzed by flow cytometry as described below. If the analysis only requires
targeting of the surface antigens, the intracellular labelling and subsequent washing step
can be omitted. The FACSLyse-Bulk staining scheme is summarized in Scheme S1.

4.3. Flow Cytometry

All patient samples were analyzed by eight-colour flow cytometry in a BD FACSCanto
II'™ flow cytometer (BD Biosciences, San Jose, CA, USA), and data were analyzed with
Infinicyt™ software (Version 2.0.6.b) (BD Biosciences, San Jose, CA). In all samples, debris
was excluded by gating in the FSC/SSC dot plot, and doublets were discriminated in an
FSC-Area/FSC-High dot plot.

Cytometer Standardization

To generate comparable results from different patient samples analyzed at different
times, we used the BD Cytometer Setup and Tracking System (CS&T), following the
recommendations in BD FACSDiva™ Software Version 6. The photomultiplier tube (PMT)
voltages were optimized to resolve dim cell populations using unlabeled lysed whole blood
cells (Technical Bulletin Standardizing Application Setup Across Multiple Flow Cytometers
Using BD FACSDiva™ Version 6 Software, BD Biosciences). The resulting MFI target values
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were used to maintain instrument standardization in subsequent calibrations [18,19]. The
cytometer configuration and mean fluorescence intensity (MFI) target values are detailed
in Table S3.

Cells were acquired at low speed to avoid the formation of aggregates and to reduce
the number of electronic aborts. Given the long acquisition time needed to acquire millions
of cells, the acquisition had to be stopped and the tube had to be shaken to prevent the cells
from sedimenting and clogging the acquisition line. A pause of 6 s is recommended before
data recording to allow time for the flow sample to stabilize. Sample flow was monitored
with FSC vs. time plots (Figure S3).

4.4. Statistical Analysis

The statistical significance of differences was determined with the Mann-Whitney U
test. Statistical differences were considered significant at p < 0.05. Statistical comparisons
were performed with SPSS version 21.0 (IBM, Armonk, NY, USA), and some graphical
representations were generated with GraphPad Prism version 10.2.3 (GraphPad, San Diego,
CA, USA).

5. Conclusions

The FACSLyse-Bulk protocol addresses the critical need for increased sensitivity in
flow cytometry for the detection of MRD and rare clonal cell populations in hematological
disorders. By enabling accurate same-day analysis, even with late-received bone mar-
row samples, this protocol offers a practical solution that allows clinical laboratories to
independently perform MRD analyses without the need for outsourcing. The advantages
of FACSLyse-Bulk include the use of small sample volumes, the prevention of antigen
internalization, and shorter processing times, all of which contribute to improved workflow
efficiency and accessibility for routine use in clinical flow cytometry laboratories. The pro-
tocol’s reliability and robustness have been validated across various clinical applications,
ensuring its utility for precise disease monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/diseases12120338 /s1, Figure S1: The distribution of cell events,
cell doublets and debris for the FACSLyse-Bulk protocol and Bulk Lysis Euroflow protocol; Figure S2:
Example of preserved FSC/SSC and CD45 expression profiles after completion of the FACSLyse-Bulk
protocol in a non-LNH-B infiltrated human bone marrow sample; Table S1: Comparison between
percentage and number of events of different populations according to surface or intracellular staining
from a sample of a patient with B-CLL.; Table S2: Detailed descriptive statistics of LOD and LOQ
in bone marrow and peripheral blood samples.; Scheme S1: Annotated FACSLyse-Bulk protocol
scheme.; Table S3: FACSCanto II Cytometer configuration and Mean Fluorescence Intensity target
values.; Figure S3: FSC vs Time monitoring of fluid stability.

Author Contributions: Conceptualization, M.B.A.F.; methodology, M.B.A.F,; software, M.B.A.F.
and M.S.C.; validation M.B.A.F. and M.S.C.; formal analysis, M.B.A.F. and M.S.C,; investigation,
M.B.A.F. and M.S.C.; resources, R.G.S. and F.C.V; writing—original draft preparation, M.B.AF;
writing—review and editing, M.B.A.F., M.S.C., RG.S. and F.C.V,; visualization, M.B.A.F., M.S.C.,
R.G.S. and EC.V,; supervision: M.B.A.F, R.G.S. and F.C.V. All authors have read and agreed to the
published version of the manuscript.

Funding: This publication was funded by the Centro Nacional de Investigaciones Cardiovasculares
(CNIC). The CNIC is supported by the Instituto de Salud Carlos III (ISCIII), the Ministerio de Ciencia
e Innovacién (MCIN), and the Pro CNIC Foundation and is a Severo Ochoa Center of Excellence
(grant CEX2020-001041-S funded by MICIN/AEI/10.13039/501100011033).

