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approach, integrate, and also substitute other techniques giving single information 
per assay. In the last decade, flow cytometers have become capable of performing 
high-throughput screening and high content analysis, evaluating tens of different 

samples’ features in a single run up to 1536 formats on multiple cell populations. The 
introduction of imaging flow cytometry has filled the gap between flow cytometry and 
conventional high content imaging screening, putting flow cytometry at the center of 

many laboratories, which can now cover with a single instrument the vast majority 
of needs in research programs. The flow cytometry community is a multidisciplinary 

and diversified group with many different interests and fields of action. These 
characteristics have prompted the evolution of the techniques, applications, and 
instruments that allow the use of complex, sophisticated, and standardized and 

reliable flow cytometric assays in academic and industrial programs.
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Preface

In spite of flow cytometry being the gold standard in hematologic and oncohematologic re‐
search and diagnosis, its use in industrial drug discovery and research has been minimal for
many years. Additionally, it has been used for simple and low content analysis, from cell
cycle evaluation to transfection level control, often on homogeneous cell populations. This is
because for many years it has not been a widespread technique in research laboratories and
its use requires in-depth training and experience to gain reproducible and sound results.
More recently, instruments have evolved that are now both stable and easy to use, and anal‐
ysis software has become user friendly and affordable, even for beginners. Industrial re‐
search has implemented flow cytometry in routinely used techniques because of its
validation as a simple and cost-effective substitute for many assays, because of its radioli‐
gand bindings, and because of the strong automation achievable. Recently, various high-
throughput flow cytometry screening applications have been reported in formats up to 1536.
In addition to cell-based applications, there has also been an increase in performing high-
throughput flow cytometry using bead-based immunoassays to screen for cytokines and
other proteins in a multiplexed format.

Flow cytometry has been incorporated in research programs as a flexible and multipurpose
technique to evaluate many biological responses and readouts with a single instrument.
Flow cytometers allow high-speed analysis of particles (up to thousands of single cells per
second) and measure multiparameters (up to 18) on single cells simultaneously. Because of
its characteristics, flow cytometry can be used to perform high-throughput analysis but also
high content screening. Complex tissues can be homogenized and treated as mixtures of cell
lineages in a single run, while composing cell populations can be isolated later during the
analysis allowing the visualization of an entire tissue and of the cell interactions and
changes in different physiopathological conditions. Using cell barcoding techniques, differ‐
ent samples, treated in different ways or deriving from different tissues or experimental
conditions, can be mixed and directly compared in a single run, further increasing the multi‐
parametric potential of flow cytometry.

Recently, the introduction of imaging flow cytometry has filled the gap between flow cy‐
tometry and imaging allowing the precise evaluation of visual parameters as a speckled dis‐
tribution of mutant proteins inside the cells, which is impossible to evaluate in conventional
cytometry. Flow cytometry can be further exploited than it is today using the full potential
of new instruments and new reagents and kits available for multiparameter and high con‐
tent analysis.

This book collects some examples of how different parameters can be combined and ana‐
lyzed to obtain a valuable analysis in different contexts. Some chapters describe applications
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in the diagnostic and prognostic field as common CD4 T-cell enumeration or more advanced
analysis as PNH clone identification and cell-cell interaction analysis in the leukemia micro‐
environment. Other chapters treat the less widespread analysis of microalgae quality assess‐
ment, an emerging industrial need, or the use of flow cytometry in the testing of blood
handling medical devices, thus showing that flow cytometry is not only applicable to re‐
search and clinical analyses. Finally, practical examples of how academically developed as‐
says can be optimized and standardized for industrial purposes have prompted all of us to
support flow cytometry development and its widespread use.

The contributors to the book include flow cytometry users from both academia and industry
with different needs and visions; the high diversity of flow cytometer applications is re‐
sumed by the presented diverse mix of expertise, a hallmark of the flow cytometry com‐
munity in which innovation is a driver. I wish to sincerely thank all the contributors for their
expertise, personal vision and effort in the writing of this book. Thanks also to IntechOpen
for approaching me about a project I really care about. Finally, thanks to Luigi Del Vecchio
for introducing me to flow cytometry without the barrier of a formal education and training,
leaving me free to explore all the potential and to try something new every day.

Dr. Marica Gemei
Chelonia SA, Switzerland
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Abstract

Flow cytometry performs a key role in the diagnosis of paroxysmal nocturnal hemoglo-
binuria (PNH). Careful selection and validation of antibody conjugates have allowed the 
development of reagent cocktails suitable for the high sensitivity detection of PNH red 
blood cells (RBCs) and white blood cells (WBCs) in PNH and related diseases such as 
aplastic anemia (AA) and some subsets of myelodysplastic syndromes (MDS). A CD235a-
FITC/CD59-PE assay was developed capable of detecting Type III PNH RBCs at a limit 
of quantification (LOQ) of 0.01% or better. While separate 4-color Fluorescent Aerolysin 
(FLAER), CD24, CD15 and CD45-based neutrophil and FLAER, CD14, CD64 and CD45-
based monocyte assays were developed to detect PNH WBC phenotypes, 5-, 6- and 
7-color assays have subsequently been developed for more modern cytometers equipped 
with five or more fluorescence detectors. For instrumentation with five detectors, a single 
tube 5-color FLAER, CD157, CD15, CD64 and CD45-based assay to simultaneously detect 
PNH neutrophils and monocytes has been developed. For instruments with six or more 
detectors and multiple lasers, a variety of 5-, 6- and 7-color assays have been developed 
using combinations of FLAER, CD24, CD14 and CD157. All WBC assays have a limit 
of quantification (LOQ) of 0.1% or better. Using these standardized approaches, results 
have demonstrated good intra- and inter-laboratory performance characteristics even in 
laboratories with little prior experience performing PNH testing.

Keywords: PNH, flow cytometry, high sensitivity assay, validation, standardization

1. Introduction

Paroxysmal nocturnal hemoglobinuria is a rare, life-threatening acquired hematopoietic stem
cell disorder resulting from the somatic mutation of the X-linked phosphatidylinositol glycan

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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complementation Class A (PIG-A) gene [1]. PIG-A normally encodes an enzyme involved in 
the first stage of glycosylphosphatidylinositol (GPI) biosynthesis but in PNH, as a result of 
the mutation(s) in this gene, there is a partial or absolute inability to make GPI-anchored pro-
teins, including complement defense structures such as CD55 and CD59 on red blood cells 
(RBCs) and white blood cells (WBCs) [2, 3]. Absence of CD59 in particular [4] and CD55 on 
RBCs is responsible for intravascular hemolysis associated with clinical PNH. Clonal expan-
sion of the PNH population frequently occurs in patients with aplastic anemia in which nor-
mal hematopoiesis has failed, and with modern, high sensitivity assays, up to 70% of AA 
patients have detectable PNH clones [5]. Small populations of GPI-deficient PNH pheno-
types have been reported in patients with early stage myelodysplastic syndrome (MDS) [6, 7].  
Patients present with a wide range of clinical features, including intravascular hemolysis (that 
leads to hemoglobinuria), bone marrow failure and thrombosis, with the latter being a major 
cause of morbidity and mortality [5, 8]. As PNH is an acquired stem cell disease, it is important 
to demonstrate the loss of GPI-linked cell surface structures in at least two hematopoietic cell 
lineages, traditionally RBCs and neutrophils, although as more data have recently accumulated, 
monocytes should also be assessed as monocytes often exhibit a higher ‘clone size’ than is pres-
ent in neutrophils. For true high-sensitivity assay design, it is critical to include carefully vali-
dated lineage-specific gating reagents such as CD235a (Glycophorin A) for RBC identification, 
CD15 for neutrophil identification and CD64 for monocyte identification. Examination of RBCs 
in the non-transfused PNH patient provides the most accurate assessment of the distribution of 
Type III PNH RBCs (complete CD59 deficiency), Type II PNH RBCs (partial CD59 deficiency) 
and normal Type I RBCs (normal CD59 expression). The distributions of these populations show 
a wide variation from patient to patient and delineation between the various types is not always 
clear-cut [9]. RBC analysis is important in PNH, as accurate determination of the distribution of 
Type II and III cells; patients with greater than 20% Type III RBCs almost always show clinical 
evidence of hemolysis [5]. While the loss of GPI-linked CD55 and CD59 was traditionally used 
to detect PNH RBCs [10, 11], ‘routine’ CD55 and/or CD59-based approaches are neither accurate 
nor sensitive below the 1–2% clone size, rendering them inadequate to detect small PNH clones 
typically found in PNH+ AA and MDS cases [5] or even in some heavily transfused PNH cases.

2. Pre-analytical phase

2.1. Red blood cells

2.1.1. Sample and reagent requirements

Freshly drawn EDTA (preferred) or heparin anti-coagulated whole peripheral blood is used 
for analysis. If samples are shipped or need to be stored prior to analysis, the blood sample 
should be kept at 4°C and should generally be used within 48 hours of sample draw. For high-
sensitivity RBC analysis, the International Clinical Cytometry Society (ICCS) Guidelines rec-
ommended the use of CD235a (for RBC gating) and CD59 (to detect GPI-deficient cells) [12]. 
In the follow-up ‘Practical Guidelines’ [13], a large number of clones/conjugates to CD235a-
FITC and CD59-PE were tested but only a few were found to have acceptable performance 
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characteristics and further validated for a variety of instrument platforms (Table 1). Of note, 
even selected conjugates required extensive titration on an individual basis to minimize 
aggregation prior to premixing or ‘cocktailing’ for this assay. Only by performing extensive 
titrations, we were able to identify conjugates with the best performance characteristics for 
this specific assay. Premixing of reagents once adequately titrated is critically important in 
PNH assays as both RBC and WBC assays are designed to detect GPI-deficient phenotypes, 
i.e., cells unstained by the GPI-specific reagents. Given the very small volumes of reagents 
used for the RBC assay in particular, it is usually necessary to make a dilution of the RBC 
cocktail such that accurately pipettable volumes of reagent can be employed.

2.1.2. Staining procedure

Blood samples are diluted 1:100 with fresh clean PBS and 100 μL is carefully pipetted using 
reverse pipetting techniques directly into the bottom of the staining tube taking care to 
avoid aerosols and blood trails on the inside of the tube. The appropriate volume of diluted 
CD235aFITC/CD59PE is then pipetted directly into the bottom of the tube and admixed with 
the diluted sample by gently up-and-down pipetting. After careful removal of the tip, the 
sample can be gently ‘swirled’ on a vortex set at a very low speed to avoid aerosol generation. 
After 20 minutes, the sample must be washed twice with clean phosphate buffered saline 
(PBS), resuspended in 1 ml of PBS and then ‘racked’ immediately before data acquisition to 
disrupt any RBC aggregates generated during the staining process [13].

2.2. White blood cells

2.2.1. Sample and reagent requirements

For high-sensitivity WBC analysis using a single tube approach, CD45 is employed for pattern 
recognition and to exclude unlysed RBCs, other debris not excluded by light scatter thresh-
olding. Thereafter, carefully selected/validated conjugates of CD15 and CD64 are used to 
accurately delineate/‘gate’ neutrophils and monocytes, respectively. To detect GPI-deficient 
CD15-gated neutrophils, FLAER is used in combination with either carefully selected/vali-
dated CD24 or CD157 conjugates, and to detect GPI-deficient CD64-gated monocytes, FLAER 
is used in combination with either carefully selected/validated CD14 or CD157 conjugates 
(Table 2 and 3) [13–16].

Target Antibody Conjugates Purpose Clone and Vendor

RBC CD235a-FITC Gating on RBC 10F7MN (eBio)
YTH 89.1 (Cedarlane)
KC16 (BC)
JC159 (DAKO)

CD59-PE GPI-linked for RBC OV9A2 (eBio)
MEM-43 (Invitrogen)
MEM-43 (EXBIO/Cedarlane)

Table 1. Recommended CD235a-FITC and CD59-PE conjugates for high-sensitivity PNH RBC assay.
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avoid aerosols and blood trails on the inside of the tube. The appropriate volume of diluted 
CD235aFITC/CD59PE is then pipetted directly into the bottom of the tube and admixed with 
the diluted sample by gently up-and-down pipetting. After careful removal of the tip, the 
sample can be gently ‘swirled’ on a vortex set at a very low speed to avoid aerosol generation. 
After 20 minutes, the sample must be washed twice with clean phosphate buffered saline 
(PBS), resuspended in 1 ml of PBS and then ‘racked’ immediately before data acquisition to 
disrupt any RBC aggregates generated during the staining process [13].

2.2. White blood cells

2.2.1. Sample and reagent requirements

For high-sensitivity WBC analysis using a single tube approach, CD45 is employed for pattern 
recognition and to exclude unlysed RBCs, other debris not excluded by light scatter thresh-
olding. Thereafter, carefully selected/validated conjugates of CD15 and CD64 are used to 
accurately delineate/‘gate’ neutrophils and monocytes, respectively. To detect GPI-deficient 
CD15-gated neutrophils, FLAER is used in combination with either carefully selected/vali-
dated CD24 or CD157 conjugates, and to detect GPI-deficient CD64-gated monocytes, FLAER 
is used in combination with either carefully selected/validated CD14 or CD157 conjugates 
(Table 2 and 3) [13–16].

Target Antibody Conjugates Purpose Clone and Vendor

RBC CD235a-FITC Gating on RBC 10F7MN (eBio)
YTH 89.1 (Cedarlane)
KC16 (BC)
JC159 (DAKO)

CD59-PE GPI-linked for RBC OV9A2 (eBio)
MEM-43 (Invitrogen)
MEM-43 (EXBIO/Cedarlane)

Table 1. Recommended CD235a-FITC and CD59-PE conjugates for high-sensitivity PNH RBC assay.
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2.2.2. Staining procedure

Undiluted anti-coagulated whole blood is the preferred sample source for the analysis of 
PNH phenotypes in WBCs. Reverse pipetting is used to dispense 100 μL of sample into the 

Target Antibody Conjugates Purpose Clone (Vendor)

WBC FLAER-Alexa488 GPI-linked (Neuts + Monos) NA (Cedarlane)

CD24-PE
CD24-APC

GPI-linked (Neuts) SN3 (eBio), ML5 (BD)
SN3 (eBio, EXBIO)

CD14-PE
CD14-APC

GPI-linked (Monos) 61D3 (eBio),
Tuk4 (Invitrogen)
MoP9 (BD)

CD157-PE GPI-linked (Neuts + Monos) SY11B5 (eBio, EXBIO, BD, BC, 
Sysmex)

CD64-APC
CD64-PECy7

Gating on Monocytes 10.1 (BD, eBio)
10.1 (EXBIO), 22 (BC)

CD15-APC
CD15-PerCP-eF710
CD15-PerCPCy5.5

Gating on Neutrophils HI98 (BD)
MMA (eBio)
MEM 158 (EXBIO)

CD45-eF450
CD45-PerCP
CD45-APC-H7

Debris/unlysed RBC exclusion + pattern 
recognition

2D1 (eBio)
2D1 (BD)
2D1 (BD)

Table 3. Recommended clones/conjugates for high-sensitivity detection of PNH WBC on Becton Dickinson Cytometers.

Target Antibody Conjugates Purpose Clone (Vendor)

WBC FLAER-Alexa488 GPI-linked (Neuts + Monos) NA (Cedarlane)

CD24-PE
CD24-APC

GPI-linked (Neuts) SN3 (eBio), ALB9 (BC)
SN3 (eBio, EXBIO)

CD14-PE
CD14-APC700

GPI-linked (Monos) 61D3 (eBio), RMO52 (BC)
Tuk4 (Invitrogen)
RMO52 (BC)

CD157-PE GPI-linked (Neuts + Monos) SY11B5 (eBio, EXBIO, BD, BC, 
Sysmex)

CD64-PC5
CD64-ECD
CD64-PC7

Gating on Monocytes 22 (BC)
22 (BC)
22 (BC), 10.1 (EXBIO)

CD15-PC5
CD15-PerCP-eF710
CD15-PerCPCy5.5

Gating on Neutrophils 80H5 (BC)
MMA (eBio)
MEM158 (EXBIO)

CD45-PC7
CD45-KO
CD45-eF450

Debris/unlysed RBC exclusion + pattern 
recognition

J33 (BC)
J33 (BC)
2D1 (eBio)

Table 2. Recommended clones/conjugates to determine high-sensitivity detection of PNH WBC on Beckman Coulter 
Cytometers.
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staining tube, taking all the precautions noted above for the RBC assay to avoid aerosols and 
ensure that the sample is not left on the wall of the tube. The reagent set in use should be 
cocktailed, once optimal volumes of each reagent have been determined by titrations. The 
appropriate volume of cocktail is added directly into the blood sample at the bottom of the 
tube and gently admixed by up-and-down pipetting. After gentle swirling to avoid aerosols, 
the sample is incubated in the dark for 20–30 minutes at room temperature before RBC lysis. 
There are a variety of commercial lysing agents available such as Versalyse, FACSLyse and 
Immunoprep and most do a very good job. After lysis following manufacturers’ recommen-
dations, the sample is centrifuged and washed with PBS supplemented with 1% serum albu-
min. The sample is resuspended in 0.5–1 ml of PBS and acquired.

3. Analytical phase and data reporting

3.1. Instrument setup and standardization

Optimal instrument setup and standardization is a prerequisite for reproducible results over 
time and among laboratories. For the analysis of RBCs, the forward scatter (FS) and side scat-
ter (SS) voltages are set in logarithmic mode and voltages adjusted to bring all unstained 
RBCs into the middle of the plot and above any FS threshold/discriminator. For WBCs, light 
scatter voltages are set in linear mode at such values that all unstained leukocyte subsets 
including lymphocytes scatter above the FS threshold and are clearly clustered on scale. 
Photomultiplier tube (PMT) voltage optimization, standardization and computer-assisted 
spectral overlap compensation are mandatory steps for instrument standardization of multi-
parameter assays and can be performed using an instrument platform-based approach (BD 
Biosciences, Beckman Coulter) or interplatform-based approach [17–20].

3.2. Data acquisition and analysis

3.2.1. Red blood cells

For high-sensitivity RBC analysis, the ICCS Guidelines recommended the use of CD235a (for 
RBC gating) and CD59 (to detect GPI-deficient cells) [9]. Based on subsequent publications 
that included rigorous testing and validation of various CD235a and CD59 clones and conju-
gates, optimal reagent combinations of CD235a-FITC and CD59-PE were identified [13]. Once 
extensively titrated, these reagents in combination did not cause major aggregation of RBCs 
while still maintaining a good signal-to-noise ratio and the ability to adequately separate 
Type II and Type III PNH RBCs from normal (Type I) RBCs [13–15]. Red blood cells are ana-
lyzed by a series of gating dot plots beginning with TIME versus SS, FS versus SS with detec-
tors set in logarithmic mode, and CD235a-FITC versus FS to gate singlet RBCs and to quantify 
and exclude any remaining RBC aggregates (Figure 1). TIME is collected as a parameter and 
monitored during acquisition so that if fluidics problems are encountered, the sample can be 
reacquired if possible, or if not, data acquired prior to the fluidics hiatus can be ‘gated’ and 
only that portion of the data file subsequently analyzed. It is important to adjust the threshold 
(discriminator) for the FS so that no RBCs are excluded from acquisition. The diagnostic plots 
include a bivariate CD59 versus CD235a dot plot, a bivariate CD59 versus CD235a density 
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2.2.2. Staining procedure

Undiluted anti-coagulated whole blood is the preferred sample source for the analysis of 
PNH phenotypes in WBCs. Reverse pipetting is used to dispense 100 μL of sample into the 
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CD15-PerCPCy5.5

Gating on Neutrophils HI98 (BD)
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MEM 158 (EXBIO)
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Debris/unlysed RBC exclusion + pattern 
recognition

2D1 (eBio)
2D1 (BD)
2D1 (BD)

Table 3. Recommended clones/conjugates for high-sensitivity detection of PNH WBC on Becton Dickinson Cytometers.
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Cytometers.
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staining tube, taking all the precautions noted above for the RBC assay to avoid aerosols and 
ensure that the sample is not left on the wall of the tube. The reagent set in use should be 
cocktailed, once optimal volumes of each reagent have been determined by titrations. The 
appropriate volume of cocktail is added directly into the blood sample at the bottom of the 
tube and gently admixed by up-and-down pipetting. After gentle swirling to avoid aerosols, 
the sample is incubated in the dark for 20–30 minutes at room temperature before RBC lysis. 
There are a variety of commercial lysing agents available such as Versalyse, FACSLyse and 
Immunoprep and most do a very good job. After lysis following manufacturers’ recommen-
dations, the sample is centrifuged and washed with PBS supplemented with 1% serum albu-
min. The sample is resuspended in 0.5–1 ml of PBS and acquired.

3. Analytical phase and data reporting

3.1. Instrument setup and standardization

Optimal instrument setup and standardization is a prerequisite for reproducible results over 
time and among laboratories. For the analysis of RBCs, the forward scatter (FS) and side scat-
ter (SS) voltages are set in logarithmic mode and voltages adjusted to bring all unstained 
RBCs into the middle of the plot and above any FS threshold/discriminator. For WBCs, light 
scatter voltages are set in linear mode at such values that all unstained leukocyte subsets 
including lymphocytes scatter above the FS threshold and are clearly clustered on scale. 
Photomultiplier tube (PMT) voltage optimization, standardization and computer-assisted 
spectral overlap compensation are mandatory steps for instrument standardization of multi-
parameter assays and can be performed using an instrument platform-based approach (BD 
Biosciences, Beckman Coulter) or interplatform-based approach [17–20].

3.2. Data acquisition and analysis

3.2.1. Red blood cells

For high-sensitivity RBC analysis, the ICCS Guidelines recommended the use of CD235a (for 
RBC gating) and CD59 (to detect GPI-deficient cells) [9]. Based on subsequent publications 
that included rigorous testing and validation of various CD235a and CD59 clones and conju-
gates, optimal reagent combinations of CD235a-FITC and CD59-PE were identified [13]. Once 
extensively titrated, these reagents in combination did not cause major aggregation of RBCs 
while still maintaining a good signal-to-noise ratio and the ability to adequately separate 
Type II and Type III PNH RBCs from normal (Type I) RBCs [13–15]. Red blood cells are ana-
lyzed by a series of gating dot plots beginning with TIME versus SS, FS versus SS with detec-
tors set in logarithmic mode, and CD235a-FITC versus FS to gate singlet RBCs and to quantify 
and exclude any remaining RBC aggregates (Figure 1). TIME is collected as a parameter and 
monitored during acquisition so that if fluidics problems are encountered, the sample can be 
reacquired if possible, or if not, data acquired prior to the fluidics hiatus can be ‘gated’ and 
only that portion of the data file subsequently analyzed. It is important to adjust the threshold 
(discriminator) for the FS so that no RBCs are excluded from acquisition. The diagnostic plots 
include a bivariate CD59 versus CD235a dot plot, a bivariate CD59 versus CD235a density 
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plot and a single parameter histogram of CD59 staining (Figure 1). Bivariate dot plots and/
or density plots are recommended over single-parameter histograms, especially for samples 
containing small numbers of PNH phenotypes, for identifying poorly stained samples that 
need to be re-stained and for detecting media contamination and troubleshooting instrumen-
tation issues [13]. However, while data regarding clone sizes come predominantly from the 
two-dimensional plots, in which the gating regions are linked across the dot plot and density 
plots, the single parameter histogram can also be useful in some situations. All three plots 
work in concert for optimal adjustment of the regions for Type III PNH cells and Type II PNH 
cells. An additional utility of the single parameter histogram is in comparing old versus new 
plots of CD235a-FITC/CD59-PE cocktails when tested on non-PNH samples.

3.2.2. White blood cells

High-sensitivity methodologies to detect PNH phenotypes in neutrophils and monocytes 
have been published previously. These methods were initially based on two separate 4-color 
neutrophil (FLAER, CD24, CD15 and CD45) and monocyte (FLAER, CD14, CD64 and CD45) 
tubes. In this earlier setting, samples were stained first with the RBC and neutrophil cocktails 
and if PNH phenotypes were detected, the ‘reflex’ monocyte tube was thereafter set up. The 
current document uses the same gating strategy used in earlier assays but discuss the more 
modern single tube assays on newer flow cytometers with 5, 6, or more PMTs that allow the 
simultaneous detection and quantification of both neutrophils and monocytes.