Institutional Review Board Statement: Not applicable. Ethical approval was not required as the
studies were not additional to those for diagnosis and/or evaluation of treatment. The 271 human
samples used were sent to the central laboratory of the Community of Madrid: UR Salud, where
all samples from the six public hospitals of the Community of Madrid served by the laboratory
are centralized.


https://www.mdpi.com/article/10.3390/diseases12120338/s1
https://www.mdpi.com/article/10.3390/diseases12120338/s1

Diseases 2024, 12, 338 11 of 12

Informed Consent Statement: The study performed is part of the clinician’s diagnostic request and
was performed on samples submitted for diagnosis or for the study of MRD within routine practice
without requiring additional patient samples or any alteration of any treatment. Written informed
consent was obtained from participants or the legally authorized representative for the bone marrow
aspirate study according the hematologist’s routine procedure.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

Acknowledgments: We thank Simon Bartlett for English editing and Maria Medrano, Luz Conejo,
Beatriz Soto, and Javier Garcia for the technical collaboration.

Conflicts of Interest: The authors declare no conflicts of interest. The authors declare that the research
was conducted in the absence of any commercial or financial relationships that could be construed as
potential conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Kalina, T.; Flores-Montero, J.; van der Velden, V.H.; Martin-Ayuso, M.; Bottcher, S.; Ritgen, M.; Almeida, J.; Lhermitte, L.; Asnafi,
L.; Mendonga, A.; et al. EuroFlow standardization of flow cytometer instrument settings and immunophenotyping protocols.
Leukemia 2012, 26, 1986-2010. [CrossRef] [PubMed]

Flores-Montero, J.; Sanoja-Flores, L.; Paiva, B.; Puig, N.; Garcia-Sanchez, O.; Bottcher, S.; van der Velden, V.H J.; Pérez-Moran, J.-].;
Vidriales, M.-B.; Garcia-Sanz, R.; et al. Next Generation Flow for highly sensitive and standardized detection of minimal residual
disease in multiple myeloma. Leukemia 2017, 31, 2094-2103. [CrossRef] [PubMed]

Munshi, N.C.; Avet-Loiseau, H.; Anderson, K.C.; Neri, P; Paiva, B.; Samur, M.; Dimopoulos, M.; Kulakova, M.; Lam, A.; Hashim,
M.; et al. A large meta-analysis establishes the role of MRD negativity in long-term survival outcomes in patients with multiple
myeloma. Blood Adv. 2020, 4, 5988-5999. [CrossRef] [PubMed]

Arroz, M.; Came, N.; Lin, P; Chen, W.; Yuan, C.; Lagoo, A.; Monreal, M.; de Tute, R.; Vergilio, ]J.-A.; Rawstron, A.C.; et al.
Consensus guidelines on plasma cell myeloma minimal residual disease analysis and reporting. Cytom. B Clin. Cytom. 2016, 90,
31-39. [CrossRef] [PubMed]

Domingo, E.; Moreno, C.; Sanchez-Ibarrola, A.; Panizo, C.; Paramo, J.A.; Merino, J. Enhanced sensitivity of flow cytometry for
routine assessment of minimal residual disease. Haematologica 2010, 95, 691-692. [CrossRef] [PubMed]

Vlad, G. Sources of errors in flow cytometry. In Accurate Results in the Clinical Laboratory, 2nd ed.; Dasgupta, A., Sepulveda, J.L.,
Eds.; Chapter 27; Elsevier: Amsterdam, The Netherlands, 2019; pp. 401-422.

Nishihori, T.; Song, J.; Shain, K.H. Minimal Residual Disease Assessment in the Context of Multiple Myeloma Treatment. Curr.
Hematol. Malig. Rep. 2016, 11, 118-126. [CrossRef] [PubMed]

Hedley, B.D.; Keeney, M. Technical issues: Flow cytometry and rare event analysis. Int. |. Lab. Hematol. 2013, 35, 344-350.
[CrossRef] [PubMed]

Soh, K.T.; Tario, J.D.; Wallace, PK. Diagnosis of Plasma Cell Dyscrasias and Monitoring of Minimal Residual Disease by
Multiparametric Flow Cytometry. Clin. Lab. Med. 2017, 37, 821-853. [CrossRef] [PubMed]

Subird, D.; Barriopedro, F; Ferndndez, J.; Martinez, R.; Chara, L.; Castelao, J.; Garcia, E. High sensitivity flow cytometry
immunophenotyping increases the diagnostic yield of malignant pleural effusions. Clin. Exp. Metastasis 2023, 40, 505-515.
[CrossRef] [PubMed]

Palmieri, R.; Piciocchi, A.; Arena, V.; Maurillo, L.; Del Principe, M.L; Paterno, G.; Ottone, T.; Divona, M.; Lavorgna, S.; Consalvo,
M.L; et al. Clinical Relevance of-Limit of Detection (LOD)-Limit of Quantification (LOQ)-Based Flow Cytometry Approach
for Measurable Residual Disease (MRD) Assessment in Acute Myeloid Leukemia (AML). Blood 2020, 136 (Suppl. S1), 37-38.
[CrossRef]