Figure 1. Sequence of bivariate gating and diagnostic dot-plots for analysis of PNH RBCs.

Multidimensional Flow Cytometry Techniques for Novel Highly Informative Assays6

3.2.2.1. FLAER/CD24/CD14-based assay

For laboratories equipped with modern cytometers with 6-, 8- or 10 PMTs (Canto, Canto II and 
Navios), it is possible to configure 6-color cocktails based on FLAER, CD24 and CD14 (Tables 2 
and 3). Figure 2 shows the sequence of bivariate gating and diagnostic dot-plots from a Navios-
specific reagent set comprising FLAER-Alexa488, CD24-PE (clone ALB9), CD15-PC5 (clone 
80H5), CD64-PC7 (clone 22), CD14-APCA700 (clone RMO52) and CD45-KO (clone J33). The FS 
versus SS plot is gated from TIME versus SS plot (not shown) and light scatter voltages are set so 
that all WBC subsets are clearly visible and optimally separated; the threshold/discriminator is 
set to ensure that no lymphocytes are excluded. A debris exclusion gate (or WBC inclusion gate) 
can then be established to exclude any debris above the threshold/discriminator but below the 

Figure 2. Sequence of bivariate gating and diagnostic dot-plots for FLAER/CD24/CD14- based analysis of PNH 
neutrophils and monocytes.
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need to be re-stained and for detecting media contamination and troubleshooting instrumen-
tation issues [13]. However, while data regarding clone sizes come predominantly from the 
two-dimensional plots, in which the gating regions are linked across the dot plot and density 
plots, the single parameter histogram can also be useful in some situations. All three plots 
work in concert for optimal adjustment of the regions for Type III PNH cells and Type II PNH 
cells. An additional utility of the single parameter histogram is in comparing old versus new 
plots of CD235a-FITC/CD59-PE cocktails when tested on non-PNH samples.

3.2.2. White blood cells

High-sensitivity methodologies to detect PNH phenotypes in neutrophils and monocytes 
have been published previously. These methods were initially based on two separate 4-color 
neutrophil (FLAER, CD24, CD15 and CD45) and monocyte (FLAER, CD14, CD64 and CD45) 
tubes. In this earlier setting, samples were stained first with the RBC and neutrophil cocktails 
and if PNH phenotypes were detected, the ‘reflex’ monocyte tube was thereafter set up. The 
current document uses the same gating strategy used in earlier assays but discuss the more 
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smallest lymphocytes. The CD45 versus SS plot is then gated through Boolean gating on Time 
and “not debris” with a gate drawn around the CD45+ cells. The CD45 versus SS plot is useful 
not only for pattern recognition but also for excluding any unlysed RBCs and other debris not 
removed by the debris exclusion gate. The CD15 versus SS plot is gated on the CD45+ popula-
tions and includes a gate drawn around the CD15++ neutrophils excluding as well as possible 
the CD15 dim + eosinophils visible to the left of the neutrophil/granulocyte population. The 
diagnostic FLAER/CD24 plot is gated on the CD15++ neutrophils and a region is drawn to 
encompass the FLAER-negative/CD24-negative cells, which represent the PNH neutrophils. 
The CD64 versus SS plot is also gated on the CD45+ cells and a region is drawn around the 
CD64++ monocytes. The FLAER versus CD14 dot plot is gated on the CD64++ monocytes and a 
region is drawn to delineate the FLAER-negative/CD14-negative cells, which represent the PNH 
monocytes. The lymphocytes gated on the CD64-negative/low SS plot are not a suitable target 
population for the PNH clone quantification due to their long lifespan. However, they serve 
as internal controls for verification of antigen expression and compensation settings. Plotting 
FLAER versus CD24, CD14, CD15 and CD64 verifies the instrument voltage and compensa-
tion settings as visible and clustered populations in the “correct” location. Plot FLAER versus 
CD24 shows B-cells (FLAER+/CD24+) verifying that both reagents were added, FLAER+/CD24-
negative NK and T-cells and no dual-negative cells as this is a PNH-negative sample.

3.2.2.2. FLAER/CD157-based assay

ADP-ribosyl cyclase 2 (CD157) is a GPI-anchored cell surface enzyme encoded by the bone 
marrow stromal cell antigen-1 gene, which plays a role in pre-B cell growth [21]. Within the 
hematopoietic system, CD157 is highly expressed on both mature neutrophils and monocytes 
[22] leading to the possibility that CD157 could replace both CD24 and CD14, allowing the 
development of a single tube, high sensitivity 5C assay to identify and quantify both PNH 
neutrophils and PNH monocytes on cytometers with five or more PMTs [14–16]. The ability 
to perform simultaneous evaluation of both PNH neutrophils and PNH monocytes is particu-
larly attractive to laboratories equipped with 5-C instruments such as the FC500 due to the 
major cost and time savings involved over running two separate 4-color assays for neutro-
phils and monocytes [14–16]. The gating and analysis strategies are similar to the ones used 
for the above described single-tube 6-color assay, except for the diagnostic FLAER/CD157 
dot plots gated on CD15++ neutrophils and CD64++ monocytes (Figure 3). Three control lym-
phocyte plots (FLAER/CD15, FLAER/CD64 and FLAER/CD157) are also shown to monitor 
instrument setup and compensation.

It is important to note that several CD157-negative, non-PNH cases have been observed in 
the authors’ laboratories (unpublished data). For these rare cases, the inclusion of the second 
GPI reagent (FLAER) as part of the built-in robustness of the assay prevents the misinterpre-
tation of the data as a PNH clone-containing sample. Furthermore, in keeping with current 
state-of-the-art guidelines [12, 13], the RBC lineage should also be analyzed on every sample 
tested for the presence of PNH WBCs. As these rare CD157-negative non-PNH samples only 
contain normal (Type I) RBCs, there is even less chance of misinterpretation. An example of a 
CD157-negative case is shown in Figure 4. The sample was stained with a 7-color combination  

Multidimensional Flow Cytometry Techniques for Novel Highly Informative Assays8

of FLAER, CD157, CD24, CD14, CD15, CD64 and CD45. While the CD157 failed to stain nor-
mal neutrophils in this sample, FLAER and CD24 stained the neutrophils in the expected 
manner. Similarly, while CD157 failed to stain normal monocytes in this sample, FLAER and 
CD14 stained monocytes in the expected manner.

3.3. Reporting

The following components are recommended for a PNH report:

1. The presence or absence of PNH clones. It is important to be clear and to avoid potentially 
misleading ambiguous terminology. A report stating that a CD59 test is negative may im-
ply to some providers that the target population is negative for the GPI marker CD59 (thus 
indicating a PNH clone) or that absence of CD59 is not seen (thus indicating the absence 
of a PNH clone).

2. PNH clone size in the RBCs (total PNH clone size as well as the percentages for Type II 
and Type III PNH populations). There is a clinical significance associated for Type II and 

Figure 3. Sequence of bivariate gating and diagnostic dot-plots for FLAER/CD157- based analysis of PNH neutrophils 
and monocytes.
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smallest lymphocytes. The CD45 versus SS plot is then gated through Boolean gating on Time 
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Type III RBCs. Type I RBCs are normal red blood cells with bright CD59 expression and a 
lifespan of approximately 120 days. Type III PNH RBCs have complete CD59 deficiency, 
which results in no protection from complement-mediated lysis and a shortened lifespan 
of 10–15 days. Type II PNH RBCs have partial CD59 deficiency resulting in partial protec-
tion from complement-mediated lysis. Just as the expression of CD59 on Type II RBCs 
varies considerably from patient to patient, the lifespan of Type II cells reflects this be-
ing intermediate between Type I normal RBCs and Type III PNH RBCs. Since the clinical 
significance of Type II PNH RBCs and Type III PNH RBCs is well established, it is recom-
mended to report them separately and combined as the total PNH RBC clone.

3. PNH clone size in both lineages for the WBCs (neutrophils and monocytes). The PNH mono-
cyte clone is often larger than the neutrophil PNH clone and reporting only the PNH neu-
trophil/granulocyte clone may underestimate the PNH clone size in the WBCs. Neutrophils 

Figure 4. Example of CD157-negative, non-PNH case, 7-color FLAER/CD24/CD14/CD157-based protocol.
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and monocytes may also show the presence of Type II populations but the clinical and bio-
logical significance of these populations has not been established at this time. It is therefore 
recommended to report only the total PNH clone size in the neutrophils and monocytes.

4. Interpretive terminology of reporting PNH clones based on CSLI H52-A2 [23]:

a. PNH population > 1%: “PNH clone.”

b. PNH population 0.1–1%: “minor population of PNH cells” or “minor PNH clone.”

c. PNH population < 0.1%: “rare cells with GPI deficiency” or “rare cells with PNH 
phenotype.

5. List of all gating and diagnostic markers used for the PNH assay.

6. Levels of the limit of quantification (LOQ) for the neutrophil assay and the RBC assay, stat-
ing the recommended LOQ of 0.05% or better for RBCs (100,000 gated cells) and 0.1% or 
better for neutrophils (50,000 gated cells). It is important to include this information to the 
provider as an LOQ of 1% means that the possibility of a minor clone (less than 1%) cannot 
be excluded based on this LOQ.

7. Histograms or dot plots if possible because the dot plots may provide powerful visual sup-
portive evidence of the PNH clone and also provide evidence of the quality of the assay.

4. Post-analytical phase and assay validation

The results of PNH testing by flow cytometry are usually reported as percentage of type II 
and III PNH cells from the total gated neutrophils, monocytes and red blood cells. Assays 
reporting numeric data are considered as semi-quantitative, therefore the post-analytical vali-
dation process should comprise confirmation of accuracy, specificity, sensitivity, repeatabil-
ity, reproducibility and stability [24, 25].

4.1. Accuracy of PNH assays

The accuracy of a measurement is described by its trueness, which refers to the closeness 
of agreement between the average value of a large number of test results and the true or 
accepted reference value [25]. For PNH assays, we do not have cellular reference standard, 
therefore accuracy cannot be determined directly. Alternatively, interlaboratory comparison 
and/or external quality assessment represent the only available option for assay validation 
and mandatory step for ISO accreditation [26].

4.2. Specificity of PNH assays

4.2.1. Analytical specificity

The analytical specificity of PNH testing assays reflects the choice and validation of all anti-
bodies/reagents and corresponding fluorochromes (Tables 1–3).
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4.2.2. Clinical specificity

The clinical specificity or the ability to exclude abnormal specimen defined by true negatives/
true negatives + false positives should be determined by assay of a series of samples and scor-
ing for abnormality in comparison to a suitable reference method, such as clinical diagnosis 
[27]. The clinical specificity of well-established PNH assays is usually >99%.

4.3. Sensitivity of PNH assays

4.3.1. Analytical sensitivity

The analytical sensitivity of PNH assays is determined by the limit of blank (LoB) defined 
by the highest apparent signal detected in replicates of a sample containing no measurand 
and the limit of detection (LoD) defined by the lowest level of measurand that can be reliably 
distinguished from the LoB [28]. LoB for PNH assays could be determined by measuring a 
few replicates of a few negative specimens run over a few separate days and calculating the 
mean and standard deviation (SD) according to: LoB = mean of blank +1.645 SD of blank, 
assuming that 95% of negative values will be below this limit. Typically, the LoB for well-
established PNH assays is <0.001% (<10 PNH phenotypes out of 1,000,000 acquired events). 
LoD for PNH assays is closely related but usually greater than LoB and could be determined 
by measuring a few replicates of a few negative specimens run over a few separate days and 
calculating the mean and SD according to: LoD = mean of blank + 2SD (3SD) of blank or by 
measuring a few replicates of a few low positive specimens run over a few separate days 
and calculating the SD according to: LoD = LoB + 1.645 SD of low positive. Alternatively, 
target LoD could be estimated by measuring a few replicates of a few low positive specimens 
run over a few separate days and calculating the reproducibility (inter-assay imprecision) 
expressed as coefficient of variation (CV%) or by confirming that no more than 5% of the val-
ues for a target LoD fall beyond the LoB. The generally accepted smallest number of events 
required to reproducibly detect a PNH population and determine LoD is 20 PNH events, 
lower levels should be validated in each laboratory.

4.3.2. Functional sensitivity

The functional sensitivity of PNH assays is determined by the limit of quantification (LoQ), 
which is the lowest level of measurand that can be reliably detected at predefined levels of 
bias and imprecision [28]. LoQ is usually greater than LOD and for PNH assays could be 
determined by measuring a few replicates of a few positive (near the expected LoQ) speci-
mens run over a few separate days and calculating the reproducibility (inter-assay impre-
cision) expressed as CV%, which should be acceptable at levels below 10%. The generally 
accepted smallest number of events required to reproducibly quantify a PNH population and 
determine LoQ is 50 PNH events, lower levels should be validated in each laboratory.

4.3.3. Clinical sensitivity

The clinical sensitivity or the ability to detect an abnormal specimen and distinguish from nor-
mal specimens defined by true positive/true positive + false negative should be determined  
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by assay of a series of abnormal samples and scoring for abnormality in comparison to a 
suitable reference method, such as clinical findings [27]. The values for clinical sensitivity of 
well-established PNH assays is usually >99%.

4.4. Repeatability and reproducibility

The validation of assay performance characteristics comprises the determination of repeat-
ability (intra-assay imprecision) and reproducibility (inter-assay imprecision). It is generally 
recommended to assay a few replicates from at least five samples within a single analytical 
run for repeatability and a few replicates from at least five samples in separate analytical runs 
for reproducibility [29]. For confirmation of good performance characteristics, CV% below 
10% should be obtained for samples with more than 1% target PNH cells and below 20% for 
samples with minor clones (<1%).

4.5. Stability

The validation of specimen, processed specimen and reagent stability has been reviewed in 
Section 2 [13, 16, 23].

5. Accreditation

Flow cytometry is a highly versatile and complex technology, which is routinely applied in 
clinical diagnostic laboratories. The vast majority of assays are laboratory developed tests 
based on publications, without any gold standard reference [30] mostly with poor valida-
tion. For the purpose the ICSH/ICCS workgroup published in 2013 the practice guidelines 
for validation of cell-based fluorescence assays [31], subsequently several relevant publica-
tions addressed various aspects of the validation of PNH testing by flow cytometry [12, 13, 
32]. Each laboratory applying for ISO 15189 accreditation should confirm optimal validation 
of instrument setup, assay performance characteristics, laboratory information system and 
result reporting [33].

6. Conclusion

Highly sensitive and specific PNH testing of all three lineages (RBC, neutrophils and monocytes) 
has become the standard of care for patients with suspected PNH. This is a rare disease and 
therefore often overlooked as a diagnostic possibility. It is important for the ordering physician 
to test the high-risk patients for PNH [12] and also to receive informational reports as an impor-
tant part for best patient management. The laboratories are challenged with the validation of 
multiple steps, including instrument optimization, selection of best antibody clones/conjugates, 
panel design and targeted acquisition and interpretation of data. Developing competency in 
PNH testing and reporting is critical for laboratories and is directly related to awareness of best 
practices, following guidelines which are developed by experts based on extensive evaluation of 
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various approaches. Standardized reporting based on currently available guidelines is important 
to communicate to the physician the size of the PNH clone, which aids him/her in the decision-
making for optimal treatment of the patient.
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Cancer cells, including leukemia cells, reside in a complex microenvironment, which 
influences biology and activity of the cells. The protective role of bone marrow stromal 
cells is already commonly recognized. Remodeling of stroma cell functions by leukemia 
cells is also well documented. In this respect, different routes of interactions were defined, 
such as direct cell-cell interactions or indirect cross talk, by release of soluble factors or 
vesicular particles containing proteins, RNAs and other molecules. Since intercellular 
communication seems to play a role in various biological processes, it might be impor-
tant to conduct studies in co-culture systems, which at least mimic partially more physi-
ological conditions, and enables this intercellular exchange to occur. Thus, it is crucial to 
improve analytical methods of investigation of co-cultured cells, to study their interac-
tions and so to understand biology of leukemia in order to understand molecular mecha-
nisms and offer novel therapeutic strategies. The present chapter outlines the importance 
of modern, multiparameter flow cytometry methods, which allow to analyze interactions 
between different types of cells within the leukemia microenvironment. Importantly, the 
proposed experimental setups can be easily transformed to study different cell types and 
different biological systems.
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1. Introduction

Cancer cells, including leukemia cells, reside in a microenvironment, which influences biol-
ogy and activity of these cells. The importance of microenvironment in leukemia cells biology 
is widely accepted. Leukemia microenvironment is a complex and dynamic network, com-
prising different types of cells [1]. There is a direct and indirect cross talk between these cells, 
which modulates cell function, signal transduction and response to therapy. This intercellular 
interactions can contribute to leukemogenesis [2]. Thus, unraveling of interplay between all 
types of cells and the microenvironment is crucial for understanding the biology of leukemia.

Because of its key regulatory role, the cross talk between leukemia and bystander cells is of 
interest as possible therapeutic target [3]. It is critically important to take such cell-cell interac-
tions into account in the studies of potential therapeutic strategies, novel therapeutic targets 
and novel treatment regimes. To partially mimic the physiological conditions, an increasing 
number of the basic research as well as preclinical studies in the cancer biology area use the in 
vitro cell co-culture systems, in which two or more types of cells are cultured together [4]. This 
allows natural interactions to occur between different types of cells, which normally coexist 
within the microenvironment.

Therefore, it becomes crucial to improve analytical methods of investigation of co-cultured cells 
to study their interactions and so to understand biology of leukemia in order to offer novel ther-
apeutic strategies. The principle of flow cytometry is separation of cells/events based on their 
fluorescence signals. Using different types of cell tracking techniques, combined with mod-
ern, multiparameter flow cytometry methods, it has become possible to analyze interactions 
between different types of cells within the leukemia microenvironment. Flow cytometry allows 
for gating cells of interest from the whole cell mixture based on the fluorescence parameter to 
study different cell features, cellular processes and signaling in separated subpopulations.

2. Bone marrow niche in leukemia

The concept of “niche” has been introduced in 1978 by Schofield to describe the possibil-
ity of association of hematopoietic stem cell (HSC) with its surroundings that regulates and 
determines HSC fate, such as self-renewal, differentiation, proliferation and survival [5]. Since 
then, many evidences appeared showing its composition and function. The bone marrow 
microenvironment (BMM) is complex and consists of the extracellular matrix and multiple 
cell populations, including different types of endothelial cells, osteolineage cells, osteoclasts, 
adipocytes, sympathetic neurons, non-myelinating Schwann cells, mesenchymal cells and 
macrophages [1, 6]. Interactions between leukemia cells and their niche are bi-directional. 
They represent either direct interactions by cell-cell contact or indirect interactions by secreted 
soluble factors and extracellular vesicles.

Over the years, our understanding of the BMM role in leukemogenesis has greatly increased. 
Bone marrow microenvironment supports proleukemic features of cells. Regulation of leuke-
mia stem/progenitor cells (LS/PC) strongly depends on the signals from the bone marrow micro-
environment [3, 7]. They promote leukemia progression as well as development of resistance  
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to therapy. Bone marrow microenvironment is a key player in the pathogenesis and leukemia 
development by creating conditions which promote survival and proliferation of leukemic 
blasts [8].

There are many evidence confirming protective role of the bone marrow stroma. Several 
mechanisms leading to chemoresistance in leukemia cells mediated by BMM have been 
described. Among these, stroma fibroblasts represent one of the main population within the 
bone marrow niche, strongly supporting leukemogenesis. Interaction of leukemia cells with 
stroma fibroblasts results in the increased resistance to cell death in response to drug treat-
ment, changes in metabolism and decreased clonogenic potential [9, 10]. Leukemia cells can 
also shape the bone marrow microenvironment. We have observed that leukemia cells par-
ticipate in the remodeling of stroma extracellular matrix [11]. Due to secretion of stroma-
modifying enzymes, leukemia cells support disarrangement in the leukemic bone marrow. 
Another aspect of the leukemia microenvironment is development and promotion of the 
inflammatory microenvironment [12, 13]. Activation of intrinsic factors like NF-κB as well 
as extrinsic components including cytokines, chemokines and adhesion molecules leads to 
complex responses promoting proinflammatory state. In general, this supports the process of 
transformation, survival and proliferation of leukemia cells.

Altogether, due to their importance and key role, targeting the leukemia-stroma interac-
tions has gained big interest as a novel and attractive strategy for anti-leukemia treatment. 
Currently, our understanding of the function and importance of the bone marrow niche in 
hematological neoplasms has increased due to improved murine models and development 
of imaging tools [14–16]. Nevertheless, the in vitro studies are still necessary to investigate 
mechanisms and signaling between leukemia and stromal cells as well as a proof of concept 
experiments in the drug designing and testing of novel therapeutic strategies.

Our group is involved in the studies of leukemia-stroma interactions and remodeling of 
stroma cell functions mediated by leukemia cells. We have used experimental setups to inves-
tigate leukemia cells in vitro, either cell lines or primary cells from patients, in the conditions 
mimicking the bone marrow millieu, thus hypoxia and co-culture with stroma fibroblasts. 
Herein we present and discuss some of the experimental systems utilized to study the role of 
the cross talk between leukemia and stromal cells to which multiparameter flow cytometry 
can be adapted. Importantly, these experimental approaches can be transferred to other cell 
types and different biological systems.

3. Fluorescent cell tracking to follow cell type, function, and state in 
co-cultures

Upon co-culture conditions, when different types of cells are cultured together, the key com-
ponent of the experimental strategy enabling cell analysis is to separate both cell types, either 
physically by sorting or by flow cytometry gating. For this, cells have to express some fluo-
rescent protein or have to be stained and tracked by fluorescent dye. This allows to separate 
signals from each type of cell based on the different fluorochromes using flow cytometry. The 
scheme and typical histograms to analyze tracked cells in co-culture are presented in Figure 1.
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3.1. Fluorescent cell trackers

Cell trackers have been successfully used for years in multiple studies, starting from immu-
nology, which intensively utilized flow cytometry techniques [17–19]. Today, there is a broad 
spectrum of commercially available tracking dyes, which simultaneously allow to track cells 
and study proliferation and/or viability. Cell tracking dyes vary widely in their chemistries 
and fluorescence properties but the great majority fall into one of two classes based on their 
mechanism of cell labeling. They are represented by “membrane dyes,” which are highly lipo-
philic dyes that go stably but noncovalently into cell membranes or “protein dyes,” which 
are amino-reactive dyes that form stable covalent bonds with cell proteins [20]. They are safe 
and can be used in viable cells even in the long-term cultures. Big variability allows excitation 
by any available laser and usage in combination with other fluorochromes in multiparameter 
studies. Table 1 presents the tracking dyes currently available for different lasers. These dyes 
can be used separately or combined due to their different excitation signals. It is important 
to mention that due to its nature, the fluorescent signal of labeled population is decreasing, 
depending on the growth rate of cells. So, quickly dividing cells will lose tracing signal faster 
than cells with longer cell cycle. This feature, on the one hand, enables monitoring of cell pro-
liferation rate in co-culture setups but on the other hand limits the time frame within which the 
subpopulation of dye-labeled cells can be distinguished. Figure 2 presents an example of the 
time-course of CMAC fluorescence measured by flow cytometry, when different concentra-
tions of CMAC dye were used. After 72 h, two populations were not clearly separated anymore 
when the lower concentration of CMAC was used. Therefore, also concentration of the dye 
used for labeling of different types of cells should be chosen accordingly to the level of fluores-
cence detected at the end time point of planned experiment and verified in the toxicity assay.

Another strategy to track cells is expression of fluorescent proteins. Green fluorescent protein 
(GFP) has been purified in the 60-ties from Aequorea victoria [21]. This has started a new era 
of studies, in which original or engineered GFP as well as other fluorescent proteins were 
utilized to tag proteins of interest. Today, GFP derivatives, yellow fluorescent protein (YFP) 
and a big family of red fluorescence proteins (RFP), which are derivatives of DsRed isolated 
from Discosoma sp. [22], are commonly used in many different studies. The advantage of this 
strategy is stable fluorescent signal; however, the stable expression of fluorescent proteins has 
some limitations, requires transfection of cells and is connected with the nonphysiological 

Figure 1. Scheme of the cell type separation by fluorescent tracking followed by flow cytometry gating.
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Function Excitation laser [nm] Dye Emission (nm)

Proliferation 405 (violet) CellTrace violet cell proliferation kit 450

Violet proliferation dye 450 450

488 (blue) CFSE 520

EdU proliferation kit (iFluor 488) 520

530 (yellow-green) CellTrace yellow cell proliferation kit 579

560 (yellow) CellTrace yellow cell proliferation kit 579

633/640 (red) CellTrace far red cell proliferation kit 661

Viability 355 (UV) CellTrace calcein blue 425

Hoechst 33258 450

DAPI 470

405 (violet) CellTrace calcein violet 452

SYTOX blue dead cell stain 480

488 (blue) CellTrace calcein green 515

SYTOX green dead cell stain 523

TO-PRO™-1 iodide 530

SYTOX orange dead cell stain 570

Propidium iodide 617

7-AAD (7-aminoactinomycin D) 647

530 (yellow-green) SYTOX orange dead cell stain 570

Propidium iodide 617

7-AAD (7-aminoactinomycin D) 647

560 (yellow) Propidium iodide 617

7-AAD (7-aminoactinomycin D) 647

633/640 (red) TO-PRO™-3 iodide 661

Fixable viability 355 (UV) Live/dead fixable dead cell stain kit (450) 450

405 (violet) Live/dead fixable dead cell stain kit (450) 450

Fixable viability stain 450 450

Fixable viability stain 510 510

Live/dead fixable dead cell stain kit (525) 525

Live/dead fixable dead cell stain kit (575) 575

Fixable viability stain 575 V 575

488 (blue) Fixable viability stain 520 520

Live/dead fixable dead cell stain kit (530) 530

Live/dead fixable dead cell stain kit (585) 585
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3.1. Fluorescent cell trackers

Cell trackers have been successfully used for years in multiple studies, starting from immu-
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by any available laser and usage in combination with other fluorochromes in multiparameter 
studies. Table 1 presents the tracking dyes currently available for different lasers. These dyes 
can be used separately or combined due to their different excitation signals. It is important 
to mention that due to its nature, the fluorescent signal of labeled population is decreasing, 
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utilized to tag proteins of interest. Today, GFP derivatives, yellow fluorescent protein (YFP) 
and a big family of red fluorescence proteins (RFP), which are derivatives of DsRed isolated 
from Discosoma sp. [22], are commonly used in many different studies. The advantage of this 
strategy is stable fluorescent signal; however, the stable expression of fluorescent proteins has 
some limitations, requires transfection of cells and is connected with the nonphysiological 
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overexpression of novel form of protein. On the other hand, the signal from the expressed 
fluorescent protein is relatively stable over time. Thus, this attitude might have advantage 
over cell tracking in case of long-term experiments.

Recently, a highly advanced methodology based on the lentiviral fluorescent genetic barcod-
ing system for flow cytometry-based multiplex cell tracking has been used to follow clonal 
subpopulations in the real time [23]. Cells transduced with the lentiviral vectors are individu-
ally marked by a highly characteristic pattern of insertion sites inherited by all their progeny. 
The system allows creation of 26, 14, or 6 unique labels, and the color-coded populations can 
be tracked for up to 28 days.

Another strategy to perform high-content multiplex analysis is based on the fluorescent cell 
barcoding (FCB) technique [24, 25]. In FCB, each sample is labeled with a unique fluores-
cent signature (barcode), of different fluorescence intensity (due to dilutions) and/or emis-
sion wavelength, mixed together with other samples, then stained with antibodies or probes 
and analyzed by flow cytometry as a single sample. Today, there is a variability of FCB dyes 

Function Excitation laser [nm] Dye Emission (nm)

530 (yellow-green) Fixable viability stain 620 620

560 (yellow) Fixable viability stain 570 570

633/640 (red) Fixable viability stain 660 660

Live/dead fixable dead cell stain kit (660) 660

Fixable viability stain 700 700

Live/dead fixable dead cell stain kit (780) 780

Cell tracking 355 (UV) Hoechst 33342 450

CytoPainter blue cell tracking staining kit 455

CellTracker™ blue CMF2HC 464

CellTracker™ blue CMAC 466

405 (violet) CellTracker™ violet BMQC 516

CytoPainter green cell tracking staining kit 520

488 (blue) CellTracker™ green CMFDA 517

530 (yellow-green) CytoPainter orange cell tracking staining kit 560

560 (yellow) CellTracker™ CM-DiI 570

CellTracker™ orange CMRA 575

CytoPainter red cell tracking staining kit 600

CellTracker™ CMTPX 602

633/640 (red) CellTracker™ deep red 650

CytoPainter deep red cell tracking staining kit 650

Table 1. Tracking dyes used for fluorescent cell staining; function, excitation, and emission spectra as well as full name 
are shown.
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which can be utilized, such as CBD500, Pacific Orange NHS ester, DyLight 350 NHS ester, 
and DyLight 800 NHS ester, Pacific Blue dyes, Alexa dyes, eFluor, and others. Using this tech-
nique allows to perform multiplate assays in relatively short time and with economical use of 
reagents, as mixing sample prior to staining, antibody consumption is reduced 10- to 100-fold. 
Importantly, either viable or fixed samples can be barcoded, thus giving broad possibilities 
to combine FCB with other multiparameter protocols. Such strategy can be used to analyze 
samples under treatments, co-cultured, or stimulated with different agents. FCB has been 
successfully utilized for different studies, including drug screening and cell signaling profil-
ing studies [26], intracellular cytokine production [27], immunophenotyping [28], and others.

3.2. Cell proliferation dyes

Quantitative assessment of proliferation is an important parameter in leukemia and other can-
cer studies. Especially, when co-culture with stroma provides protective signaling, proliferation 
is analyzed as one of the major parameters to estimate cytostatic effects. Moreover, proliferation 
dyes can also be utilized to fluorescently track cells in co-culture. So, in addition to detection 
and quantifying cell divisions, these dyes can be used to distinguish one type of cells from the 
other. The measurement, independently on the tracking dye used, relies on the same mecha-
nism, namely permanent labeling of cells without affecting morphology or physiology to trace 
generations or divisions in vivo or in vitro. Dilutions of the dye equally distributed to daughter 
cells as a result of cell divisions can be measured by flow cytometry [17, 20]. The scheme of CFSE 
dilution with each cell division and flow cytometry measurement is presented in Figure 3.

For many years, CFSE dye (carboxyfluorescein succinimidyl ester) was a gold standard for 
tracking cell divisions [29]; however, today there is a variety of tracking dyes allowing to 
measure the proliferation index. Proliferation dyes are available for the UV, violet, blue, yel-
low, and red lasers, giving more flexibility in multiplexed experiments [29, 30] (see Table 1, 
Proliferation). Compared to the classical CFSE, modern proliferation trackers are less cytotoxic  

Figure 2. The time-course of CMAC fluorescence measured by flow cytometry upon conditions when different 
concentrations (10 and 25 μM) of CMAC dye were used. CMAC-positive (CMAC+, blue) subpopulation is gated. Green 
subpopulation represents CMAC-negative cells in co-culture.
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sion wavelength, mixed together with other samples, then stained with antibodies or probes 
and analyzed by flow cytometry as a single sample. Today, there is a variability of FCB dyes 
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samples under treatments, co-cultured, or stimulated with different agents. FCB has been 
successfully utilized for different studies, including drug screening and cell signaling profil-
ing studies [26], intracellular cytokine production [27], immunophenotyping [28], and others.

3.2. Cell proliferation dyes

Quantitative assessment of proliferation is an important parameter in leukemia and other can-
cer studies. Especially, when co-culture with stroma provides protective signaling, proliferation 
is analyzed as one of the major parameters to estimate cytostatic effects. Moreover, proliferation 
dyes can also be utilized to fluorescently track cells in co-culture. So, in addition to detection 
and quantifying cell divisions, these dyes can be used to distinguish one type of cells from the 
other. The measurement, independently on the tracking dye used, relies on the same mecha-
nism, namely permanent labeling of cells without affecting morphology or physiology to trace 
generations or divisions in vivo or in vitro. Dilutions of the dye equally distributed to daughter 
cells as a result of cell divisions can be measured by flow cytometry [17, 20]. The scheme of CFSE 
dilution with each cell division and flow cytometry measurement is presented in Figure 3.

For many years, CFSE dye (carboxyfluorescein succinimidyl ester) was a gold standard for 
tracking cell divisions [29]; however, today there is a variety of tracking dyes allowing to 
measure the proliferation index. Proliferation dyes are available for the UV, violet, blue, yel-
low, and red lasers, giving more flexibility in multiplexed experiments [29, 30] (see Table 1, 
Proliferation). Compared to the classical CFSE, modern proliferation trackers are less cytotoxic  
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and more stable. Importantly, what has been already mentioned above, decrease of the fluo-
rescence signal resulting from dye dilution with every division has to be considered when 
tracking cells with proliferation dyes.

In our studies, in which GFP-expressing CML cells have been co-cultured with stroma fibro-
blasts labeled with CMAC dye, tracking of subpopulations has been combined with analysis 
of proliferation (Figure 4). To do so, subpopulations have been gated based on the fluorescent 
signal of the cell tracker, either GFP (A) or CMAC (B), followed by separate analysis of cell 
divisions in each subpopulation. Such strategy allowed to investigate the impact of co-culture 
conditions on the proliferation index of either leukemia or stromal cells. This protocols can 
also be utilized in co-cultures under treatment with anticancer drugs to verify the protec-
tive effect of stroma. Similar strategy has been used to investigate interactions of lympho-
cytes with mesenchymal stem cells [31] as well as in the co-cultures of healthy or malign 
breast tissue-derived stromal cells with human breast adenocarcinoma cell line MCF-7 [32]. 
Altogether, proliferation dyes represent a very potent group of tracking dyes analyzed with a 
broad range of available lasers and cytometers.

3.3. Multiparameter studies

Modern flow cytometry, due to development of multiple laser systems, provides possibil-
ity for polychromatic analysis of many parameters in single cells. The key to success, par-
ticularly in the studies, in which multiple dyes are used to track different types of cell, is 
therefore to understand the critical issues enabling optimal use of different tracking dyes. 
It has to be noticed that some limitations appear when using tracking dyes in co-culture 
experiments. Each class of commercially available cell trackers—lipophilic “membrane” 
dyes and amino-reactive “protein” dyes possess advantages and limitations. Thus, there is 
a need for optimization of different proliferation tracking dyes especially when combined 
together [33]. Recently, a novel edition of protocols to study cell proliferation by dye dilu-
tion, alone or in combination with other methods, has been published [34]. The authors dis-
cuss currently available tracking dyes, with suppliers and new spectral properties, as well 
as describe evaluations to be performed when selecting one for use in multicolor prolifera-
tion monitoring. The protocols presented by the authors address the critical issues related 

Figure 3. The scheme of tracking cells with proliferation dye. Dilution of CFSE with cell divisions (left panel) and CFSE 
detection by flow cytometry (right panel) are shown.
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to suboptimal tracking combinations, reproducible labeling, combining of cell tracking 
dyes with fluorescent antibodies staining and others. Briefly, the recommendations include 
evaluating the dye’s spectral profile and available cytometers/lasers to optimize compat-
ibility with other fluorochromes and to minimize compensation problems, evaluating the 
effect of labeling on cell growth rate, testing cell divisions and dye dilutions to determine 
the maximum number of generations to be included when using dye dilution profiles, and 
verifying that relevant cell functions remain unaltered by tracking dye labeling.

As proliferation is tracked in living cells, it enables to combine analysis of cell proliferation 
with other live-cell applications, such as immunophenotyping, cell sorting, cell cycle analy-
sis, mitochondrial potential, ROS studies, and others. This possibility has been utilized, for 
example, in the studies in which myelin-phagocytosing macrophages were co-cultured with 
CFSE-labeled T lymphocytes followed by analysis of surface receptors and role of nitric oxide 
[35]. In other studies, cell tracker has been used to investigate immune cells proliferation and 
cytotoxicity [36].

Another group of trackers is represented by the fixable viability dyes, enabling the post-fixa-
tion discrimination of dead cells, which lost plasma membrane integrity before fixation (see 
Table 1, Viability). This gives a novel opportunity to combine them with staining procedures 
which require fixation. Thus, analysis of internal targets, like as intracellular protein levels 
or γH2AX, within the population of cells which was alive prior fixation, was possible. In our 

Figure 4. Analysis of cell proliferation estimated upon tracking with CMAC, combined with cell-type gating in co-culture 
of leukemia and stromal cells. (A) Leukemia cells expressed GFP protein (GFP+) and (B) stromal cells were tracked with 
CMAC (CMAC+). Labeling with CMAC allowed for cell-type gating and simultaneous analysis of cell divisions. CMAC 
was detected in the APC channel; histograms show CMAC dilution at different time points of co-culture.
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cuss currently available tracking dyes, with suppliers and new spectral properties, as well 
as describe evaluations to be performed when selecting one for use in multicolor prolifera-
tion monitoring. The protocols presented by the authors address the critical issues related 
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detection by flow cytometry (right panel) are shown.
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to suboptimal tracking combinations, reproducible labeling, combining of cell tracking 
dyes with fluorescent antibodies staining and others. Briefly, the recommendations include 
evaluating the dye’s spectral profile and available cytometers/lasers to optimize compat-
ibility with other fluorochromes and to minimize compensation problems, evaluating the 
effect of labeling on cell growth rate, testing cell divisions and dye dilutions to determine 
the maximum number of generations to be included when using dye dilution profiles, and 
verifying that relevant cell functions remain unaltered by tracking dye labeling.

As proliferation is tracked in living cells, it enables to combine analysis of cell proliferation 
with other live-cell applications, such as immunophenotyping, cell sorting, cell cycle analy-
sis, mitochondrial potential, ROS studies, and others. This possibility has been utilized, for 
example, in the studies in which myelin-phagocytosing macrophages were co-cultured with 
CFSE-labeled T lymphocytes followed by analysis of surface receptors and role of nitric oxide 
[35]. In other studies, cell tracker has been used to investigate immune cells proliferation and 
cytotoxicity [36].

Another group of trackers is represented by the fixable viability dyes, enabling the post-fixa-
tion discrimination of dead cells, which lost plasma membrane integrity before fixation (see 
Table 1, Viability). This gives a novel opportunity to combine them with staining procedures 
which require fixation. Thus, analysis of internal targets, like as intracellular protein levels 
or γH2AX, within the population of cells which was alive prior fixation, was possible. In our 

Figure 4. Analysis of cell proliferation estimated upon tracking with CMAC, combined with cell-type gating in co-culture 
of leukemia and stromal cells. (A) Leukemia cells expressed GFP protein (GFP+) and (B) stromal cells were tracked with 
CMAC (CMAC+). Labeling with CMAC allowed for cell-type gating and simultaneous analysis of cell divisions. CMAC 
was detected in the APC channel; histograms show CMAC dilution at different time points of co-culture.
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studies, we have combined cell tracking with GFP expression together with analysis of apop-
tosis by fixable viability dye and detection of intracellular level of Grp78 protein (Figure 5). 
Cells were co-cultured and the subpopulation expressing high level of GFP (GFP+) was gated 
and further analyzed. Additionally, as cells were treated with anti-leukemia drug, this proce-
dure enabled to estimate sensitivity to treatment by detection of dead cells.

4. Application of flow cytometry in the studies of cell-cell cross talk 
by extracellular vesicles

4.1. Extracellular vesicles

In recent years, extracellular vesicles (EVs) have emerged as an important mean of intercel-
lular communication, both in physiological conditions and in disease. They seem to play a 
crucial role in the cell-cell communication between cancer cells and the neighboring cells and 
they have been shown to be important for the development of cancer [37, 38]. Extracellular 
vesicles are released by most cell types and contain lipids, proteins, and different nucleic 
acids—mRNAs, ncRNAs (including miRNAs), and fragments of DNA. EVs are classified 
depending on their origin: released from multivesicular bodies (exosomes, 30–100 nm), shed 
from plasma membrane (microvesicles, usually 50–500 nm), or formed during apoptosis 
(apoptotic bodies, about 1 μm) [39, 40]. EVs can influence targeted cells both locally and in 
distant tissues. They regulate multiple biological processes, such as cell differentiation, tissue 
homeostasis, immune response, and cell signaling, and can contribute to disease progression, 
for example, by affecting tumor microenvironment [41]. Recently, the role of EVs in tissue 
repair, immunotherapy, and drug delivery has also been evaluated.

Extracellular vesicles play a significant role in pathology of hematological malignancies, includ-
ing chronic myeloid leukemia (CML) [42]. It has been demonstrated that exosomes produced by 

Figure 5. Combination of cell tracking by expression of GFP protein (GFP+, green), with analysis of apoptosis by using 
fixable viability dye and estimation of intracellular level of Grp78 protein (red histograms). Subpopulation expressing 
high level of GFP was gated (GFP+) and further analyzed. Cells were untreated (control) or treated with antileukemic 
drug for 24 h.
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CML cells support leukemic cell growth and survival in an autocrine manner, both in vitro and 
in vivo [43]. Moreover, factors facilitating leukemic transformation have been identified within 
vesicles released by leukemia cells [44]. Extracellular vesicles not only directly supported leuke-
mia cell growth but also potently modified components of CML microenvironment to further 
promote leukemia progression. CML-derived exosomes activated EGFR signaling in stromal 
cells, which led to IL-8 production by stroma bone marrow fibroblasts and which in turn stimu-
lated leukemia cell adhesion to stromal cells [45, 46]. CML exosomes have been widely studied 
in terms of their influence on neovascularization process, which has previously been shown 
to support progression of leukemia [47]. Our own unpublished data suggest that extracellular 
vesicles released by murine BCR-ABL-expressing progenitor cells may also influence function 
of cells in distant tissues. Altogether, this supports the notion that leukemic EVs constitute an 
important mechanism of disease progression both by direct influence on CML cells and by indi-
rect modification of leukemic niche components and immune cells. Moreover, EVs components, 
such as proteins and microRNAs, have recently become of interest as biomarkers in hematologi-
cal malignancies [42, 48, 49]. Thus, analysis of EVs number, size, and composition may soon be 
used to diagnose, stage, and even analyze relapse of hematological malignancies in the clinical 
setting.

4.2. Analysis of EVs uptake and binding by flow cytometry

Multiple studies underline functional relevance of different extracellular vesicles. Thus, a sig-
nificant aspect of research is analysis of fluorescently labeled EVs uptake or binding to differ-
ent cells, both in in vitro and in vivo experiments. It allows to confirm biological relevance of 
experiments and exclusion of indirect effects on target cells. Different analytical techniques 
are used to study extracellular vesicles, as there is no one single method which can be pro-
posed to analyze these particles [50]. Confocal microscopy is widely used to analyze EVs 
uptake by cells [51]. However, the flow cytometry provides a very good and fast method for 
quantification of EVs uptake or binding to cells.

Flow cytometry allows to quickly assess if association of EVs with target cells is dose- and time-
dependent. This may incline biologically active doses of EVs and thus help choose appropri-
ate amounts of EVs for further functional studies. Multicolor flow cytometry allows to monitor 
association of EVs to different subpopulations of cells, especially in vivo or in ex vivo cultures of, 
for example, immune cells. This is doable if a combination of fluorescent EVs labeling is used 
in parallel with staining of protein markers of subpopulations with fluorochrome-conjugated 
antibodies. Moreover, flow cytometry analysis enables correlation of EVs uptake with various 
biological parameters, such as cell viability, apoptosis, proliferation, and expression of signaling 
molecules. Such approach allows more precise and direct observation of functional effects of EVs. 
On the other hand, opposed to confocal microscopy, flow cytometry does not distinguish between 
uptake and binding of extracellular vesicles to target cells, but rather gives information on associa-
tion of EVs with target cells. Such information may be relevant in terms of mechanism of influence 
on target cells, as solely binding to surface of target cell suggests regulation through mediators 
(mostly proteins) on EVs surface rather than by, for example, non-coding RNAs in the lumen.

Various methods and reagents may be used to fluorescently label extracellular vesicles for 
analysis using flow cytometry (Table 2). EVs staining can either lead to labeling of all types of 
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studies, we have combined cell tracking with GFP expression together with analysis of apop-
tosis by fixable viability dye and detection of intracellular level of Grp78 protein (Figure 5). 
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dure enabled to estimate sensitivity to treatment by detection of dead cells.

4. Application of flow cytometry in the studies of cell-cell cross talk 
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ing chronic myeloid leukemia (CML) [42]. It has been demonstrated that exosomes produced by 

Figure 5. Combination of cell tracking by expression of GFP protein (GFP+, green), with analysis of apoptosis by using 
fixable viability dye and estimation of intracellular level of Grp78 protein (red histograms). Subpopulation expressing 
high level of GFP was gated (GFP+) and further analyzed. Cells were untreated (control) or treated with antileukemic 
drug for 24 h.
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CML cells support leukemic cell growth and survival in an autocrine manner, both in vitro and 
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posed to analyze these particles [50]. Confocal microscopy is widely used to analyze EVs 
uptake by cells [51]. However, the flow cytometry provides a very good and fast method for 
quantification of EVs uptake or binding to cells.

Flow cytometry allows to quickly assess if association of EVs with target cells is dose- and time-
dependent. This may incline biologically active doses of EVs and thus help choose appropri-
ate amounts of EVs for further functional studies. Multicolor flow cytometry allows to monitor 
association of EVs to different subpopulations of cells, especially in vivo or in ex vivo cultures of, 
for example, immune cells. This is doable if a combination of fluorescent EVs labeling is used 
in parallel with staining of protein markers of subpopulations with fluorochrome-conjugated 
antibodies. Moreover, flow cytometry analysis enables correlation of EVs uptake with various 
biological parameters, such as cell viability, apoptosis, proliferation, and expression of signaling 
molecules. Such approach allows more precise and direct observation of functional effects of EVs. 
On the other hand, opposed to confocal microscopy, flow cytometry does not distinguish between 
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tion of EVs with target cells. Such information may be relevant in terms of mechanism of influence 
on target cells, as solely binding to surface of target cell suggests regulation through mediators 
(mostly proteins) on EVs surface rather than by, for example, non-coding RNAs in the lumen.
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vesicles or any of the specific populations, like exosomes or microvesicles. To stain EVs lumen, 
widely used dyes such as CFSE and CalceinAM may be used. Those dyes in non-fluorescent 
form passively enter EVs and due to esterase activity in the EV lumen are transformed into 
fluorescent molecules. Gray et al. demonstrated that CalceinAM stains only intact EVs, which 
may be advantageous for its use in both EVs uptake studies and direct flow cytometry of EVs 
[52]. CFSE staining was applied to quantitatively show differential association of cancer EVs 
with myeloid cells depending on their differentiation into various stages of monocyte and 
dendritic cell development [53]. In our experiments, we have used CFSE labeling to study the 
dose-dependent uptake of EVs released by murine BCR-ABL-expressing cells by thymocytes 
(Figure 6). It is clearly visible that increasing amounts of fluorescently labeled EVs correlate 
with increased fluorescence of CFSE signal detected in acceptor thymocytes.

Membrane staining is also widely used to label EVs with the use of dyes such as PKH67, 
PKH26, DiD, Dil, and DiO. They allow a wider choice of fluorescence spectra but, as they 
are lipophilic, can form various aggregates and micelles. Thus, in this case, EVs need to be 
carefully washed to avoid adding unbound dye which may nonspecifically label cells. PKH67 

Figure 6. CFSE labeling to study uptake of EVs. Leukemia-released EVs were labeled with CFSE and different amounts 
of EVs were added to thymocytes. Fluorescence of CFSE in thymocytes was detected by flow cytometry in FITC channel.