Tettero, ].M.; Heidinga, M.E.; Mocking, T.R.; Fransen, G.; Kelder, A.; Scholten, W.J.; Snel, A.N.; Ngai, L.L.; Bachas, C.; van de
Loosdrecht, A.A.; et al. Impact of hemodilution on flow cytometry based measurable residual disease assessment in acute
myeloid leukemia. Leukemia 2024, 38, 630—-639. [CrossRef]

Zhao, Z.; Lan, ]. Detection methods and prognosis implications of measurable residual disease in acute myeloid leukemia. Ann.
Hematol. 2024; ahead of print. [CrossRef]

Short, N.J.; Zhou, S.; Fu, C.; Berry, D.A.; Walter, R.B.; Freeman, S.D.; Hourigan, C.S.; Huang, X.; Nogueras Gonzalez, G.; Hwang,
H.; et al. Association of measurable residual disease with survival outcomes in patients with Acute myeloid leukemia: A
systematic review and Meta-analysis. JAMA Oncol. 2020, 6, 1890-1899. [CrossRef]

Martinez-Lopez, J.; Alonso, R.; Wong, S.W.; Rios, R.; Shah, N.; Ruiz-Heredia, Y.; Sanchez-Pina, J.M.; Sanchez, R.; Bahri, N.;
Zamanillo, I; et al. Making clinical decisions based on measurable residual disease improves the outcome in multiple myeloma.
J. Hematol. Oncol. 2021, 14, 126. [CrossRef]

Godwin, C.D.; Zhou, Y.; Othus, M.; Asmuth, M.M.; Shaw, C.M.; Gardner, K.M.; Wood, B.L.; Walter, R.B.; Estey, E.H. Acute
myeloid leukemia measurable residual disease detection by flow cytometry in peripheral blood vs bone marrow. Blood 2021, 137,
569-572. [CrossRef] [PubMed]


https://doi.org/10.1038/leu.2012.122
https://www.ncbi.nlm.nih.gov/pubmed/22948490
https://doi.org/10.1038/leu.2017.29
https://www.ncbi.nlm.nih.gov/pubmed/28104919
https://doi.org/10.1182/bloodadvances.2020002827
https://www.ncbi.nlm.nih.gov/pubmed/33284948
https://doi.org/10.1002/cyto.b.21228
https://www.ncbi.nlm.nih.gov/pubmed/25619868
https://doi.org/10.3324/haematol.2009.018911
https://www.ncbi.nlm.nih.gov/pubmed/19951967
https://doi.org/10.1007/s11899-016-0308-3
https://www.ncbi.nlm.nih.gov/pubmed/26898557
https://doi.org/10.1111/ijlh.12068
https://www.ncbi.nlm.nih.gov/pubmed/23590661
https://doi.org/10.1016/j.cll.2017.08.001
https://www.ncbi.nlm.nih.gov/pubmed/29128071
https://doi.org/10.1007/s10585-023-10236-4
https://www.ncbi.nlm.nih.gov/pubmed/37812366
https://doi.org/10.1182/blood-2020-139557
https://doi.org/10.1038/s41375-024-02158-1
https://doi.org/10.1007/s00277-024-06008-z
https://doi.org/10.1001/jamaoncol.2020.4600
https://doi.org/10.1186/s13045-021-01135-w
https://doi.org/10.1182/blood.2020006219
https://www.ncbi.nlm.nih.gov/pubmed/33507294

Diseases 2024, 12, 338 12 of 12

17.  Muffly, L.; Sundaram, V.; Chen, C.; Yurkiewicz, I.; Kuo, E.; Burnash, S.; Spiegel, ].Y.; Arai, S.; Frank, M.].; Johnston, L.J.; et al.
Concordance of peripheral blood and bone marrow measurable residual disease in adult acute lymphoblastic leukemia. Blood
Adv. 2021, 5, 3147-3151. [CrossRef]

18.  Maecker, H.T.; Trotter, J. Flow cytometry controls, instrument setup, and the determination of positivity. Cytom. A 2006, 69,
1037-1042. [CrossRef] [PubMed]

19. Alvarez Flores, M.B.; Sopefia Corvinos, M.; Guillén Santos, R.; Cava Valenciano, F. Fluorescent Aerolysin (FLAER) Binding Is
Abnormally Low in the Clonal Precursors of Acute Leukemias, with Binding Particularly Low or Absent in Acute Promyelocytic
Leukemia. Int. ]. Mol. Sci. 2024, 25, 11898. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1182/bloodadvances.2021004234
https://doi.org/10.1002/cyto.a.20333
https://www.ncbi.nlm.nih.gov/pubmed/16888771
https://doi.org/10.3390/ijms252211898
https://www.ncbi.nlm.nih.gov/pubmed/39595968

	Introduction 
	Results 
	Staining Quality and Cell Number 
	Limit of Detection and Limit of Quantification 
	Protocol Limitations 

	Discussion 
	Materials and Methods 
	Patients and Samples 
	FACSLyse-Bulk Protocol 
	Flow Cytometry 
	Statistical Analysis 

	Conclusions 
	References