Function Excitation laser (nm) Dye Emission (nm)

Lumen labeling 488 (blue) CFDA-SE (CFSE) 517

CalceinAM 515

Membrane labeling 488 (blue) PKH67 504

DiO 501

560 (yellow) PKH26 567

Dil 565

633/640 (red) DiD 665

Table 2. Fluorescent dyes used to fluorescently label extracellular vesicles for analysis by flow cytometry; function, 
excitation, and emission spectra as well as full name are shown.
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was used for EVs labeling to track time-dependent uptake of mantle cell lymphoma-derived 
exosomes by different immune cells and cell lines and to investigate their possible therapeu-
tic potential. Lai et al. took another approach on staining of EV membrane by fusing GFP at 
N-terminus with palmitoylation signal and thus directing it to plasma and EV membrane. 
This enabled more specific staining than with the use of PKH67 dye. Additionally, it allows 
effective in vivo tracking of EVs released by tumors [51]. Furthermore, fusion of specific 
EV-enriched proteins (such as tetraspanins—CD9, CD63, CD81; ESCRT proteins—Tsg101; 
proteins widely expressed on cells producing EVs—e.g. HLA proteins) with GFP/RFP or 
other fluorescent proteins can be applied. CD63-GFP and CD81-GFP have already been used 
by different groups to track exchange of EVs using flow cytometry [54].

4.3. Flow cytometry analysis of extracellular vesicles

Flow cytometry has emerged as one of the tools for analysis of extracellular vesicles and their 
composition. As detection limit of conventional flow cytometers is around 500 nm, bead cap-
ture of EVs has been used to facilitate, for example, analysis of proteins expressed on their sur-
face. However, direct flow cytometry of extracellular vesicles has also been widely performed 
[55]. As light scatter triggering itself is not sufficient to distinguish nanoscale vesicles, fluo-
rescence triggering has been used to directly identify EVs on flow cytometers. Commercially 
available flow cytometer (BD Influx) has been adapted for high-throughput analysis of fluo-
rescently labeled vesicles. PKH67 staining of EVs allowed fluorescence-based thresholding of 
events, and by modifying cytometer elements, the authors were also able to observe size dis-
tribution of exosomes in the FSC channel. The described technique allowed to identify mol-
ecules expressed on the surface of EVs [56] and then apply the method to perform quantitative 
and qualitative analyses of dendritic cell-released EVs upon different stimulations and culture 
conditions [57]. Direct flow cytometry of fluorescently labeled EVs using conventional flow 
cytometers has been applied to study mesenchymal stromal cell markers (CD90, CD44, CD73) 
on EVs released by HS-5 and K562 cells as well as to analyze surface molecules expressed on 
microvesicles isolated from patient sera with hematological tumors (CD20, CD38, CD30) [48].

However, direct flow cytometry of EVs needs to be used cautiously, as different sample 
parameters and cytometer settings may affect measurements. It was demonstrated that due 
to high concentration of very small molecules in suspension, the measurement may not be 
precise, due to analysis of multiple events as one. Flow cytometry is emerging as a tool for 
direct analysis of EVs and their surface markers, allowing fast and precise measurements. 
Various aspects of EVs analysis by FACS are demonstrated in a special issue of Cytometry 
Part A Journal “Measurement of Extracellular Vesicles and Other Submicron Size Particles by 
Flow Cytometry” [58]. It is noteworthy that due to small size of EVs precise fluorescent label-
ing needs to be applied and conventional flow cytometer settings need to be cautiously opti-
mized, for example, by using fluorescent beads of different sizes (e.g. 200 and 100 nm beads).

4.4. Fluorescent tracking and flow cytometry analysis of direct, intercellular transfer 
of vesicular cargo

Recently, a novel way of intercellular communication has been described. This is mediated 
by the long intercellular connections called tunneling nanotubes (TNTs), which link two cells 
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was used for EVs labeling to track time-dependent uptake of mantle cell lymphoma-derived 
exosomes by different immune cells and cell lines and to investigate their possible therapeu-
tic potential. Lai et al. took another approach on staining of EV membrane by fusing GFP at 
N-terminus with palmitoylation signal and thus directing it to plasma and EV membrane. 
This enabled more specific staining than with the use of PKH67 dye. Additionally, it allows 
effective in vivo tracking of EVs released by tumors [51]. Furthermore, fusion of specific 
EV-enriched proteins (such as tetraspanins—CD9, CD63, CD81; ESCRT proteins—Tsg101; 
proteins widely expressed on cells producing EVs—e.g. HLA proteins) with GFP/RFP or 
other fluorescent proteins can be applied. CD63-GFP and CD81-GFP have already been used 
by different groups to track exchange of EVs using flow cytometry [54].

4.3. Flow cytometry analysis of extracellular vesicles

Flow cytometry has emerged as one of the tools for analysis of extracellular vesicles and their 
composition. As detection limit of conventional flow cytometers is around 500 nm, bead cap-
ture of EVs has been used to facilitate, for example, analysis of proteins expressed on their sur-
face. However, direct flow cytometry of extracellular vesicles has also been widely performed 
[55]. As light scatter triggering itself is not sufficient to distinguish nanoscale vesicles, fluo-
rescence triggering has been used to directly identify EVs on flow cytometers. Commercially 
available flow cytometer (BD Influx) has been adapted for high-throughput analysis of fluo-
rescently labeled vesicles. PKH67 staining of EVs allowed fluorescence-based thresholding of 
events, and by modifying cytometer elements, the authors were also able to observe size dis-
tribution of exosomes in the FSC channel. The described technique allowed to identify mol-
ecules expressed on the surface of EVs [56] and then apply the method to perform quantitative 
and qualitative analyses of dendritic cell-released EVs upon different stimulations and culture 
conditions [57]. Direct flow cytometry of fluorescently labeled EVs using conventional flow 
cytometers has been applied to study mesenchymal stromal cell markers (CD90, CD44, CD73) 
on EVs released by HS-5 and K562 cells as well as to analyze surface molecules expressed on 
microvesicles isolated from patient sera with hematological tumors (CD20, CD38, CD30) [48].

However, direct flow cytometry of EVs needs to be used cautiously, as different sample 
parameters and cytometer settings may affect measurements. It was demonstrated that due 
to high concentration of very small molecules in suspension, the measurement may not be 
precise, due to analysis of multiple events as one. Flow cytometry is emerging as a tool for 
direct analysis of EVs and their surface markers, allowing fast and precise measurements. 
Various aspects of EVs analysis by FACS are demonstrated in a special issue of Cytometry 
Part A Journal “Measurement of Extracellular Vesicles and Other Submicron Size Particles by 
Flow Cytometry” [58]. It is noteworthy that due to small size of EVs precise fluorescent label-
ing needs to be applied and conventional flow cytometer settings need to be cautiously opti-
mized, for example, by using fluorescent beads of different sizes (e.g. 200 and 100 nm beads).

4.4. Fluorescent tracking and flow cytometry analysis of direct, intercellular transfer 
of vesicular cargo

Recently, a novel way of intercellular communication has been described. This is mediated 
by the long intercellular connections called tunneling nanotubes (TNTs), which link two cells 
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and enable long-range, direct communication between distant cells [59]. Formation of this 
structure has been observed between different types of cells by different groups including 
ours [60–63] and Figure 7A and B. They have been shown to mediate the cell-to-cell transfer of 
vesicles, organelles, electrical stimuli, and small molecules [64–66]. The proposed functions of 
TNTs and mechanism are still not well understood; however, there is growing evidence that 
cell-cell communication via TNTs might play an important role in the cancerogenesis. They 
are actively formed between leukemia cells and bone marrow-derived mesenchymal stromal 
cells to promote viability and chemoresistance of leukemia cells [67].

Vesicular cargo can be actively transferred by TNTs between two distinct cells. For now, the 
flow cytometry is one of the best methodologies to track and analyze cells, which obtained 
vesicles from donor cells [68–70]. For this, methods to label vesicles has been adapted (Table 2)  
and combined with cell type tracking to distinguish donor and acceptor cells. First, vesicles 
in donor cells are labeled with lipophilic dyes, such as DiD, DiO, and others, and mixed with 
acceptor cell population. Flow cytometry allows to separate both subpopulations—positive 
population of donor cells (DiD+) and negative population of acceptor cells (DiD-), together 
with additional combination with cell-type tracking with GFP (Figure 7C, time 0 h). After 

Figure 7. (A) Overlay of confocal images presenting formation of tunneling nanotube (TNT); actin—green, microtubules—red, 
nuclei—blue); (B) SEM micrograph of a TNT formed between two distant cells; (C) flow cytometry dot plots showing the gating 
strategy to separate the donor and acceptor populations upon labeling of vesicular cargo by DiD (0 h), the uptake of vesicular 
cargo visible as appearance of DiD+ acceptor cells (24 h), and the absence of uptake upon donor and acceptor populations 
physical separation in control experiment (24 h: transwell system).
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incubation, the fluorescence signal appears in the acceptor cells (GFP+, DiD+), indicating 
uptake of the vesicular cargo transferred from donor cells (Figure 7C, time 24 h). To confirm 
that vesicles were transferred by direct cell-cell contact, not secreted into the medium, the 
trans-well control has been performed. In this case, the vesicle uptake has not been observed 
(Figure 7C, transwell). Such methodology has been already successfully used in different 
cellular systems [60, 69, 71] to analyze direct transfer of vesicles between cells.

5. Interactions of leukemia cells with immunosuppressive 
regulatory T cells

Immune responses against hematological cancers are less characterized than those against 
solid tumors. Among them, chronic myeloid leukemia (CML) is not an exception [72]. Little is 
known about mechanisms of innate and acquired immunity exerted against CML. Although, the 
involvement of CD4+ and CD8+ T cell as well as NK cells and humoral response in the immunity 
against CML is widely accepted. Recently, CML-specific antigens exerting cellular and humoral 
response have been identified [73, 74]. The growing body of evidences is pointing the role of 
cytotoxic CD8+ T cell as a central player in the anti-CML response. [3, 8] Moreover, CML is 
considered as one of the diseases which are most sensitive to immunological manipulation [75].

Analysis of blood of untreated patients diagnosed with CML reveals decreased number of 
NK-cells, which are antitumor effector cells [76]. Moreover, the increased number of inhibitory 
cells such as T regulatory (Treg) cells and myeloid-derived suppressor cells were present [77]. 
Also, it has been shown that CML cells (including CD34+ leukemia stem cells) express pro-
grammed death receptor ligand 1 (PD-L1). Binding of PD-L1 to the PD-1 receptor expressed 
on T cells suppresses their effector function.

Immune evasion is a major obstacle for effective anticancer therapy. T regulatory (Treg) cells are 
recognized as one of the most promising targets for therapy, which could reverse the unrespon-
siveness of the immune system during malignancy [73]. Treg cells are essential for maintain-
ing homeostasis of the immune system during the steady state and inflammation. The balance 
between immune activation and tolerance mediated by Treg cells is crucial for maintaining proper 
responses. The suppression exerted by Treg cells to different types of immune cells has been 
extensively studied. Activity of Treg cells is beneficial for maintaining self-tolerance, during reso-
lution of inflammation, and for limiting inadequate immune responses. However, their ability 
to suppress different types of immune cells may also restrain beneficial responses by limiting 
the anti-tumor immunity. Treg cells constitute a major component of the tumor-infiltrating lym-
phocytes in human malignancies as well as in mouse experimental models of cancer. Moreover, 
the increased number of Treg cells among tumor-infiltrating lymphocytes correlates with a poor 
prognosis and an increased risk of recurrence in majority of solid tumors. In CML patients, the 
increased number of Treg cells is linked to limited anti-tumor immune effector responses [78, 79]. 
Data suggest that a balance between the effector and suppressor arms of the immune system 
could be important in mediating a successful and treatment-free remission (TFR). However, a 
major goal in CML treatment is to identify the uppermost target to maximize beneficial immune 
response and promote TFR success [74]. In this context, the study of T regulatory cells is critical. 
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incubation, the fluorescence signal appears in the acceptor cells (GFP+, DiD+), indicating 
uptake of the vesicular cargo transferred from donor cells (Figure 7C, time 24 h). To confirm 
that vesicles were transferred by direct cell-cell contact, not secreted into the medium, the 
trans-well control has been performed. In this case, the vesicle uptake has not been observed 
(Figure 7C, transwell). Such methodology has been already successfully used in different 
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known about mechanisms of innate and acquired immunity exerted against CML. Although, the 
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Analysis of blood of untreated patients diagnosed with CML reveals decreased number of 
NK-cells, which are antitumor effector cells [76]. Moreover, the increased number of inhibitory 
cells such as T regulatory (Treg) cells and myeloid-derived suppressor cells were present [77]. 
Also, it has been shown that CML cells (including CD34+ leukemia stem cells) express pro-
grammed death receptor ligand 1 (PD-L1). Binding of PD-L1 to the PD-1 receptor expressed 
on T cells suppresses their effector function.

Immune evasion is a major obstacle for effective anticancer therapy. T regulatory (Treg) cells are 
recognized as one of the most promising targets for therapy, which could reverse the unrespon-
siveness of the immune system during malignancy [73]. Treg cells are essential for maintain-
ing homeostasis of the immune system during the steady state and inflammation. The balance 
between immune activation and tolerance mediated by Treg cells is crucial for maintaining proper 
responses. The suppression exerted by Treg cells to different types of immune cells has been 
extensively studied. Activity of Treg cells is beneficial for maintaining self-tolerance, during reso-
lution of inflammation, and for limiting inadequate immune responses. However, their ability 
to suppress different types of immune cells may also restrain beneficial responses by limiting 
the anti-tumor immunity. Treg cells constitute a major component of the tumor-infiltrating lym-
phocytes in human malignancies as well as in mouse experimental models of cancer. Moreover, 
the increased number of Treg cells among tumor-infiltrating lymphocytes correlates with a poor 
prognosis and an increased risk of recurrence in majority of solid tumors. In CML patients, the 
increased number of Treg cells is linked to limited anti-tumor immune effector responses [78, 79]. 
Data suggest that a balance between the effector and suppressor arms of the immune system 
could be important in mediating a successful and treatment-free remission (TFR). However, a 
major goal in CML treatment is to identify the uppermost target to maximize beneficial immune 
response and promote TFR success [74]. In this context, the study of T regulatory cells is critical. 
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To explore the CML-derived extracellular vesicles impact on T regulatory cell development and 
activity, we adjust two in vitro assays, both based on the flow cytometry.

5.1. Flow cytometry analysis of T regulatory (Treg) cells differentiation and function

To study the effect of CML extracellular vesicles on the differentiation of thymic regulatory T 
cells (tTreg), we have employed a previously described in vitro assay of tTreg differentiation on 
JAWS II immature dendritic cells [80]. Briefly, during the step of preactivation of thymocytes on 
αCD3-coated plates, we added extracellular vesicles to allow their uptake or binding solely by 
thymocytes. Thymocytes were additionally stained with a violet proliferation dye 450, which 
would allow to track their proliferation and distinguish them from JAWS II cells. After 24 h of 
preactivation, thymocytes were washed and co-cultured with JAWS II cells. Afterwards, tTreg 
differentiation using multicolor flow cytometry was analyzed. This analysis allowed to track 
viability, proliferation (Figure 8A), differentiation of tTreg, as well as their phenotype (Figure 8B). 
Extracellular vesicles can also potentially influence suppressive activity of mature, already dif-
ferentiated tTreg. To study this phenomenon, we sorted tTreg and cultured them, first with CML 
extracellular vesicles for 24 h and afterwards with conventional T cells (responder cells) stimu-
lated for proliferation, to observe differences in suppressive activity manifested by decreased 

Figure 8. Flow cytometry analysis of T regulatory (Treg) cells differentiation and function. (A) Analysis of cell viability 
and proliferation (AmCyan channel—fixable viability stain eFluor 506, V450—violet proliferation dye 450). V450 
staining allows to track thymocyte proliferation and distinguish them from JAWS II cells (V450-). (B) Identification of T 
regulatory cells by sequential gating and analysis of CTLA-4 expression. (C) CFSE staining allows to track proliferation 
of responder cells in an in vitro suppression test. An example of combination with CD4-APC staining, which helps 
eliminate remaining Treg cells (CFSE-, CD4+) in analysis, is presented.
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proliferation. Labeling of responder cells with CFSE allowed to track their proliferation after co-
culture with tTreg, which have been preincubated with either CML-derived or control extracellu-
lar vesicles. This in turn allowed to assess differences in tTreg suppressive activity due to influence 
of EVs. Combination with additional staining of surface receptors such as CD4 or CD8 enabled to 
distinguish between suppression towards helper (CD4+) or cytotoxic (CD8+) T cells (Figure 8C).

6. Summary

Many studies already confirmed that leukemia cells behave differently whether they are cul-
tured alone or in co-culture with stromal cells. This mimics some elements of the bone mar-
row microenvironment and represents more physiological conditions. Also, the cross talk 
between leukemia and immune cells is an example showing importance of the interactions 
within the leukemia microenvironment. Thus, in our opinion, analysis of cell signaling in the 
co-culture conditions is highly informative and might have some therapeutic implications.

Studies of leukemia cells in vitro/ex vivo, including analysis of primary cells and stem/progeni-
tor subpopulations, represent an important step in development of novel therapeutic strate-
gies. Different parameters, such as viability, proliferation, DNA damage, clonogenic potential, 
and others, are investigated after treatment with drugs or drug candidates. Pretreatment with 
investigated drugs can also be followed by mice Xenograft in vivo studies to investigate their 
therapeutic potential. All these studies are critically important as a first step in analysis of 
potential therapeutic strategies.

Nevertheless, we propose that in the next step or simultaneously, some of these studies might 
be performed also upon co-culture conditions to add an essential element of the cross-talk 
with stroma components, which normally exist in vivo. These conditions allow to verify 
whether the treatment is still effective even upon protective impact of stroma. This fulfills, at 
least partially, the big gap between in vitro experiments and in vivo conditions.

In this chapter, we described and discussed flow cytometry applications, which can be used to 
perform co-culture studies to analyze some signaling elements within the leukemia microenvi-
ronment. This strategy enables to distinguish between the cell types and to investigate the cross 
talk between cancer and surrounding cells, signaling pathways regulated by the cell-cell interac-
tions, as well as sensitivity to treatment with anticancer drugs in the stroma-mimicking condi-
tions. Utilizing modern flow cytometry and a broad spectrum of currently available dyes/trackers 
allows to perform highly informative studies not only because of the use of multiparameter 
cytometry but also because of more complex cellular context, which is taken under consideration. 
Moreover, even if the described flow cytometry applications rely on the leukemia microenviron-
ment studies, they are uniform and can be broadly applied into another biological context.
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Figure 8. Flow cytometry analysis of T regulatory (Treg) cells differentiation and function. (A) Analysis of cell viability 
and proliferation (AmCyan channel—fixable viability stain eFluor 506, V450—violet proliferation dye 450). V450 
staining allows to track thymocyte proliferation and distinguish them from JAWS II cells (V450-). (B) Identification of T 
regulatory cells by sequential gating and analysis of CTLA-4 expression. (C) CFSE staining allows to track proliferation 
of responder cells in an in vitro suppression test. An example of combination with CD4-APC staining, which helps 
eliminate remaining Treg cells (CFSE-, CD4+) in analysis, is presented.
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be performed also upon co-culture conditions to add an essential element of the cross-talk 
with stroma components, which normally exist in vivo. These conditions allow to verify 
whether the treatment is still effective even upon protective impact of stroma. This fulfills, at 
least partially, the big gap between in vitro experiments and in vivo conditions.
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Abstract

High throughput (HT) screening is at the starting point for most drug discovery pro-
grams. As the range of targets being pursued widens new technologies have to be 
deployed to enable assays built to measure the activity of proteins previously deemed 
challenging. Flow cytometry is a technology providing multi-parametric analysis of 
single cells or other particles in suspension, such as beads. High throughput (HT) flow 
cytometry has become a very attractive screening platform for drug discovery. In this 
chapter we describe a 1536 well format high throughput screen of 500,000 compounds 
to find inhibitors of Rac1 GTPase to prevent allergic airway hyper-responsiveness in 
asthma. We discuss the assay development, miniaturization and validation carried out 
prior to the full screening campaign. We then describe how we have automated our 
iQue® HD screener instruments and how we proceed with the data analysis and explain 
why we chose to run this screen on a flow cytometer and how it enabled us to reduce cost 
and timelines for the project.

Keywords: HTS, drug discovery, bead-based assay, GTPase

1. Introduction

Asthma is a heterogeneous inflammatory disorder of the airways characterized by chronic 
deregulated inflammation, bronchial hyperreactivity, and symptoms of recurrent wheezing, 
coughing, and shortness of breath. Its prevalence has increased considerably over the past 
three decades, particularly in Western countries. Asthma is a major public health problem 
that affects 300 million people worldwide [1, 2].
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Airway hyperresponsiveness (AHR), one of the hallmarks of asthma, directly results from 
excessive contraction of airway smooth muscle cells (aSMC). The degree of AHR always cor-
relates with asthma severity and the need for therapy [3, 4]. Regular treatment of chronic 
asthma consists of a combination of inhaled anti-inflammatory corticosteroids and long-acting  
beta2-adrenergic receptor agonists for bronchodilation. However, severe asthma escapes to 
usual treatments or frequently requires higher doses. In acute asthma, short-acting beta2 ago-
nists or anticholinergics are used as bronchodilators. These drugs are rapidly effective but 
can be insufficient in some cases of severe acute asthma attack. Despite available therapies, 
many patients with severe asthma remain uncontrolled and the number of asthma deaths is 
still elevated [5]. There is thus an obvious need for new drugs acting through other pathways 
to prevent or reverse AHR and decrease severe asthma attacks, hospitalizations and deaths.

The molecular mechanisms regulating aSMC contraction and proliferation involved in AHR 
are still largely unknown. Understanding the intracellular signaling pathways responsible for 
AHR is thus essential to identify new targets and design new treatments. In this way, the Rho 
protein Rac1 has been identified as a promising candidate.

The Rho/Rac proteins constitute a family of small GTPases of more than 25 members in mam-
mals. So far, the best characterized members of this family include the members of the Rho 
(RhoA, RhoB, RhoC), Rac (Rac1, Rac2, RhoG), and Cdc42 (Cdc42) subfamilies. Rho/Rac pro-
teins share a common structure (40–95% identity) composed of a six-stranded mixed β sheet 
flanked by five α helices. The core G domain is made up of five polypeptide loops (G1–G5) 
involved in nucleotide, regulators and effectors interactions. Like the majority of Ras super-
family GTPases, most members of the Rho/Rac family behave as molecular switches that cycle 
between inactive (GDP-bound) and active (GTP-bound) states. In basal conditions, these pro-
teins are inactive and sequestered in the cytosol due to their binding to Rho GDP dissociation 
inhibitors (RhoGDIs). Upon cell stimulation, Rho proteins became GTP-bound, translocate 
to the plasma membrane after release from RhoGDI, and interact with their primary effector 
molecules to trigger different signal transduction pathways. In addition to RhoGDIs, the acti-
vation/inactivation cycle of Rho/Rac proteins is regulated by a complex set of regulatory pro-
teins that include GDP/GTP exchange factors (GEFs) and GTPase activating protein (GAPs) 
(Figure 1). Interaction of Rho/Rac protein with a GEF promotes the exchange of GDP for GTP 
molecules, thus leading to the rapid activation of Rho/Rac proteins during cell stimulation 
events. By contrast, GAPs promote the hydrolysis of the bound GTP molecules to GDP, thus 
allowing the transfer of the GTPases back to the inactive state at the end of the stimulation 
cycle [6].

During the last decade, Rho/Rac protein signaling pathways have been recognized as major 
regulators of essential cellular functions. Rac1 is a key regulator of cytoskeletal structure and 
dynamics, leading to lamellipodia and ruffle formations [6, 7]. Thanks to this last function, 
Rac1 controls cellular migration and adhesion. Recently, we demonstrated that Rac1 regulates 
vascular SMC contraction, and consequently modulates arterial pressure [8]. Accordingly, we 
hypothesized that Rac1 could also be involved in aSMC contraction. We demonstrated that 
the specific SMC deletion of Rac1 (SM-Rac1-KO) in mice prevents bronchoconstriction ex and 
in vivo. Our results showed that the decreased expression or activity of Rac1 in aSMC impairs 
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agonist-induced rise in intracellular Ca2+ concentration through a mechanism involving Rac1-
dependant control of PLC activity. Interestingly, Rac1 deficiency has no impact on the respira-
tory system in basal, physiological condition. However, deletion of Rac1 expression in aSMC 
or nebulization of the Rac inhibitor NSC23766 prevented AHR in an allergic asthma model 
in mouse. These data indicate that (1) Rac1 is a critical component in aSMC contraction and 
(2) inhibition of Rac1 activity or expression may represent a novel therapeutic approach for 
patients with airway AHR such as asthma.

Unfortunately, the currently available drugs that inhibit Rac1 (EHT 1864 and NSC23766) have 
low affinity and induce critical off-target effects, thus highlighting the obvious need to dis-
cover new Rac inhibitors [9, 10].

In this chapter we describe how a published flow cytometry assay was taken and converted 
to a 1536 well format suitable for high throughput screening (HTS) to enable the screening 
of 500,000 compounds in the AstraZeneca Global HTS Centre to attempt to find new Rac1 
inhibitors. We describe the whole protocol from receiving assay ready plates through to the 
data analysis and discuss the criteria that are important for an assay to be suitable for a high 
throughput screen by flow cytometry and describe the validation process we go through prior 
to starting a high throughput screening campaign.

Figure 1. Activation cycle of Rho/Rac proteins and their regulatory proteins. Activation of Rho/Rac proteins is mediated 
by a guanine nucleotide exchange factor (GEF) leading to GTP loading and to the translocation of Rho/Rac proteins to 
the plasmatic membrane. This active configuration of Rho/Rac proteins promotes effector interactions. To “turn off” the 
cycle, a GTPase-activating protein (GAP) accelerates the intrinsic GTPase activity of Rac, allowing Rac to return to its 
inactive state in the cytosol. The guanine nucleotide-dissociation inhibitor (GDI) binds specifically to GDP-bound Rho/
Rac proteins, prolonging the inactive state and sequestering the GTPase in the cytosol.
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2. Assay development

Several papers have demonstrated the utility of a bead-based flow cytometric GTP-binding 
assay for screening GTPase targets for small molecule inhibitors in both singleplex and mul-
tiplex formats [11–13]. As part of AstraZeneca’s Open Innovation initiative, we collaborated 
with researchers at l’Institut du thorax to identify small molecule inhibitors of Rac1 GTPase. 
We therefore set out to develop a bead-based assay for screening Rac1 in a singleplex fash-
ion (Figure 2) for a screening campaign in 1536 well plates on an iQue® Screener HD. The 
Intellicyt iQue® Screener HD is a flow cytometer with an autosampler able to sample from 96, 
384 and 1536 well plates. Using proprietary technology the instrument separates well samples 
with an air bubble allowing the software to determine what sample comes from what well 
making the instrument a true high throughput instrument.

The assay is based on glutathione-coated beads used to capture GST-tagged Rac1. Bodipy-
labeled GTP (FL-GTP, ThermoFisher Scientific), is then used as a tracer for the detection of 
compounds that compete with its binding to the GTPase resulting in a decreased fluorescence 
signal.

We purchased commercially-available glutathione coated particles (GSH beads, size 4.0–
4.9 μm, Spherotech) that have glutathione covalently coupled to their surface and glutathione 
S-transferase tagged Rac1 protein (human wild type) (GST-Rac1, ThermoFisher Scientific) 
and bound the GST-Rac1 onto the GSH beads overnight. Assay development was performed 
in 384 well plates before miniaturizing the assay for 1536 well plates. We optimized the con-
centration of FL-GTP to use in the assay to achieve the largest signal to background window 
and also confirmed that FL-GTP did not bind to unconjugated beads to demonstrate Rac1/
GTP binding specificity. Based on the data shown in Figure 3 and associated table, 100 nM 
FL-GTP was selected.

To validate that the beads were coated with GST-Rac1 and that they would bind bodipy-labeled 
GTP the prepared beads were mixed with serial dilutions of unlabeled GTP (ThermoFisher 

Figure 2. Pictorial representation of GST-Rac1 bound to GSH beads. Inhibitors of fluorescent GTP binding result in 
decreased FL1-H signal.
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Scientific) as a competitor followed by the addition of FL-GTP. To prepare the assay, 5 μL of 
coated beads were dispensed into wells on a 384 well plate followed by 5 μL of buffer containing 
unlabeled GTP in serial dilutions in triplicate, then 5 μL of 100 nM FL-GTP was added for a final 
volume of 15 μL and incubated for 30 min. The methods described in Refs. [11–13] included a 
final incubation for up to 60 min at 4°C. We wanted to be able to prepare and incubate the plates 
at room temperature (RT) for large scale screening, so we incubated plates both at 4°C or RT and 
then read the plates on the iQue Screener HD immediately after incubation or after 2 h at RT to 
determine if the signal window was still adequate for screening at that time. The beads are not 
fluorescently labeled, therefore exhibit low fluorescence intensity in the FL-1 channel (excita-
tion 488 nm; emission filter 530/30 nm). Beads with bound FL-GTP exhibit a marked increase in 
fluorescence (approximately 200–500 fold). Inhibitors of GTP binding decrease the FL-1 fluores-
cence which is the measured signal for the samples read on the iQue® Screener HD. For analysis, 
beads were gated on forward scatter height (FSC-H) vs. side scatter height (SSC-H), then dou-
blets were excluded by gating on the singlet population on forward scatter height vs. forward 
scatter area (FSC-A). Figure 4 shows representative data for the gating scheme and the decrease 
in bead fluorescence with three concentration response curves (0–333.3 μM unlabeled GTP).

Figure 3. Optimization of FL-GTP concentration and confirmation of binding specificity. (A) Unconjugated or Rac1-
coated beads were incubated with varying amounts of FL-GTP in the presence or absence of 0.5 mM unlabeled GTP and 
bead fluorescence measured on the iQue®. : Rac1 coated beads in the presence of 0.5 mM unlabeled GTP, : bare beads, 
and : Rac1 coated beads. (B) Signal to background table for each concentration of FL-GTP.
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determine if the signal window was still adequate for screening at that time. The beads are not 
fluorescently labeled, therefore exhibit low fluorescence intensity in the FL-1 channel (excita-
tion 488 nm; emission filter 530/30 nm). Beads with bound FL-GTP exhibit a marked increase in 
fluorescence (approximately 200–500 fold). Inhibitors of GTP binding decrease the FL-1 fluores-
cence which is the measured signal for the samples read on the iQue® Screener HD. For analysis, 
beads were gated on forward scatter height (FSC-H) vs. side scatter height (SSC-H), then dou-
blets were excluded by gating on the singlet population on forward scatter height vs. forward 
scatter area (FSC-A). Figure 4 shows representative data for the gating scheme and the decrease 
in bead fluorescence with three concentration response curves (0–333.3 μM unlabeled GTP).

Figure 3. Optimization of FL-GTP concentration and confirmation of binding specificity. (A) Unconjugated or Rac1-
coated beads were incubated with varying amounts of FL-GTP in the presence or absence of 0.5 mM unlabeled GTP and 
bead fluorescence measured on the iQue®. : Rac1 coated beads in the presence of 0.5 mM unlabeled GTP, : bare beads, 
and : Rac1 coated beads. (B) Signal to background table for each concentration of FL-GTP.
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Addition of unlabeled GTP was able to compete with FL-GTP under all assay conditions in a 
concentration-dependent manner (Figure 5). Samples incubated at 4°C and read immediately 
afterward showed the highest binding of FL-GTP as well as the greatest decrease in fluo-
rescence in the presence of unlabeled GTP. All other conditions showed a slight increase in 
FL-GTP intensity, but very similar competition curves. Assay Z′ was greater than 0.75 for all 
conditions. These data in a final volume of 15 μL demonstrated that the assay was adequate 
to move forward with miniaturization, so the assay was tested again in small volumes using 
2 μL of GST-Rac1 coated beads, 2 μL of buffer containing unlabeled GTP in serial dilutions, 
and 2 μL of FL-GTP for a total assay volume of 6 μL in low volume 384 well plates. The minia-
turized assay was comparable to the preliminary tests (data not shown) so we moved forward 
with miniaturization to 1536 well plates.

The challenge for us was to perform the assay in a 1536-well format in order to minimize both 
cost and timelines of the screen.

Miniaturization to 1536 well format was first performed by using blank GSH beads to test dis-
pensing, inter-well shake speeds, and sip times. Runs were repeated under various conditions 

Figure 4. Gating scheme for Rac1 assay. (A) Beads gated on FSC-H versus SSC-H, (B) then on FSC-H versus FSC-A for 
singlet beads, (C) time-resolved serial dilution curves (time versus log(Median FL1-H fluorescence) of singlet beads. 
Wells treated with 0–333.3 μM unlabeled GTP show decreasing FL-GTP bound to beads (data in triplicate).
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to determine the optimum protocol. During these runs it was determined that it was best to use 
the bead sample buffer 0.1% (w/v) BSA in NP-HPS (30 mM HEPES pH 7.2, 100 mM KCl, 20 mM 
NaCl, 0.01% NP-40) supplemented with 1 mM DTT to prime the system before acquisition and 
during inter-well shaking. We found that we could decrease the sip time during which the sam-
ple probe aspirates from the well to 0.5 s per well, resulting in the acquisition of an entire 1536 
well plate in under 50 min. Once the iQue® Screener HD protocol was optimized with blank 
GSH beads, we ran 3 separate plates with ½ of the plate with negative control (sample buffer) 
and ½ of the plate with positive control (unlabeled GTP). Briefly, the assay was performed by 
dispensing 2 μL of GST-Rac1 coated beads to each well of a 1536 well plate, followed by either 
2 μL of sample buffer (negative control) or 2 μL of 500 μM unlabeled GTP (positive control; 
final concentration 166.7 μM). Finally, 2 μL FL-GTP was added to each well, then the plate was 
heat sealed with a pierceable foil seal and incubated at RT for 30 min. Each plate’s Z′ factor was 
calculated as greater than 0.5 with an average of 0.68 across the three plates (Figure 6).

We optimized the coating of Rac1 on the beads by testing the signal strength and assay window 
achieved over a 15 fold range of initial protein concentration from saturation down to zero (Table 1).

The aim was to identify the optimum concentration to use while maintaining best signal to 
background ratio. Following optimization i.e. check that the assay was suitable for running 

Figure 5. Comparison of incubation on competition of FL-GTP. Bead fluorescence measured by competition of FL-GTP 
by unlabeled GTP. GST-Rac1 coated beads with FL-GTP were incubated in the presence of varying amounts of unlabeled 
GTP in triplicate. Dotted lines indicate bead fluorescence in the presence of no unlabeled GTP. : incubated at 4°C for 
30 min, : incubated at RT for 30 min, : incubated at 4°C for 30 min then stored for 2 h at RT and : incubated at RT for 
30 min then stored for 2 h at RT.
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to determine the optimum protocol. During these runs it was determined that it was best to use 
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calculated as greater than 0.5 with an average of 0.68 across the three plates (Figure 6).

We optimized the coating of Rac1 on the beads by testing the signal strength and assay window 
achieved over a 15 fold range of initial protein concentration from saturation down to zero (Table 1).

The aim was to identify the optimum concentration to use while maintaining best signal to 
background ratio. Following optimization i.e. check that the assay was suitable for running 
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by unlabeled GTP. GST-Rac1 coated beads with FL-GTP were incubated in the presence of varying amounts of unlabeled 
GTP in triplicate. Dotted lines indicate bead fluorescence in the presence of no unlabeled GTP. : incubated at 4°C for 
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Rac1 concentration (μM) Max signal Min signal Z′ S/B

5 107,304 15,623 0.57 6.87

2.5 106,718 14,885 0.82 7.17

1.25 66,630 8559 0.79 7.79

0.625 39,836 5630 0.60 7.08

0.3175 21,087 3518 0.24 5.99

Table 1. Optimization of bead coating. Beads were coated with various concentrations of Rac1, incubated with FL-GTP 
and the bead fluorescence measured on the iQue®. Max refers to signal in the absence of 0.5 mM unlabeled GTP, min 
refers to signal in the presence of 0.5 mM unlabeled GTP.

Figure 6. Representative data from 1536 well Rac1 assay. (A) Beads gated on FSC-H versus SSC-H, (B) then on FSC-H 
versus FSC-A for singlet beads, (C) time-resolved data (time versus log(Median FL1-H fluorescence) of singlet beads. 
Wells treated with 0 or 166.7 μM unlabeled GTP show decreasing FL-GTP bound to beads.
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at large scale, the assay was validated by running a set of 7000 core compounds and a set 
of 3000 low molecular weight compounds (LMW) (mol.wt. below 325) (see Section 3) on 2 
separate occasions to assess variability. These compounds encompass the diversity of the col-
lections that will be screened. Running an HTS campaign is a costly and fairly demanding 
process. For this reason we need to ensure an assay is robust (Z′ factor greater than 0.5, sig-
nal to background greater than 3, low coefficient of variation across whole plate) and repro-
ducible i.e. active compounds will be found repeatedly if the assay was run multiple times. 
We therefore defined a set of criteria we need to satisfy prior to embarking on a screen [14]. 
Core compounds were run at 12.5 μM and LMW at 100 μM. We use an in-house designed 
Tibco Spotfire® tool to analyze the data and visualize the repeatability of the assay. Validation 
showed the assay was performing well resulting in good agreement between the repeat runs 
as depicted in Figure 7 which shows a Bland-Altman plot comparing data from the 2 runs; 
the average difference is 0.3 and the standard deviation of the difference around 7%. We were 
confident that this assay was now amenable to full scale screening.

3. Screening

The iQue® Screener HD increases the capabilities of flow cytometry with rapid sampling 
and assay miniaturization with a final assay volume of 6 μL per well, using as little as 1 μL 
per sample with no dead volume. The iQue® Screener HD has an autosampler that delivers 
samples in an air gap delimited stream to the cytometer engine. The plate loading area is 
accessible to robotic integration and an easy to use interface allows integration of labora-
tory automation. The entire plate of data is processed at one time. ForeCyt® software that 
controls the iQue® Screener HD allows plate level annotation, analysis, and visualization of 
the acquired data, enabling rapid, high content, multiplexed analysis of cells and beads in 
suspension. To enable the throughput required, we have linked two iQue® Screener HD to an 

Figure 7. Bland-Altman plot of validation data.
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ACell benchtop automation system (HighRes Biosolutions), as shown in Figure 8, compris-
ing a Nanoserve plate carousel and an ambient nest integrated by the Cellario® scheduling 
software. This simple small footprint automation system allows unattended operation as well 
as automatically clean the cytometers at the end of each run and has a capacity of up to 28 
plates per working day. We also used a third iQue® Screener HD as a standalone instrument 
for backup and additional throughput.

Prior to first use, a daily clean was run on the iQue® consisting of 5 min in decontamination 
solution (Intellicyt), a mildly basic solution, followed by 5 min in cleaning solution (Intellicyt), 
a mildly acidic and surfactant solution that neutralizes the decontamination solution and a 
final 10 min in water. This ensures cleaning of the entire fluidics path from probe to detector. 
Following this procedure a QC test was run to check the performance of the iQue instruments 
consisting of a 2 min water test to check cleanliness of the system followed by an 8 peak 
(Intellicyt) and 6 peak (Intellicyt) beads test to check laser alignment and performance of the 4 
fluorescence channels. The 8 peak product contains a mixture of several similar size particles 
with 8 different fluorescence intensities. Every particle contains a mixture of fluorophores that 
enables their excitation with the blue laser (488 nm) to validate the FL1, FL2 and FL3 chan-
nels of the iQue. Similarly, the 6 peak product contains a mixture of particles with 6 different 
fluorescence intensities excitable by the red laser to validate the FL4 channel.

All compounds for HTS in AstraZeneca are delivered in what are known as assay ready plates. 
Assay ready plates have the correct volume of compound in them such that on addition of 

Figure 8. Automation platform used with our iQue® Screener HD. (A) and (B) iQue® Screener HD, (C) ACell robotic arm, 
(D) NanoServe™ stacker carousel.
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the assay reagents the correct final compound concentration is achieved. Compound volumes 
are in the nL range and are added by a Labcyte Echo® acoustic dispenser. Using assay ready 
plates removes the need for intermediate dilution steps to get compounds and vehicle to the 
correct concentration making plate processing much simpler and faster in HTS screens.

Within the AstraZeneca HTS Centre we have 2 main collections of compounds that we screen. 
We have what we call the core collection that is screened at a single final concentration of 
10 μM or a concentration close to this balancing solubility of the compounds with detecting 
weaker activity. We also have a low molecular weight collection [15] where we have sepa-
rated out compounds with molecular weights below 325 Da that pass solubility filters. These 
compounds are screened at higher concentrations (typically 100 μM) to ensure we detect the 
activity of these compounds that potentially have better ligand efficiencies than hits that may 
be found in the core collection.

Rac1-coated beads were prepared by vigorously vortexing the glutathione beads, then trans-
ferring 7 mL into a 50 mL centrifuge tube. The beads were centrifuged (1000 × g, 5 min) and 
the supernatant removed, taking care not to disturb the pellet. 7 mL of wash buffer (0.1%, 
w/v BSA in NP-HPS) were added and vortexed vigorously to wash the beads. Beads were 
then incubated at room temperature for 30 min. Lyophilized Rac1 protein was reconstituted 
to 0.25 mg/mL final concentration (~5 μM) by adding 25 μL of wash buffer and mixing gen-
tly until the protein is completely dissolved. After the 30 min incubation of the beads they 
were pelleted by centrifugation (1000 × g, 5 min) and the supernatant discarded, taking care 
not to disturb the pellet. Beads were resuspended in 700 μL of wash buffer +175 μL of Rac1 
protein to a final concentration of 1 μM. The sample was vortex mixed gently and incubated 
overnight at 4°C. After incubation at 4°C, beads were washed twice with 14 mL sample buffer 
(wash buffer +1 mM DTT) pelleted by centrifugation (1000 × g, 5mins) between washes and 
finally resuspended in 14 mL wash buffer. Labeled beads were stored at 4°C. An accurate 
bead count was made using the iQue® Screener HD with beads diluted to a density of 1.33 × 
106 beads/mL prior to running the assay. The method described here should provide enough 
beads for 16 plates a day for 6 days.

The primary screen was performed at compound concentration of 12.5 μM (100 μM for LMW) 
against a diversity collection of 500,000 compounds. All assay ready plates of compounds 
were prepared by our compound management team. The plate layout included on-board 
controls in the four central columns (64 wells of either 12.5 μM unlabeled GTP or 1% (v/v) 
DMSO as inhibitor and neutral controls, respectively). Each remaining well contained a single 
compound from the library, resulting in single shot screening of 1408 compounds per plate.

To assemble the assay, the Rac1-coated beads were vigorously vortexed to mix and dispensed 
3 μL/well to each well of the 1536 well assay ready plate (polypropylene deep well V-bottom 
microplates, Greiner Bio-One) using a Multidrop™ dispenser and a small tube cassette. Assay 
ready plates for this assay had 7.5 nL (60 nL for low molecular weight compounds) of a 10 mM 
stock of compound dispensed to each well. 3 μL/well of 200 nM Bodipy-FL GTP in sample buf-
fer was added and plates were centrifuged (250–500 × g, 10 s) to ensure that samples are at the 
bottom of the plate and not adhered to the walls of the wells. Plates were sealed using a pierce-
able heat seal (recommend Thermo Cat No AB-1720 or equivalent) and incubated for 120 min 
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the assay reagents the correct final compound concentration is achieved. Compound volumes 
are in the nL range and are added by a Labcyte Echo® acoustic dispenser. Using assay ready 
plates removes the need for intermediate dilution steps to get compounds and vehicle to the 
correct concentration making plate processing much simpler and faster in HTS screens.
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We have what we call the core collection that is screened at a single final concentration of 
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activity of these compounds that potentially have better ligand efficiencies than hits that may 
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bead count was made using the iQue® Screener HD with beads diluted to a density of 1.33 × 
106 beads/mL prior to running the assay. The method described here should provide enough 
beads for 16 plates a day for 6 days.

The primary screen was performed at compound concentration of 12.5 μM (100 μM for LMW) 
against a diversity collection of 500,000 compounds. All assay ready plates of compounds 
were prepared by our compound management team. The plate layout included on-board 
controls in the four central columns (64 wells of either 12.5 μM unlabeled GTP or 1% (v/v) 
DMSO as inhibitor and neutral controls, respectively). Each remaining well contained a single 
compound from the library, resulting in single shot screening of 1408 compounds per plate.
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3 μL/well to each well of the 1536 well assay ready plate (polypropylene deep well V-bottom 
microplates, Greiner Bio-One) using a Multidrop™ dispenser and a small tube cassette. Assay 
ready plates for this assay had 7.5 nL (60 nL for low molecular weight compounds) of a 10 mM 
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at room temperature shielded from light. Samples were acquired on the iQue® HD Screener 
using the “Rac1 template” acquisition and analysis template. Rac1 Sample Buffer (0.1% BSA in 
NP-HPS supplemented with 1 mM DTT) in the iQue HD Buffer station gave the best sampling 
results. The cytometer protocol was set up with 0.6 s sip time, 0 s up time, standard pump 
speed, and medium detector speed as can be seen in Figure 9. Reading time per plate is 45 min.

In the Intellicyt ForeCyt® software, we acquired flow cytometric light scatter as well as fluo-
rescence emission in the FL1 channel (Ex 488 nm, Em 530 ± 30 nm). We gated on forward 
scatter and side scatter to identify the bead populations followed by forward scatter area 
vs. height to identify the singlet bead subpopulation. The median fluorescence of the singlet 
bead population was then extracted. Data files were exported from the ForeCyt® software as 
multiple plates in 1536 grid format as a comma-delimited text file. The files were manually 
imported into Genedata Screener® for analysis.

Data were normalized on a plate by plate basis using the on-board controls to calculate a 
% effect value and by robust Z Score. Robust Z Score is a derivation of the original Z Score 
calculation [16] substituting median for average and robust standard deviation for standard 
deviation and is used routinely for normalization and hit calling in the AstraZeneca HTS 
Centre alongside the more common 2-point normalizations using positive (inhibitor) and 
negative (neutral) control wells. By using robust statistical measures the calculation is resis-
tant to outliers which are, of course, the hits in an HTS which can be missed if using the 

Figure 9. ForeCyt® protocol on iQue® Screener HD.
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non-robust version of the equation. Robust Z Score is calculated according to the equation 
below (Eq. (1)) and normalizes individual wells by calculating the number of robust standard 
deviations the well value is away for the median of the plate central reference. In most HTS 
screens this central reference is the median of all the compound wells on a plate as >99% of 
the wells will be inactive and will define the central reference.

  N  (  x )    =   x − 〈CR〉 _______ 〈〈CR〉〉    (1)

x is the measured raw signal value of a well;  〈CR〉 is the median of the measured signal values 
for the central reference values on a plate;   〈〈CR〉〉​ is the robust standard deviation of the mea-
sured signal values for the central reference values on a plate.

Hits were identified using a cut-off of −10 in robust Z score; this corresponded to an approxi-
mate change of fluorescence greater than 30% (50% for LMW) from controls.

The primary screen of 500,000 compounds took 4 weeks to complete and some summaries of 
the data are presented in Figure 10.

Figure 10. Primary screen data. (A) Distribution plot, (B) box plot, (C) plate view in Genedata Screener® and (D) assay 
overview in Genedata Screener®.
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Figure 9. ForeCyt® protocol on iQue® Screener HD.
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non-robust version of the equation. Robust Z Score is calculated according to the equation 
below (Eq. (1)) and normalizes individual wells by calculating the number of robust standard 
deviations the well value is away for the median of the plate central reference. In most HTS 
screens this central reference is the median of all the compound wells on a plate as >99% of 
the wells will be inactive and will define the central reference.

  N  (  x )    =   x − 〈CR〉 _______ 〈〈CR〉〉    (1)

x is the measured raw signal value of a well;  〈CR〉 is the median of the measured signal values 
for the central reference values on a plate;   〈〈CR〉〉​ is the robust standard deviation of the mea-
sured signal values for the central reference values on a plate.

Hits were identified using a cut-off of −10 in robust Z score; this corresponded to an approxi-
mate change of fluorescence greater than 30% (50% for LMW) from controls.

The primary screen of 500,000 compounds took 4 weeks to complete and some summaries of 
the data are presented in Figure 10.

Figure 10. Primary screen data. (A) Distribution plot, (B) box plot, (C) plate view in Genedata Screener® and (D) assay 
overview in Genedata Screener®.
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Figure 11. Primary screen data analysis plots. (A) Number of compounds analyzed per run and (B) hit rate per run.
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The screen ran at a throughput of 20 plates per day equivalent to 31,000 compounds per day. The 
overall distribution in Figure 10 shows a narrow central peak centered on zero with the left tail 
containing potential hits. This is a typical distribution shape seen in HTS screens and clearly shows 
that the assay was capable of identifying hits. The box plots shows the stability and consistency of 
the assay and tightness of the data across multiple plates and also allows visualization of the hits 
represented as the outliers on the plot. A typical plate analysis is shown depicting the controls in 
the central columns and a few hits scattered across the plate as dark blue wells with the histogram 
showing the heat map scale of the robust Z score. The assay overview (Figure 11) shows the whole 
set of plates (with the low molecular weight collection highlighted) run on one iQue® Screener 
HD highlighting the hit rate variation with the collection subset. It can be clearly seen that the hit 
rate in the low molecular weight set, found in the first 32 plates, is elevated above that of the core 
collections. This can occur due to the higher screening concentration leading to more non-specific 
inhibition due to common contaminants such as metals which are then ruled out by further down-
stream assays and SAR analysis Although not shown, the assay signal to background as well as 
Z′ factor [17] are monitored throughout the screen as markers of data quality and again indicated 
that this assay was of high quality.

5870 hits were identified after the primary screen representing a 1.2% overall hit rate. All 
hits were then tested as 10-point concentration responses (100–0.003 μM) against Rac1 as 
well as RhoA and CDC42 so we could assess selectivity of the compounds for Rac1. The 
assay is performed as described for the primary screen. All hits identified in the primary  

Figure 12. Representative curves of selective and non-selective compounds.
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screen were serially diluted 1:3 to construct a 10-point concentration response curve. 
Compound concentration curves are dispensed using acoustic dispensing into assay ready 
plates at 150 compound curves per plate. Wells are backfilled with DMSO to keep the 
DMSO concentration constant in all wells. The plates were sealed and stored in the con-
trolled atmosphere and temperature working plate store before use as for primary screen 
plates. 1 mM MgCl2 was added to the buffer for the RhoA assay. 82% of the tested com-
pounds were confirmed as active with 44 identified as Rac1 selective using a ≥10 fold ratio 
of Rac1 IC50 vs. RhoA and Cdc42 as a cutoff. These compounds encompass a variety of 
chemical structures. Figure 12 shows representative curves of selective and non-selective 
compounds. Selected hits are being further characterized through a panel of cellular assays 
by the team at INSERM.

4. Conclusions

Until recently flow cytometry was considered a powerful technology dedicated to bespoke 
assays where just a few samples were to be measured. No medium throughput let alone high 
throughput screen could be run on this technology due to lack of plate handling features, time 
needed per sample and therefore cellular imaging was the preferred method for any high 
content screen. Increases of interest in phenotypic screening combined with a desire to access 
relevant cell models, often suspension cells, and development of plate-based sampling flow 
cytometers have led to the opportunity to use flow cytometry as a drug screening technology 
platform. The ability to perform multiplexing where different cells or particles labeled with 
distinct fluorophores are analyzed in parallel and multiple endpoints are measured leads to 
in-depth analysis of subpopulations within a sample. Such an approach results in increased 
productivity by decreasing timelines and cell requirements, two critical parameters for high 
throughput screening.

We chose to run a screen for Rac1 inhibitors on our iQue® Screener HD as it enabled us to 
miniaturize and run a simple and robust assay on one of our automation platforms.

We have run a successful 500,000 compound screen using the iQue® HD screener as summa-
rized in Figure 13. By optimizing the protocol, we were able to retain high-quality data while 
decreasing read time per 1536 well plate to under 50 min. This allowed us to run the primary 
screen within 4 weeks. Although time is not the most critical criteria we consider it remains an 
important factor as we need to maintain the overall flow of projects through our portfolio and 
therefore we must decide on a suitable time frame for completion of each screen.

High throughput screening is a key method for the identification of hit and lead compounds 
and remains at the start of most of our drug discovery programs. As we pursue a wide range 
of targets we also use a wide range of assays and technologies. We have invested into several 
iQue® Screener systems as we updated and replaced previous detection systems and to fill 
a capability gap for screening suspension cells or primary cells in small sample volumes. 
We have successfully used the iQue® Screener systems in a variety of applications from phe-
notypic screening to more complex multiplex profiling. The technology has enabled several 
projects due to the ability to reduce cell requirement, cost and timelines.
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The screen we have described here would have not been possible a few years ago but, thanks 
to the development of high throughput capable instruments, flow cytometry has found its 
place within the drug discovery process and high throughput screening in AstraZeneca. 
Although we decided not to multiplex our concentration response assays, it should be noted 
that the use of flow cytometry technology does allow for such multiplexing and indeed has 
been described in the literature [12].
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Abstract

Blood handling devices such as left ventricular assist devices and total artificial hearts 
offer life-saving treatments for patients suffering from severe heart failure. Current 
devices have clinically proven that heart assist pumps are a safe and effective therapy, 
and indeed in many cases they are the only available method of treatment. However, 
current devices cause side effects including stroke, bleeding, infection, and thrombo-
sis, preventing the technology from reaching its full potential. If the side effects could 
be reduced, then more patients could benefit from these devices. The complications are 
related to damage to blood cells and proteins as a result of contact with foreign materials 
and mechanical stress. There is a need for better devices with minimal blood impact to 
enable more patients to be safely treated; better tools, especially flow cytometry, could 
support the device development life cycle. In this chapter we review the clinical, in vivo, 
and in vitro flow cytometry data available for ventricular assist devices, conduct a gap 
analysis, and identify areas of future possibilities for device developers to establish new 
flow cytometry-based methodologies.

Keywords: multidimensional flow cytometry, translational research, ventricular assist, 
microparticles, multispecies

1. Introduction

Blood handling devices such as left ventricular assist devices and total artificial hearts offer 
life-saving treatments for patients suffering from severe heart failure. Current devices have 
clinically proven that heart assist pumps are a safe and effective therapy, and indeed in many 
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cases they are the only available method of treatment. However, current devices cause side 
effects including stroke, bleeding, infection, and thrombosis, preventing the technology from 
reaching its full potential [1]. If the side effects could be reduced, then more patients could 
benefit from these devices. The complications are related to damage to blood cells and circu-
lating proteins as a result of contact with foreign materials and mechanical stress. There is a 
need for better devices with minimal negative effect on blood to enable more patients to be 
treated safely; better tools, especially flow cytometry, could support the device development 
life cycle.

The use of multidimensional flow cytometry during pre-clinical development of blood 
handling devices offers a powerful tool to monitor changes to erythrocytes, leukocytes, and 
platelets, as well as circulating mediators such as von Willebrand factor. A key challenge 
is the need to study these in cows, sheep and pigs which are used for pre-clinical stud-
ies. This is associated with markedly reduced reagent options compared to studies using 
human blood. While there are some species-specific antibodies suitable for flow cytometry, 
the preferential use of cross-reactive reagents and species non-specific tools enables mul-
ticolor panels to be developed that can be used with blood from multiple species. Such an 
approach also allows for comparisons at all stages of device development and implemen-
tation: in vitro, in vivo pre-clinical, and ex vivo clinical settings. Flow cytometry methods 
could also support personalised treatment strategies to potentially predict patients at risk 
of complications [2]. This could be prior to or following implantation of a device. Here, 
we will provide an overview of the development of flow cytometry tools to address this 
need including a review of work performed to date, as well as future possibilities for this 
technology platform.

2. Current use of flow cytometry for ventricular assist and total 
artificial heart research

The majority of the flow cytometry research performed in the area of blood-handling medical 
devices is to further the understanding of the complications that arise upon ventricular assist 
device implantation into heart failure patients. Since the aim of using flow cytometry during 
in vitro and

in vivo device testing is to maximise its haemocompatibility and minimise complications, it 
makes sense to start this review with the clinical data. The gaps in in vitro and in vivo research 
and development will then become evident and lay the foundation for the future possibilities 
for device developers.

2.1. Clinical flow cytometry data from ventricular assist devices

Flow cytometry has been used to analyse all major cellular components of the blood—i.e. 
erythrocytes, leukocytes, and thrombocytes—in VAD-patients.
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2.1.1. Erythrocytes

Sansone et al. were the first group to use flow cytometry in the clinic to evidence VAD-related 
damage to erythrocytes, in addition to the standard method of measuring plasma free haemo-
globin [3]. Patients implanted with continuous flow (CF) VADs (HVAD, HeartWare), showed 
significantly greater levels of CD235+ erythrocyte MPs compared to controls (both age-matched 
healthy and patients with stable coronary artery disease, CAD). Their erythrocyte counts were not 
described, but the VAD-patients had significantly greater levels of free haemoglobin compared 
to controls. Increased levels of erythrocyte MPs have been found in patients suffering sickle cell 
disease and β-thalassemia major, which are diseases also characterised by haemolysis [3].

2.1.2. Leukocytes

From a flow cytometry perspective leukocytes have received more attention than erythro-
cytes. VAD-related leukocyte damage has been demonstrated using flow cytometry in all 
major leukocyte subsets. Using the pan-leukocyte marker CD45, leukocyte microparticles 
(CD45+) were shown to be elevated in CF VAD patients compared to healthy and CAD con-
trols [3]. This is indicative of overall leukocyte destruction and is supported by Woolley 
et al. who observed decreased total leukocyte counts in CF VAD patients [4]. In the same 
study, CD15+ neutrophils were found to become activated as measured by an increase in 
MAC-1 (CD11b) expression. The level of activated neutrophils was dependent on pump type: 
HeartMate II causing greater levels than HVAD and PVAD [4]. Neutrophil activation status 
might also influences the patient’s susceptibility to infection as more HeartMate II patients 
than HVAD patients suffered from infection. The PVAD has a larger driveline exit area which 
contributes to infection rates, hence it cannot be directly compared to the other two pumps 
[5]. In vitro, neutrophils release CD11b+ MPs during activation [6–8] and could therefore be the 
parental cell type for the CD11b+ MPs that are elevated significantly in VAD-patients (mainly 
HeartMate II patients) compared to healthy controls [9].

Monocytes also become activated in VAD-patients with the expression of tissue factor 
(TF) increased significantly within the first month of pulsatile Novacor or HeartMate XVE 
support versus healthy controls [10, 11]. TF is a key element of the extrinsic coagulation 
cascade, and it is able to trigger coagulation, even with endothelial integrity virtually pre-
served. The major source of TF in blood is monocytes, and the expression is upregulated 
by for example lipopolysaccharides (LPS) [12]. As summarised by Angelillo-Scherrer: 
volunteers exposed to endotoxin, patients with meningococcal sepsis, and primates with 
Ebola fever, all show increased levels of CD14+/TF+ MPs, indicating a potential role for 
these MPs in disseminated intravascular coagulation associated with severe infections [12]. 
As driveline infections is a common problem in VAD-patients, there is a possibility that 
CD14+ monocytes expressing TF and/or CD14+TF+ MPs, could be a thrombosis risk marker 
in patients with ongoing infection.

Lymphocytes are affected by both pulsatile and CF-VADs [13–15]. A general lymphope-
nia occurred in patients, implanted with the early pulsatile HeartMate XVE [14]. This was  
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cases they are the only available method of treatment. However, current devices cause side 
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reaching its full potential [1]. If the side effects could be reduced, then more patients could 
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treated safely; better tools, especially flow cytometry, could support the device development 
life cycle.

The use of multidimensional flow cytometry during pre-clinical development of blood 
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platelets, as well as circulating mediators such as von Willebrand factor. A key challenge 
is the need to study these in cows, sheep and pigs which are used for pre-clinical stud-
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the preferential use of cross-reactive reagents and species non-specific tools enables mul-
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2. Current use of flow cytometry for ventricular assist and total 
artificial heart research

The majority of the flow cytometry research performed in the area of blood-handling medical 
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in vitro and

in vivo device testing is to maximise its haemocompatibility and minimise complications, it 
makes sense to start this review with the clinical data. The gaps in in vitro and in vivo research 
and development will then become evident and lay the foundation for the future possibilities 
for device developers.

2.1. Clinical flow cytometry data from ventricular assist devices

Flow cytometry has been used to analyse all major cellular components of the blood—i.e. 
erythrocytes, leukocytes, and thrombocytes—in VAD-patients.
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2.1.1. Erythrocytes
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Monocytes also become activated in VAD-patients with the expression of tissue factor 
(TF) increased significantly within the first month of pulsatile Novacor or HeartMate XVE 
support versus healthy controls [10, 11]. TF is a key element of the extrinsic coagulation 
cascade, and it is able to trigger coagulation, even with endothelial integrity virtually pre-
served. The major source of TF in blood is monocytes, and the expression is upregulated 
by for example lipopolysaccharides (LPS) [12]. As summarised by Angelillo-Scherrer: 
volunteers exposed to endotoxin, patients with meningococcal sepsis, and primates with 
Ebola fever, all show increased levels of CD14+/TF+ MPs, indicating a potential role for 
these MPs in disseminated intravascular coagulation associated with severe infections [12]. 
As driveline infections is a common problem in VAD-patients, there is a possibility that 
CD14+ monocytes expressing TF and/or CD14+TF+ MPs, could be a thrombosis risk marker 
in patients with ongoing infection.

Lymphocytes are affected by both pulsatile and CF-VADs [13–15]. A general lymphope-
nia occurred in patients, implanted with the early pulsatile HeartMate XVE [14]. This was  
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accompanied by a significant reduction in the mean CD4/CD8 T cell ratios, and in the mean 
number of circulating CD4 T cells. The CD4/CD8 T cell ratio decreased rapidly within the first 
month and remained low at the 2 month follow-up assessment [14]. The decline in CD4 T cells 
was attributed to a heightened susceptibility to apoptosis as measured by surface expression 
of phosphatidylserine through annexin V binding [14]. These results were confirmed in a 
group of patients implanted with either the pulsatile HeartMate XVE or the Novacor, where 
the mean number of circulating CD4 T cells was significantly lower compared to medically 
managed heart failure patient controls. While the levels of CD8 T cells remained unaffected 
[15], both CD4 and CD8 T cells had increased CD95(Fas) expression and annexin V bind-
ing versus controls, indicating apoptosis. Furthermore, the LVAD-patients had a significantly 
greater risk of developing candidal infection compared to the controls or other patients under-
going cardiac surgery. Altogether, this suggests that the pulsatile LVADs cause T-cell defects, 
most notably CD4 T-cell defects, and that some of these defects are measurable through flow 
cytometry [14, 15]. How this translates to an effect on the function of T cells remains to be 
determined.

Patients with CF-VADs also have changes in their T cell levels. However, contrary to pulsa-
tile LVAD-patients, those implanted with CF-VADs (specific device not published) and who 
suffered from infection had significantly higher levels of CD4+/CD25+ Tregs and increased 
lymphocyte reactive oxygen species (ROS) compared to VAD-patients without infection [13]. 
Whether these differences between pulsatile and CF VADs relates to pulsatility would be an 
interesting topic for further studies.

As far as we are aware, circulating B cells and NK cells have not been studied by flow cytom-
etry in LVAD-patients. Nor have other minor populations such as dendritic cells or innate 
lymphoid cells. There are some data of the effect of VADs on B cells from in vitro studies 
(Schuster 2002) and these are discussed below.

2.1.3. Platelets

Platelets have been studied on their own and in microaggregates with leukocytes. Wilhelm 
et al. found that platelets were activated in patients with pulsatile VADs (Novacor and 
HeartMate XVE) compared to healthy controls [11]. This was measured as significantly 
increased CD62P expression. However, Dewald showed that increased platelet activation 
might not be due to the VAD as platelets in heart failure patients are already activated prior 
to implantation. This was shown using antibodies against CD62P, CD63, and antithrombos-
pondin [16]. Similarly, Matsubayashi showed that CD62P and CD63 expression are elevated 
on platelets in Novacor-patients compared to healthy controls, but preoperative values were 
already high with no clear increase or decrease during implantation [17]. Further highlight-
ing the impact of heart failure rather than VAD use on platelet activation in vivo granulo-
cyte-platelet (CD15+/CD42b+) and monocyte-platelet (CD14+/CD42b+) aggregates were also 
increased significantly in the pulsatile VAD patients versus healthy controls before and after 
VAD implantation [11].
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Platelet MPs also have been detected using flow cytometry in CF-LVAD patients [3, 9]. In 
2010, Diehl P et al. showed that LVAD-patients, the majority of whom were implanted with 
the CF-LVAD HeartMate II, had significantly increased levels of CD31+/CD61+ platelet MPs 
compared to healthy controls [9]. Five years later, Sansone et al. showed that CD31+/CD41+ 
platelet MPs were elevated in patients 3 months post-implantation of a HVAD (a CF-LVAD) 
in comparison to both age-matched healthy controls and patients suffering from coronary 
artery disease (CAD) [3]. Hence, although the HeartMate II and the HVAD differ drastically 
in design, both were associated with platelet microparticle formation.

The focus has been on platelet activation and platelet MPs but these have so far not shown a 
utility as predictors of adverse events or stratifiers. However, there are other platelet param-
eters, all measurable by flow cytometry, that have potential as patient risk stratifiers, or even 
predictors, for bleeding complications in patients with CF-VADs [18–20]. These include sig-
nificantly greater levels of reactive oxygen species, mitochondrial damage, surface phos-
phatidylserine (PS) expression/apoptosis, and significantly decreased expression of α2bβ3 
on the platelet surface, in bleeders compared to non-bleeders [18–20]. The CF-VADs stud-
ied included the HeartMate II, Jarvik 2000, and the HVAD and no differences were found 
between the devices.

2.1.4. Endothelial cells and microparticles of unknown origin

CD62E+ endothelial cell microparticles (EMPs) are increased in VAD-patients compared to 
healthy controls [3, 9] and CAD patients [3]. EMPs phenotyped as CD31+/CD41−, and CD144+ 
are also elevated levels in VAD-patients [3].

Additional to the MPs of specific lineages described above—erythrocytes, leukocyte, platelet 
and endothelial—PS-expressing MPs of unknown lineage have been suggested as a potential 
biomarker of adverse events in VAD-patients implanted with a HeartMate II [2]. Patients who 
developed an adverse event, including ventricular tachycardia storm, non-ST elevation myo-
cardial infarction, arterial thrombosis, gastrointestinal bleeding, and stroke had significantly 
higher levels of PS+ MPs than patients with no adverse events [2].

2.2. Pre-clinical in vivo haemocompatibility of blood-handling devices

The flow cytometry data from published pre-clinical in vivo studies of LVADs is focussed 
mainly on platelets with the exception of one study on leukocytes. There is no published data 
on erythrocytes.

2.2.1. Leukocytes

Snyder et al. have published the only in vivo leukocyte work wherein the aim was to develop 
assays for leukocyte-platelet aggregates and monocyte tissue factor expression [21]. Using 
an anti-bovine granulocyte antibody (CH138A) or anti-CD14 (TüK4) in combination with 
antibody CAPP2A (anti-ruminant CD41/61), calves implanted with CF-LVADs (HeartMate II 
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accompanied by a significant reduction in the mean CD4/CD8 T cell ratios, and in the mean 
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of phosphatidylserine through annexin V binding [14]. These results were confirmed in a 
group of patients implanted with either the pulsatile HeartMate XVE or the Novacor, where 
the mean number of circulating CD4 T cells was significantly lower compared to medically 
managed heart failure patient controls. While the levels of CD8 T cells remained unaffected 
[15], both CD4 and CD8 T cells had increased CD95(Fas) expression and annexin V bind-
ing versus controls, indicating apoptosis. Furthermore, the LVAD-patients had a significantly 
greater risk of developing candidal infection compared to the controls or other patients under-
going cardiac surgery. Altogether, this suggests that the pulsatile LVADs cause T-cell defects, 
most notably CD4 T-cell defects, and that some of these defects are measurable through flow 
cytometry [14, 15]. How this translates to an effect on the function of T cells remains to be 
determined.

Patients with CF-VADs also have changes in their T cell levels. However, contrary to pulsa-
tile LVAD-patients, those implanted with CF-VADs (specific device not published) and who 
suffered from infection had significantly higher levels of CD4+/CD25+ Tregs and increased 
lymphocyte reactive oxygen species (ROS) compared to VAD-patients without infection [13]. 
Whether these differences between pulsatile and CF VADs relates to pulsatility would be an 
interesting topic for further studies.

As far as we are aware, circulating B cells and NK cells have not been studied by flow cytom-
etry in LVAD-patients. Nor have other minor populations such as dendritic cells or innate 
lymphoid cells. There are some data of the effect of VADs on B cells from in vitro studies 
(Schuster 2002) and these are discussed below.

2.1.3. Platelets

Platelets have been studied on their own and in microaggregates with leukocytes. Wilhelm 
et al. found that platelets were activated in patients with pulsatile VADs (Novacor and 
HeartMate XVE) compared to healthy controls [11]. This was measured as significantly 
increased CD62P expression. However, Dewald showed that increased platelet activation 
might not be due to the VAD as platelets in heart failure patients are already activated prior 
to implantation. This was shown using antibodies against CD62P, CD63, and antithrombos-
pondin [16]. Similarly, Matsubayashi showed that CD62P and CD63 expression are elevated 
on platelets in Novacor-patients compared to healthy controls, but preoperative values were 
already high with no clear increase or decrease during implantation [17]. Further highlight-
ing the impact of heart failure rather than VAD use on platelet activation in vivo granulo-
cyte-platelet (CD15+/CD42b+) and monocyte-platelet (CD14+/CD42b+) aggregates were also 
increased significantly in the pulsatile VAD patients versus healthy controls before and after 
VAD implantation [11].
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Platelet MPs also have been detected using flow cytometry in CF-LVAD patients [3, 9]. In 
2010, Diehl P et al. showed that LVAD-patients, the majority of whom were implanted with 
the CF-LVAD HeartMate II, had significantly increased levels of CD31+/CD61+ platelet MPs 
compared to healthy controls [9]. Five years later, Sansone et al. showed that CD31+/CD41+ 
platelet MPs were elevated in patients 3 months post-implantation of a HVAD (a CF-LVAD) 
in comparison to both age-matched healthy controls and patients suffering from coronary 
artery disease (CAD) [3]. Hence, although the HeartMate II and the HVAD differ drastically 
in design, both were associated with platelet microparticle formation.

The focus has been on platelet activation and platelet MPs but these have so far not shown a 
utility as predictors of adverse events or stratifiers. However, there are other platelet param-
eters, all measurable by flow cytometry, that have potential as patient risk stratifiers, or even 
predictors, for bleeding complications in patients with CF-VADs [18–20]. These include sig-
nificantly greater levels of reactive oxygen species, mitochondrial damage, surface phos-
phatidylserine (PS) expression/apoptosis, and significantly decreased expression of α2bβ3 
on the platelet surface, in bleeders compared to non-bleeders [18–20]. The CF-VADs stud-
ied included the HeartMate II, Jarvik 2000, and the HVAD and no differences were found 
between the devices.

2.1.4. Endothelial cells and microparticles of unknown origin

CD62E+ endothelial cell microparticles (EMPs) are increased in VAD-patients compared to 
healthy controls [3, 9] and CAD patients [3]. EMPs phenotyped as CD31+/CD41−, and CD144+ 
are also elevated levels in VAD-patients [3].

Additional to the MPs of specific lineages described above—erythrocytes, leukocyte, platelet 
and endothelial—PS-expressing MPs of unknown lineage have been suggested as a potential 
biomarker of adverse events in VAD-patients implanted with a HeartMate II [2]. Patients who 
developed an adverse event, including ventricular tachycardia storm, non-ST elevation myo-
cardial infarction, arterial thrombosis, gastrointestinal bleeding, and stroke had significantly 
higher levels of PS+ MPs than patients with no adverse events [2].

2.2. Pre-clinical in vivo haemocompatibility of blood-handling devices

The flow cytometry data from published pre-clinical in vivo studies of LVADs is focussed 
mainly on platelets with the exception of one study on leukocytes. There is no published data 
on erythrocytes.

2.2.1. Leukocytes

Snyder et al. have published the only in vivo leukocyte work wherein the aim was to develop 
assays for leukocyte-platelet aggregates and monocyte tissue factor expression [21]. Using 
an anti-bovine granulocyte antibody (CH138A) or anti-CD14 (TüK4) in combination with 
antibody CAPP2A (anti-ruminant CD41/61), calves implanted with CF-LVADs (HeartMate II 
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or EVAHEART) had significantly elevated levels of both neutrophil-platelet and monocyte-
platelet aggregates compared to pre-operative [21]. Monocyte tissue factor expression moni-
tored using an anti-bovine tissue factor antibody developed by Stephen Carson at University 
of Nebraska [22], also showed a dramatic increase immediately post-operatively and signifi-
cantly elevated levels throughout the 30-day study [21].

2.2.2. Platelets

Bovine platelet activation and microaggregates have been studied using various markers 
in calves implanted with CF-VADs. Baker et al. developed a method using the antibod-
ies BAQ56, BAQ125 and GC5A (platelet antigen, CD equivalent unknown, available from 
Washington State University) to measure platelet activation, and CAPP2A (anti-CD41/CD61) 
to measure platelet microaggregates in calves implanted with CF-LVADS (the Sun Medical 
centrifugal pump or the HeartMate II) [23]. Platelet microaggregates, i.e. platelet positive 
events (binding anti-bovine CD41/61 antibody) with forward scatter larger than single plate-
lets, increased post-operatively and then showed some decline in calves implanted with Sun 
Medical whereas they remained elevated in the calves implanted with HeartMate II. Platelet 
activation increased post-operatively for both implants and remained elevated. BAQ56 pro-
vided the strongest signal and GC5 the weakest signal of the three antibodies, but BAQ125 
and GC5 exhibited the strongest agreement with one another, and with the circulating micro-
aggregates [23].

Snyder et al. used a modified version of Baker’s methodology in two studies of calves implanted 
with the CF-LVADs—HeartMate II [24] and the EVAHEART [25]. Snyder showed that the 
microaggregate levels in surgical sham controls remained at pre-operative levels, confirming 
that the CF-LVAD and not the cardiac surgery cause elevated levels [24]. Microaggregate lev-
els increased post-implantation, and decreased within the first week in all animals implanted 
with the EVAHEART [25], and in those animals implanted with the HeartMate II who had an 
uneventful post-operative course [24]. In calves who suffered adherent thrombi in the outflow 
region of the pumps, the microaggregate levels either remained elevated or increased before 
conclusion of the study [24].

Part of Snyder’s modification was the inclusion of additional markers for platelet activation 
to address the limitations BAQ56, BAQ125, and GC5 with their unknown target antigens, 
namely Annexin V binding [24], anti-CD62P and anti-CD63 [25]. All platelet activation/apop-
tosis markers tested (BAQ125, GC5, Annexin V, CD62P, CD63) increased immediately after 
implantation and remained significantly elevated in CF-LVAD animals versus the pre-operative  
control [24, 25]. Those tested in sham animals (BAQ125, GC5, Annexin-V) decreased around 
2 weeks post-operatively [24]. Although CD62P and CD63 successfully identified activated 
platelets in CF-LVAD calves, the signal was weaker than that of the BAQ125 and GC5 anti-
bodies [25].

CAPP2A also binds to ovine platelets whereas anti-bovine platelet activation antibodies 
BAQ125 and GC5 do not. Hence, Johnson et al. used CAPP2A as a platelet lineage marker 
along with cross-reactive anti-human CD62P antibodies (clones Psel.KO.2.7 and Psel.KO.2.12)  
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to assess platelet activation in sheep implanted with paediatric CF-LVADs [26–28]. Johnson 
showed that, similarly to calves, platelet activation increases post-operatively in surgical 
sham control sheep and returns to pre-operative levels at around 2 weeks. The implanted 
sheep did not demonstrate a common pattern [28]. However, a finding also consistent with 
previous work was that platelet activation spiked in animals that suffered complications 
[26–28].

2.3. In vitro haemocompatibility of blood-handling devices

Similarly to the in vivo studies, the in vitro studies of VADs using flow cytometry are focussed 
on platelets, with some recent studies introducing leukocyte data. There is no published data 
on erythrocytes.

2.3.1. Leukocytes

Work from our group has shown that bovine leukocytes shed microparticles, measured as 
increasing levels of CD45+ MPs (Figure 1), during in vitro pumping in the extracorporeal 
CF-LVADs CentriMag and RotaFlow, and the intracorporeal CF-LVAD VentrAssist [29, 30]. 
We have also shown that CD45+ MPs increase significantly when sheep rather than bovine 
blood was pumped with the CentriMag [31]. Subtypes of leukocyte MPs were discovered 

Figure 1. Flow plots showing bovine and ovine blood pumped through the CentriMag. Whole blood was collected into 
CPDA-1 anticoagulant primed with antibiotics/antimycotics and gentamicin. Blood was diluted with PBS to achieve a 
haematocrit of 30±2% according to ASTM standards and entered into the mock circulatory loop. The CentriMag was 
operated at a speed of 2200 rpm, flow of 5 L/min, and pressure 100 mmHg for both species. Samples were removed every 
2 h and stained with CD45-PE and 7AAD. CD45+ events were gated on a SSC vs. 7AAD plot and events with a low SSC 
were identified as leukocyte-derived microparticles (MPs).
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or EVAHEART) had significantly elevated levels of both neutrophil-platelet and monocyte-
platelet aggregates compared to pre-operative [21]. Monocyte tissue factor expression moni-
tored using an anti-bovine tissue factor antibody developed by Stephen Carson at University 
of Nebraska [22], also showed a dramatic increase immediately post-operatively and signifi-
cantly elevated levels throughout the 30-day study [21].

2.2.2. Platelets

Bovine platelet activation and microaggregates have been studied using various markers 
in calves implanted with CF-VADs. Baker et al. developed a method using the antibod-
ies BAQ56, BAQ125 and GC5A (platelet antigen, CD equivalent unknown, available from 
Washington State University) to measure platelet activation, and CAPP2A (anti-CD41/CD61) 
to measure platelet microaggregates in calves implanted with CF-LVADS (the Sun Medical 
centrifugal pump or the HeartMate II) [23]. Platelet microaggregates, i.e. platelet positive 
events (binding anti-bovine CD41/61 antibody) with forward scatter larger than single plate-
lets, increased post-operatively and then showed some decline in calves implanted with Sun 
Medical whereas they remained elevated in the calves implanted with HeartMate II. Platelet 
activation increased post-operatively for both implants and remained elevated. BAQ56 pro-
vided the strongest signal and GC5 the weakest signal of the three antibodies, but BAQ125 
and GC5 exhibited the strongest agreement with one another, and with the circulating micro-
aggregates [23].

Snyder et al. used a modified version of Baker’s methodology in two studies of calves implanted 
with the CF-LVADs—HeartMate II [24] and the EVAHEART [25]. Snyder showed that the 
microaggregate levels in surgical sham controls remained at pre-operative levels, confirming 
that the CF-LVAD and not the cardiac surgery cause elevated levels [24]. Microaggregate lev-
els increased post-implantation, and decreased within the first week in all animals implanted 
with the EVAHEART [25], and in those animals implanted with the HeartMate II who had an 
uneventful post-operative course [24]. In calves who suffered adherent thrombi in the outflow 
region of the pumps, the microaggregate levels either remained elevated or increased before 
conclusion of the study [24].

Part of Snyder’s modification was the inclusion of additional markers for platelet activation 
to address the limitations BAQ56, BAQ125, and GC5 with their unknown target antigens, 
namely Annexin V binding [24], anti-CD62P and anti-CD63 [25]. All platelet activation/apop-
tosis markers tested (BAQ125, GC5, Annexin V, CD62P, CD63) increased immediately after 
implantation and remained significantly elevated in CF-LVAD animals versus the pre-operative  
control [24, 25]. Those tested in sham animals (BAQ125, GC5, Annexin-V) decreased around 
2 weeks post-operatively [24]. Although CD62P and CD63 successfully identified activated 
platelets in CF-LVAD calves, the signal was weaker than that of the BAQ125 and GC5 anti-
bodies [25].

CAPP2A also binds to ovine platelets whereas anti-bovine platelet activation antibodies 
BAQ125 and GC5 do not. Hence, Johnson et al. used CAPP2A as a platelet lineage marker 
along with cross-reactive anti-human CD62P antibodies (clones Psel.KO.2.7 and Psel.KO.2.12)  
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to assess platelet activation in sheep implanted with paediatric CF-LVADs [26–28]. Johnson 
showed that, similarly to calves, platelet activation increases post-operatively in surgical 
sham control sheep and returns to pre-operative levels at around 2 weeks. The implanted 
sheep did not demonstrate a common pattern [28]. However, a finding also consistent with 
previous work was that platelet activation spiked in animals that suffered complications 
[26–28].

2.3. In vitro haemocompatibility of blood-handling devices

Similarly to the in vivo studies, the in vitro studies of VADs using flow cytometry are focussed 
on platelets, with some recent studies introducing leukocyte data. There is no published data 
on erythrocytes.

2.3.1. Leukocytes

Work from our group has shown that bovine leukocytes shed microparticles, measured as 
increasing levels of CD45+ MPs (Figure 1), during in vitro pumping in the extracorporeal 
CF-LVADs CentriMag and RotaFlow, and the intracorporeal CF-LVAD VentrAssist [29, 30]. 
We have also shown that CD45+ MPs increase significantly when sheep rather than bovine 
blood was pumped with the CentriMag [31]. Subtypes of leukocyte MPs were discovered 

Figure 1. Flow plots showing bovine and ovine blood pumped through the CentriMag. Whole blood was collected into 
CPDA-1 anticoagulant primed with antibiotics/antimycotics and gentamicin. Blood was diluted with PBS to achieve a 
haematocrit of 30±2% according to ASTM standards and entered into the mock circulatory loop. The CentriMag was 
operated at a speed of 2200 rpm, flow of 5 L/min, and pressure 100 mmHg for both species. Samples were removed every 
2 h and stained with CD45-PE and 7AAD. CD45+ events were gated on a SSC vs. 7AAD plot and events with a low SSC 
were identified as leukocyte-derived microparticles (MPs).
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in sheep blood during in vitro VAD testing using antibodies cross-reactive with human and 
bovine blood. The main subtypes were CD11bbright/HLA-DR− and CD11bdim/HLA-DR+, dis-
covered using a four-colour panel (Figure 2), and we suggested that these are derived from 
granulocytes and lymphocytes, respectively [31].

2.3.2. Platelets

The first flow cytometry assessments of platelet activation and microaggregates during in 
vitro testing in CF-LVADs was carried out by Johnson C et al. using sheep blood. Activation 
was assessed using CAPP2A as a lineage marker and anti-CD62P (clone Psel.KO.2.7), and 
was found to increase throughout the duration of the test of the PediaFlow [28]. We have 
used CAPP2A, BAQ125, and Annexin V to assess platelet activation in bovine blood in the 
CentriMag, but did not find any significant activation. However, the CentriMag has a mag-
netically levitated impeller, resulting in minimal heat, and also large gaps minimising blood 
damage, so these findings were not surprising [30] (Figure 3).

Figure 2. Flow plots showing ovine blood pumped through the CentriMag operated at a speed of 2200 rpm, flow of 
5 L/min, and pressure 100 mmHg. Whole blood was collected into CPDA-1 anticoagulant primed with antibiotics/
antimycotics and gentamicin. Blood was diluted with PBS to achieve a haematocrit of 30±2% according to ASTM 
standards and entered into the mock circulatory loop. Samples were stained with CD11b-FITC and HLA-DR-PC7. 
Events with a low SSC and positive for these markers were gated as CD11b or HLA-DR positive microparticles (MPs).
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3. Future possibilities for device developers

Although flow cytometry has been used clinically to study phenotype, activation status and 
MPs of the main circulating cell types in patients implanted with mechanical circulatory sup-
port devices, the use of flow cytometry for pre-clinical in vivo and in vitro studies has been 
very limited. As can be seen in Table 1, there are many potential gaps that could be filled by 
developing assays for in vitro use, as well as in vitro assays to translate to the pre-clinical and 
clinical in vivo setting. The in vitro setting will always provide the worst case scenario, as the 
pumped blood volume is 10 times less than in the VAD-patient and the blood components are 
therefore experiencing an increased amount of pumping, not to mention experiencing plastic 
tubing instead of endothelial coated vasculature. In addition, there is no supply of oxygen or 
nutrients other than what is already present in the plasma, and there is no efficient removal of 
waste products or damage/dead cells. Cells are therefore more vulnerable in vitro. Therefore, 
if a VAD induces detectable cellular damage clinically, it will most certainly be measurable in 

Figure 3. Flow plots showing bovine blood pumped through the CentriMag operated at a speed of 2200 rpm, flow 
of 5 L/min, and pressure 100 mmHg. Whole blood was collected into CPDA-1 anticoagulant primed with antibiotics/
antimycotics and gentamicin. Blood was diluted with PBS to achieve a haematocrit of 30±2% according to ASTM 
standards and entered into the mock circulatory loop. Samples were stained with CAPP2A-PE, a marker for resting 
platelets. Forward and side scatter plots were used to identify platelets. CAPP2A negative platelet events were identified 
as activated platelets (Act Plt).
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in sheep blood during in vitro VAD testing using antibodies cross-reactive with human and 
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netically levitated impeller, resulting in minimal heat, and also large gaps minimising blood 
damage, so these findings were not surprising [30] (Figure 3).

Figure 2. Flow plots showing ovine blood pumped through the CentriMag operated at a speed of 2200 rpm, flow of 
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an in vitro test. Platelet activation is so far the only assay that has been fully reverse-translated 
from bedside to bench, but there is no reason to believe that it should not be possible to create 
suitable flow cytometry assays for erythrocytes and leukocytes for all stages in the product 
development process. The benefits of implementing such assays for the devices in develop-
ment could be identification of designs with minimal impact on blood components, and thus 
a reduction of the blood-damage related life-threatening complications so commonly seen in 
VAD-patients including bleeding, stroke, device thrombosis and infection.

3.1. Erythrocytes

The VADs in current use are designed to minimise high shears to blood for prolonged dura-
tions to avoid haemolysis. However, erythrocytes demonstrate impaired capacity to deform 
when exposed to shear stress well below the “haemolytic threshold” [32]. Thus, there is a 
need for assays that can pick up more subtle damage to erythrocytes. We propose that quan-
tifying RBC MPs as a possible means of assessing sub-haemolytic damage should be investi-
gated to see whether or not it can fill this need.

Cell type Assay In vitro In vivo Clinical

Ovine Bovine Ovine Bovine

Erythrocytes CD235+ MPs ✓

Leukocytes CD45+ MPs ✓ ✓ ✓

Granulocytes CD11b + MPs ✓ ✓

CD11b + expression ✓

Monocytes TF expression ✓ ✓

Lymphocytes Subset levels: CD4+, CD8+, CD4+/
CD25+

✓

ROS, apoptosis ✓

HLA-DR+ MPs ✓

Platelets Activation ✓ ✓ ✓ ✓ ✓

Phosphatidylserine ✓ ✓ ✓

MPs ✓

ROS, etc. ✓

Microaggregates ✓ ✓

GRA-PLT Microaggregates ✓ ✓

MON-PLT Microaggregates ✓ ✓

Unknown Phosphatidylserine MPs ✓

Table 1. Gap analysis of assays for evaluating blood-handling devices.
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3.2. Leukocytes

Activated CD15+CD11b+ neutrophils, have been detected in VAD-patients and clinical data 
shows that the activation status might influence the patient’s susceptibility to infection [5]. 
With additional evidence that CD11b+ MPs are increased in VAD-patients, and generated dur-
ing in vitro pumping in ovine blood, it makes sense to propose further investigations into its 
utility as a stratifier to identify those at the highest risk of developing infections in order to 
offer prophylaxis, thereby reducing infection rates.

VAD-related increases in monocytes expressing TF have been demonstrated both clinically 
[10, 11] and in vivo [21]. CD14+/TF+ MPs are elevated in primates, healthy volunteers, and 
patients subjected to infectious stimuli that could result in disseminated intravascular coag-
ulation [33]. Thus, we propose that in VAD-patients with ongoing driveline infections, the 
presence of CD14+/TF+ monocytes/MPs potentially could identify those patients at risk for 
a thrombotic event in order to offer prophylaxis. Assays could also be developed for in vitro 
testing of devices to see if the combination of design, foreign material and/or shear stress in 
different device models results in TF-expression. However, care should be taken when assess-
ing CD14+TF+ MPs as false positive results can be generated by the antibody preparations 
used [34].

The lack of pulsatility has been suggested as a factor that could be contributing to the com-
plications related to aortic valve insufficiency, gastrointestinal bleeding, stroke, pump throm-
bosis, and haemolysis [35]. A link between pulsatility and blood damage has so far only been 
described for the blood coagulation protein von Willebrand Factor (vWF), which appears to 
degrade more in patients with pulsatile compared to non-pulsatile VADs [36]. As our group 
has shown, vWF degradation caused by shear stress in vitro can be assessed using flow cytom-
etry a flow cytometry-based ristocetin assay [37]. However, it appears as if T cells could be 
another missing link needed to describe the effects of non-pulsatile [13] and pulsatile [14, 15]  
flow on the blood. Therefore, we propose that assays for T-cells are established for sheep and 
cow blood in order to study the effects of pulsatility, in order to gather more scientific evi-
dence that could be used to interpret the clinical data.

Other leukocyte subsets of interest to develop methods for studying would be B-cells. 
Schuster et al. described that the T-cell apoptosis observed in patients with pulsatile VADs, 
was induced by a B-cell response to polyurethane, a material commonly used for the mem-
branes in pulsatile devices [38, 39]. Continuous flow devices are typically made from metals 
and ceramics, and do not contain polyurethane. Hence, pulsatility studies should be made in 
combination with various biomaterial controls, including for example titanium alloys com-
monly used in VADs [40, 41].

3.3. Platelets

In vitro and in vivo platelet studies have so far been limited to studying activation by increased 
expression of platelet markers, but the expression of platelet activation surface markers has so 
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far failed to be linked to clinically relevant events. However, Mondal’s portfolio of potential 
risk stratifying platelet parameters [18–20] are of importance to study in vitro. Hence, we pro-
pose that effort be made to translate Mondal’s methods to bovine and/or sheep blood for in 
vitro studies of platelet reactive oxygen species, mitochondrial damage, and α2bβ3 expression 
to investigate any potential links between device design and its influence on platelet health. 
Since platelets are numerous in blood, very small volumes can be used to analyse them. In 
combination with a multidimensional approach to assess several parameters simultaneously, 
it would be a very attractive addition to the care pathway for patients with heart failure pre- 
and post-VAD implantation.

3.4. Cytokines

Cytokines have not been assessed using flow cytometry in a VAD-setting, but recent clinical 
data on TNFα-levels in VAD-patients might spur a change. High levels of TNF-α were associ-
ated with increased risk of bleeding complications in patients with CF-VADs (HeartMate II or 
HVAD) [42]. Measurement of TNF-α by flow cytometry in whole blood would offer a much 
more rapid method, a lower sample volume required, and could be combined with other cel-
lular markers of interest into a multidimensional approach [43].

3.4.1. Overcoming practical hurdles

A reason for hesitating in this approach might be the limited availability of reagents for ani-
mal blood. However, progress has been made recently in this field by exploiting the cross-
reactivity of some antibody clones. We identified the utility of an antibody clone targeting 
CD62P, clone Psel.KO.2.5, that could measure shear-induced platelet activation in human, 
bovine, ovine, and porcine blood [44]. Johnson et al. also made significant contributions in 
identifying cross-reactive platelet antibodies against bovine and ovine platelets [45]. We have 
used antibodies cross-reactive against bovine and human targets in developing a multico-
lour flow cytometry panel for sheep leukocyte MPs released during in vitro VAD-pumping. 
This panel should offer translation to both the pre-clinical in vivo and clinical setting [31]. To 
address the cost of antibodies and reduce the need for additional haematology analysers, 
we have also demonstrated that flow cytometry in combination with DNA dyes and count-
ing beads could be used to assess complete leukocyte counts and viability in bovine, ovine, 
and human blood [46]. Although personal flow cytometers have been introduced lately, they 
are still not widespread and many investigators rely on the use of core facilities for flow 
cytometry acquisition and analysis. Where the animal lab is not in close proximity to the flow 
cytometry core facility there may be a need to preserve the animal blood prior to shipping for 
analysis. CytoChex and Streck stabilising fluid were developed to address the need to pre-
serve CD4 antigens for HIV drug trials in remote locations for central analysis during clinical 
trials, but have now been shown to stabilise several human leukocyte antigens [47–49]. We 
are developing protocols for the use of these reagents with bovine and ovine blood to stabilise 
samples for several days and enable subsequent flow cytometry analysis of platelet and leu-
kocyte parameters (in submission).
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4. Conclusion

Assessment of red blood cell damage through measurement of plasma free haemoglobin is a 
key assay required by regulatory bodies in the development of new blood-handling devices. 
However, more sophisticated flow cytometry screening methods that enable evaluation of a 
wider array of blood cell types and blood borne proteins could be used in combination with 
other design tools to inform iterative design improvements. Such an approach would enable 
device developers to progress new designs that have minimal total blood trauma, and ulti-
mately put safer devices on the market. The use of multiparametric flow cytometry in the 
design cycle and clinical use of medical devices that contact blood is in its infancy. Clearly, 
there are many advantages to such an approach. The key advantage is the ability to analyse 
the phenotype of multiple haematopoietic cell populations simultaneously in small volumes 
of blood. Such methodology would enable the same analysis protocols to be used at all stages 
of design and implementation: in vitro studies, pre-clinical studies in different animal spe-
cies, and then in clinical studies once devices are implanted in humans. Multiparametric flow 
cytometry also enables the incorporation of functional outputs such as cell viability, apoptosis, 
reactive oxygen species (ROS) production and cytokine production. These are critical if the 
impact of device-associated biomaterials and shear stress on haematopoietic cells is to be deter-
mined; there might not be phenotypic changes but cell function might be affected dramatically. 
The main challenges to implementing multiparametric flow cytometry in this setting relate 
to the availability of reagents that are truly multi-species and enable a single methodological 
approach to be used across the device development life cycle. This is more challenging when it 
comes to cell phenotyping that typically requires antibodies to specific cell surface markers but 
easier to implement for functional assays related to cell viability/apoptosis and measures such 
as ROS. Other challenges relate to flow cytometer availability to the research and development 
team as that will dictate fluorochrome choice and assay design. Also, data analysis becomes 
demanding as the number of parameters studied simultaneously increases and machine learn-
ing approaches need to be developed alongside development of multiparameter strategies. 
Rapid advances in fluorochrome technology and the development of mass cytometry facilitate 
a multiparametric approach but there remain limitations in fluorochrome choices for reagents 
targeting surface markers and cytokines of cells from animal species such as cows, pigs and 
sheep. Demand for these reagents will drive their availability but this demand will only occur 
if the device development community adopt standardised approaches. Underpinning this 
would be a requirement from regulatory bodies for flow cytometry-based analysis of cell health 
and function as part of the development and evaluation of blood handling medical devices.
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Abstract

Multiparametric flow cytometry (FCM) realizes high-throughput measurement, but mul-
tiparametric data make it difficult to interpret the complicated information. To present 
clear patterning graphs from FCM data, one must grasp the essence of the data. This study 
estimated the usefulness of principal component analysis (PCA), which reduces multi-
dimensional information to arbitrary one-dimensional information. Recently, microalgae 
have attracted the attention of pharmaceutical, cosmetic, and food companies. Taking alga 
Chlorella as an example, this chapter presents the usefulness of PCA for the evaluation of 
algal quality using FCM. To evaluate the algal status effectively, Chlorella (control), heated 
algae, and metallic-treatment algae were prepared and quantified using FCM. FCM data 
were subjected to PCA analysis. To interpret correlativity among parameters, FCM data 
are generally expressed as histograms and scatter or contour plots. An operator using 
multiple parameters has difficulty finding high correlativity among parameters and pre-
senting an effective graph. The PCA method produced new comprehensive axes with 
different inclination factors among parameters. Scatter plots using new axes showed pat-
terns treatment dependently with different vectors. Results show that the PCA method 
can extract information of test objects from data and that it can contribute to effective 
interpretation of cell characteristics, even if data include multiparameters from FCM.

Keywords: flow cytometry, multivariable analysis, cell status, cell cycle, Chlorella, 
chlorophyll, trace metal elements, slag

1. Introduction

Flow cytometry (FCM) can provide cell optical information from microbes to model animal 
and plant cells. Over the last several decades, FCM with those fundamental characteristics has 
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served as a powerful and invaluable tool in fields such as cell biology, microbiology, protein 
engineering, and health care [1]. Actually, FCM has functions to conduct several procedures 
such as cell counting, biomarker detection, cell cycle analysis, and cell sorting. Clear pattern-
ing graphs from FCM data can elucidate correlation among several parameters. Recent FCM 
systems enable a user to analyze up to a dozen multiparameters including scattered light 
parameters in a single assay [2]. In fact, multiparametric detection realizes high-throughput 
measurement and cost-performance and is also time-saving of experiments in life science. For 
instance, ten combined experiments must be conducted when one examines five parameters 
of interest using several designed FCM experiments with three-color fluorophores (desig-
nated as three-color FCM). By contrast, when using a designed FCM experiment with five-
color fluorophores (five-color FCM), correlation between the five parameters can be examined 
from only one experiment, in principle. Generally, the number of combined experiments is 
calculable using Pascal’s triangle (Figure 1).

However, the number of available colors used in each experiment is restricted in conjunction 
with both numbers of excitation lasers and corresponding emission filters used in an instru-
ment. Figure 2 portrays excitation and emission spectra of representative fluorophores, as 
examined using online software (SpectraViewer; thermo Fisher Scientific Inc.). When only 
a single blue laser operating at 488 nm is used for multicolor FCM, the emission spectra of 
fluorophores shown in Figure 2 resemble those in Figure 3. Several areas of overlapping of 

Figure 1. Correlation between the number of target parameters and that of colors used in an experiment, as shown by 
the Pascal’s triangle. Ten combined experiments must be conducted to measure five parameters of interest using two-
color FCMs for case 1 of Figure 1, although a system using four-color FCMs requires only five combined experiments to 
measure them. It is noteworthy that an experiment using just one-color FMC cannot examine any correlation between 
target parameters except for scattered light parameters. Multicolor FCM (more than two-color FCM) must be used to 
find correlation between parameters.

Multidimensional Flow Cytometry Techniques for Novel Highly Informative Assays82

Figure 2. Fluorescence properties of representative fluorophores examined using online software (SpectraViewer; 
thermo Fisher Scientific Inc.). Dotted lines and solid lines respectively show the excitation spectrum and emission 
spectrum of each fluorophore. A vertical blue line signifying 488 nm as an example is included in each graph.
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Figure 3. Fluorescence properties of representative fluorophores excited using a blue laser operating at 488 nm as an 
example. The graph reflects differences in the excitation intensity of each fluorophore excited using a blue laser. Here, 
the emission intensity of each fluorophore was calculated from each excitation spectrum in Figure 2.

emission spectra occur because the spectra of some fluorophores are flared at the bottom. 
Along with overlapping of emissions, differences of excitation efficiency might present simul-
taneous difficulties for multicolor FCM analysis (Figure 3). Using a flow cytometer detecting 
two colors to five colors per single laser, even when using a more high-end instrument than 
that described above, one must commonly discuss and interpret correlation between multi-
parameters based on several combined results. Just to be sure, all fluorophores excited by an 
arbitrary single laser does not necessarily work together because of differences in the emis-
sion efficiency of each fluorophore.

In contrast to the benefits of multiparametric FCM, multiparametric data make it difficult 
to get rid of extraneous data and reach an interpretation of the complicated information. 
Although one can make multi-dimensional graphs digitally, it is not easy to reach an 
accurate and clear conclusion from any multi-dimensional graph. To present clear pat-
terning graphs from complicated FCM data, an analyst must be able to grasp the essence 
of the data.

To extract the essence of FCM data, this study applied principal component analysis (PCA) 
for multivariate analysis to the complicated FCM data and estimated the usefulness of the 
PCA method. Recently, some microalgae have already generated a lot of attention from phar-
maceutical developers, cosmetic manufacturers, and food companies. The industrial applica-
tion of algae demands the assessment of their qualities in culture. Taking green alga Chlorella 
sp. as an example and as a convenient organism for FCM, this study presents the usability of 
PCA method for the assessment of algal quality using FCM.

Multidimensional Flow Cytometry Techniques for Novel Highly Informative Assays84

2. FCM analysis of microalgae

In addition to the numerous but unappreciated roles of phytoplankton, including microalgae, 
in aquatic ecosystems to support yields of fish and shellfish, several microalgae have also 
attracted attention from several pharmaceutical and vitamin supplement developers, along 
with food companies [3, 4]. Biotechnologies are sometimes classified into colors based on 
their respective research areas: red biotechnologies are related to medicine and medical pro-
cesses. White ones are associated with industrial processes including production of chemicals 
[3] and biofuels [5]. Gray ones are directly related to the environment. Green ones are con-
nected to agricultural processes including environmentally friendly solutions as alternatives 
to traditional processes [3, 4, 6, 7]. Blue technologies are related to marine and aquatic pro-
cesses. Finally, black ones are used to develop bioterrorism. Microalgal applications have the 
potential to be related to most of those biotechnologies. Autotrophic algal biorefineries, for 
instance, can present great advantages over conventional refineries that manufacture mate-
rials using fossil fuels and over conventional microbial biorefineries that use fermentation, 
which requires food nutrients for microbes.

The industrial application of algae demands the selection of useful algal species, the evalu-
ation of algal features, and the assessment of their qualities in culture [4]. The algal quality 
demanded is particularly important because microalgal metabolisms are strongly affected 
by even trace levels in the concentration of various organic and inorganic pollutants such as 
heavy metals [1, 8]. When assessing algal quality in culture and using those algae in indus-
trial application, analyzing their life (cell) cycle is a crucially important technique. Cell cycle 
analysis using FCM is a standard procedure in versatile application of FCM. Considering the 
cell size of microalgae, unicellular algae such as Chlorella sp. are convenient model organisms 
for microalgal studies using FCM [9].

Algae have chlorophyll as an endogenous fluorescent biomolecule (Figure 4A and B). FCM 
in analogy with spectrofluorometry can pick up the chlorophyll fluorescence of algae and 
can evaluate some properties including chlorophyll and scattered light signals of an individ-
ual alga [9–15]. Figure 4A–C portrays Chlorella-like alga and its fluorescence properties. The 
wavelength of the maximal fluorescence near 680 nm is from algal chlorophyll (solid curve in 
Figure 4C). Algae are sensitive to heat treatment (dotted curve in Figure 4C) [11–14] because 
the thermal stress damages the thylakoid membrane, which is related to structural and func-
tional changes of the photosystem (PS) II and PS I, thereby interrupting the Calvin cycle [16, 
17]. Inducing heat stress in algae reduces chlorophyll fluorescence (dotted curve in Figure 4C) 
and increases yellow fluorescence derived from chlorophyll degradation [11]. Consequently, 
red fluorescence can indicate vigorous algae, whereas yellow fluorescence indicates stressed 
and dying algae [11–14]. Figure 4D takes a dotted graph from FCM data using a Chlorella-like 
alga (SA-1 strain) to present an example. Both the cell size detected as forward scatter signals 
(FSS) and chlorophyll contents of algae as red fluorescence channel are correlated strongly with 
the algal cell cycle [9, 10, 15, 18]. Here, algae are categorized into three populations (Stages 
1–3) as described in reports of previous studies [9, 10, 15, 18]: Stage (St.) 1, “growth” stage; 
St. 2, “maturation” stage; and St. 3, “division and autospore liberation” stage in Figure 4D.
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Figure 3. Fluorescence properties of representative fluorophores excited using a blue laser operating at 488 nm as an 
example. The graph reflects differences in the excitation intensity of each fluorophore excited using a blue laser. Here, 
the emission intensity of each fluorophore was calculated from each excitation spectrum in Figure 2.

emission spectra occur because the spectra of some fluorophores are flared at the bottom. 
Along with overlapping of emissions, differences of excitation efficiency might present simul-
taneous difficulties for multicolor FCM analysis (Figure 3). Using a flow cytometer detecting 
two colors to five colors per single laser, even when using a more high-end instrument than 
that described above, one must commonly discuss and interpret correlation between multi-
parameters based on several combined results. Just to be sure, all fluorophores excited by an 
arbitrary single laser does not necessarily work together because of differences in the emis-
sion efficiency of each fluorophore.

In contrast to the benefits of multiparametric FCM, multiparametric data make it difficult 
to get rid of extraneous data and reach an interpretation of the complicated information. 
Although one can make multi-dimensional graphs digitally, it is not easy to reach an 
accurate and clear conclusion from any multi-dimensional graph. To present clear pat-
terning graphs from complicated FCM data, an analyst must be able to grasp the essence 
of the data.

To extract the essence of FCM data, this study applied principal component analysis (PCA) 
for multivariate analysis to the complicated FCM data and estimated the usefulness of the 
PCA method. Recently, some microalgae have already generated a lot of attention from phar-
maceutical developers, cosmetic manufacturers, and food companies. The industrial applica-
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2. FCM analysis of microalgae
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Figure 4C). Algae are sensitive to heat treatment (dotted curve in Figure 4C) [11–14] because 
the thermal stress damages the thylakoid membrane, which is related to structural and func-
tional changes of the photosystem (PS) II and PS I, thereby interrupting the Calvin cycle [16, 
17]. Inducing heat stress in algae reduces chlorophyll fluorescence (dotted curve in Figure 4C) 
and increases yellow fluorescence derived from chlorophyll degradation [11]. Consequently, 
red fluorescence can indicate vigorous algae, whereas yellow fluorescence indicates stressed 
and dying algae [11–14]. Figure 4D takes a dotted graph from FCM data using a Chlorella-like 
alga (SA-1 strain) to present an example. Both the cell size detected as forward scatter signals 
(FSS) and chlorophyll contents of algae as red fluorescence channel are correlated strongly with 
the algal cell cycle [9, 10, 15, 18]. Here, algae are categorized into three populations (Stages 
1–3) as described in reports of previous studies [9, 10, 15, 18]: Stage (St.) 1, “growth” stage; 
St. 2, “maturation” stage; and St. 3, “division and autospore liberation” stage in Figure 4D.
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3. Research methods

This study investigated the algal status such as viability using FCM after treatment of algae 
with the test condition. For this study, the author used Parachlorella kessleri (C-531 strain) (new 
nomenclature for Chlorella kessleri) as the model organism representing algae. The alga was 
obtained from the Institute of Applied Microbiology (IAM) culture collection at The University 
of Tokyo. Before experiments, algae were grown on CA agar plates at pH 7.2 [19] under an LD 
cycle (12 h light/12 h dark) at approximately 1100 lux of natural white fluorescent light and 
23 ± 2°C. The algae were scratched with an inoculating needle and were suspended in fresh 
CA liquid medium at pH 7.2.

Figure 4. Fluorescence characteristics of algae and microphotographs of Chlorella-like alga experimentally isolated from 
ciliate Paramecium bursaria. A bright field image of Chlorella-like alga (A) and the corresponding fluorescence image 
derived from chlorophyll (B) are shown. Panel C presents fluorescence characteristics of Chlorella-like alga obtained 
using fluorescence spectroscopy. Emission spectra of algae are shown with (dotted line, heated algae) and without heat 
treatment (solid line, control algae). Yellow (dotted arrow) and pink (solid arrow) areas, respectively, represent detection 
ranges of yellow and red fluorescence channels for FCM used for this study (see Research methods). Panels A-D were 
referred and partly modified from the literature [1, 13, 15, 18].
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Chlorella (initial density of 1.0 × 104 cells/ml adjusted using hemocytometry) grown in CA 
medium as a control condition for 1 week under an LD cycle and algae treated with metal elu-
ate for 1 week as a test condition were prepared, respectively, as described in earlier reports 
[1, 12, 14]. Moreover, algae treated with heat for 5 min at 100°C were prepared. Here, the test 
conditions were reference standards subjected, respectively, to metallic eluate from steel-
making by-products and heat stress. A detailed description of the metal eluate reveals that 
the metal eluate was made from stainless steel slag (Table 1) subjected to a leaching test based 
on JIS K0058-1: 2005 (method for chemicals in slags Part 1: Leaching test) [12, 14, 20–23]. 
Table 1 presents compositions of stainless steel slag particles used for this study [12, 14, 
20–22]. In brief, slag used for this study mainly contains SiO2, CaO, Al2O3, MgO, MnO, and 
Cr2O3 [12, 14]. Here, all Fe and Cr compounds are described, respectively, as FeO or Cr2O3 
because it is generally difficult to distinguish FeO and Cr2O3 formed from Fe and Cr in a 
suspended metal solution at the occasion of elemental analysis after alkali fusion of stainless 
steel slag [1, 12, 14].

After elution from slag at pH 6 adjusted with HCl, the solution was filtrated with a 0.45 μm 
pore filter to eliminate slag particles. Then the solution was used for bioassay with Chlorella 
as a test solution including trace metals. Table 2, which shows components of the metal elu-
ate used for this study, includes environmental quality standards for soil pollution, marine 
pollution, and water pollution, along with other standards for eluent and drinking water 
for reference. In this study, CA medium containing eluates was first made from 25 vol% of 
the concentrated CA medium, which had four times that amounts of respective chemicals 
for making CA medium, and 75 vol% of mixture of arbitrary amounts of eluate, a definite 
number of algae (1.0 × 104 cells/ml), and ultrapure water. Therefore, nutrient amounts of CA 
medium containing eluates were the same as those of CA medium alone, but the concentra-
tions of chemicals derived from eluate differed from those of CA medium without eluate as 
described in reports of earlier studies [1, 12, 14].

To characterize each algal sample using FCM, this study used a cell analyzer (Muse™; 
Merck Millipore Corp., Hayward, CA) with a green laser operating at 532 nm as an exci-
tation light source, a photodiode for detection of FSS, and two fluorescence filters of a 
680/30 nm band pass (BP) filter suitable for chlorophyll fluorescence (red fluorescence) 
and a 576/28 nm BP filter suitable for chlorophyll degradation (yellow fluorescence) 
(Figure 4C) [1, 11, 12, 14].

This study was undertaken to evaluate the correlativity between algal properties and the test 
condition. To evaluate the correlativity among multiple properties of algae and each stress 
factor, PCA of multivariate analysis was used for this study using software for multivari-
ate analysis (Institute of Statistical Analyses, Inc.). A dimensional reduction technique, PCA, 
reduces multi-dimensional information to arbitrary one-dimensional information, which is a 

FeO SiO2 CaO Al2O3 MgO MnO Cr2O3 ZnO NiO CuO

Slag A 0.74 44.1 33 5.39 7.68 4.09 3.29 0.01 0.06 0.024

Table 1. Chemical compositions of steel slag used for this study (mass%) referred from the literature [1, 12–14].
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treatment (solid line, control algae). Yellow (dotted arrow) and pink (solid arrow) areas, respectively, represent detection 
ranges of yellow and red fluorescence channels for FCM used for this study (see Research methods). Panels A-D were 
referred and partly modified from the literature [1, 13, 15, 18].
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ate for 1 week as a test condition were prepared, respectively, as described in earlier reports 
[1, 12, 14]. Moreover, algae treated with heat for 5 min at 100°C were prepared. Here, the test 
conditions were reference standards subjected, respectively, to metallic eluate from steel-
making by-products and heat stress. A detailed description of the metal eluate reveals that 
the metal eluate was made from stainless steel slag (Table 1) subjected to a leaching test based 
on JIS K0058-1: 2005 (method for chemicals in slags Part 1: Leaching test) [12, 14, 20–23]. 
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20–22]. In brief, slag used for this study mainly contains SiO2, CaO, Al2O3, MgO, MnO, and 
Cr2O3 [12, 14]. Here, all Fe and Cr compounds are described, respectively, as FeO or Cr2O3 
because it is generally difficult to distinguish FeO and Cr2O3 formed from Fe and Cr in a 
suspended metal solution at the occasion of elemental analysis after alkali fusion of stainless 
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the concentrated CA medium, which had four times that amounts of respective chemicals 
for making CA medium, and 75 vol% of mixture of arbitrary amounts of eluate, a definite 
number of algae (1.0 × 104 cells/ml), and ultrapure water. Therefore, nutrient amounts of CA 
medium containing eluates were the same as those of CA medium alone, but the concentra-
tions of chemicals derived from eluate differed from those of CA medium without eluate as 
described in reports of earlier studies [1, 12, 14].

To characterize each algal sample using FCM, this study used a cell analyzer (Muse™; 
Merck Millipore Corp., Hayward, CA) with a green laser operating at 532 nm as an exci-
tation light source, a photodiode for detection of FSS, and two fluorescence filters of a 
680/30 nm band pass (BP) filter suitable for chlorophyll fluorescence (red fluorescence) 
and a 576/28 nm BP filter suitable for chlorophyll degradation (yellow fluorescence) 
(Figure 4C) [1, 11, 12, 14].

This study was undertaken to evaluate the correlativity between algal properties and the test 
condition. To evaluate the correlativity among multiple properties of algae and each stress 
factor, PCA of multivariate analysis was used for this study using software for multivari-
ate analysis (Institute of Statistical Analyses, Inc.). A dimensional reduction technique, PCA, 
reduces multi-dimensional information to arbitrary one-dimensional information, which is a 

FeO SiO2 CaO Al2O3 MgO MnO Cr2O3 ZnO NiO CuO

Slag A 0.74 44.1 33 5.39 7.68 4.09 3.29 0.01 0.06 0.024

Table 1. Chemical compositions of steel slag used for this study (mass%) referred from the literature [1, 12–14].

Efficient Interpretation of Multiparametric Data Using Principal Component Analysis as…
http://dx.doi.org/10.5772/intechopen.71460

87



Origin of slag Eluate of stainless 
steel slag

Environmental quality standards
Soil 
pollution

Marine 
pollution

Water 
pollutant

Effluent 
standard

Drinking  
water  
standard

Regulated 
substances

Total As ND1 (RDL2: 0.001) 0.01 0.1 0.01 0.1 0.01

Total B 0.16 1 14 104, 2305 1

Total Be ND (RDL: 0.0005) 2.5

Total Cd ND (RDL: 0.0001) 0.01 0.1 0.01 0.036 0.003

Chromium 
(VI)

ND (RDL: 0.005) 0.05 0.5 0.05 0.5 0.05

Total Cu 0.003 0.001 3 3 1

Total Pb ND (RDL: 0.0005) 0.01 0.1 0.01 0.1 0.01

Hg ND (RDL: 0.0001) 0.0005 0.005 0.0005 0.005 0.0005

Total Ni 0.001 0.001 1.2 0.02

Total Se 0.012 0.01 0.1 0.01 0.1 0.01

Total V ND (RDL: 0.001) 1.5

Total Zn 0.099 2 0.037, 0.028, 
0.019

2 1

F− ND (RDL: 0.1) 0.8 15 0.84 84, 155 0.8

Substances out 
of regulation

Total Al ND

Total Ca 9.3 30010

Total Fe ND 10 0.3

Total Mg 0.9 30010

Total Mn 0.028 10 0.05

Total Si 1.8

Total N 0.4 0.1–111

0.2–18
100 0.0412, 1013

Total P ND (RDL: 0.1) 0.005–111

0.02–0.098
16

1Not detected.
2Reportable detection limit.
3These data from a previous study reported by Takahashi et al. [17].
4Standard value is not applied to coastal waters.
5Standard value is applied to coastal waters.
6The Cd value has changed from 0.1 to 0.03 mg/L since December 2014.
7Habitable river or lake for aquatic life.
8Habitable coastal water for aquatic life
9Habitable coastal water that requires conservation in particular for nidus and nursery ground.
10Total concentrations of both calcium and magnesium are limited for water hardness.
11Habitable lake for aquatic life.
12Total N contents derived from nitrite nitrogen.
13Total N contents derived from both nitrite nitrogen and nitrate nitrogen.

Table 2. Environmental quality standards regarding pollutions and others for effluent and drinking water, and 
concentrations of elements of eluate (mg/L) referred from the literature [1, 12–14].
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dataset from a new axis produced by PCA [15]. According to results of the correlation matrix 
analysis for the data, the author calculated the contribution rate of each component, the factor 
loading of each parameter, and the score plot of each component. Here, each factor loading 
(PC1-3) generally indicates correlation factors between each parameter and each component 
(Figure 5). The statistical results obtained using PCA were interpreted to evaluate the algal 
status between control and test conditions.

After treatment of algae with and without eluate, the algae were quantified using hemocy-
tometry. Here, CA medium containing several concentrations (0–70 vol%) of the metallic 
eluate was used for the experiment using hemocytometry. The algal proliferation ratio 
(average ± standard error) was expressed as a proportion of the number of algae treated 
with eluate to that of control without eluate [1, 12, 14].

Figure 5. Outline from FCM analysis to PCA analysis of multivariate analysis. All data from FCM were extracted and 
subjected to PCA. Only one or two parameters are used to produce a one-dimensional (1D) histogram and 2D scatter 
or contour plots in conventional FCM analysis. These graphs, however, ignore some parameters of data (left below in 
Figure 5). To incorporate all information of the data, PCA transforms multi-dimensional data into a new smaller set of 
variables (right below in Figure 5).
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dataset from a new axis produced by PCA [15]. According to results of the correlation matrix 
analysis for the data, the author calculated the contribution rate of each component, the factor 
loading of each parameter, and the score plot of each component. Here, each factor loading 
(PC1-3) generally indicates correlation factors between each parameter and each component 
(Figure 5). The statistical results obtained using PCA were interpreted to evaluate the algal 
status between control and test conditions.

After treatment of algae with and without eluate, the algae were quantified using hemocy-
tometry. Here, CA medium containing several concentrations (0–70 vol%) of the metallic 
eluate was used for the experiment using hemocytometry. The algal proliferation ratio 
(average ± standard error) was expressed as a proportion of the number of algae treated 
with eluate to that of control without eluate [1, 12, 14].

Figure 5. Outline from FCM analysis to PCA analysis of multivariate analysis. All data from FCM were extracted and 
subjected to PCA. Only one or two parameters are used to produce a one-dimensional (1D) histogram and 2D scatter 
or contour plots in conventional FCM analysis. These graphs, however, ignore some parameters of data (left below in 
Figure 5). To incorporate all information of the data, PCA transforms multi-dimensional data into a new smaller set of 
variables (right below in Figure 5).
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4. Results and discussion

This study compared the effects of metallic eluate from stainless steel slag and heat treat-
ment as an experimental stress factor on algal status, specifically that of Chlorella sp. [1, 12–
14]. Here, CA medium containing 50 vol% of the metallic eluate was used for FCM analysis. 
To interpret correlativity among several parameters, FCM data are generally expressed as 
a 1D histogram and 2D scatter or contour plots. The more parameters an operator uses, the 
more difficult it becomes for the user to find high correlativity among parameters and to 
present an effective graph. The PCA method produced new comprehensive axes including 
several parameters, which have different inclination factors among parameters. The primary 
(PC1) and secondary (PC2) and tertiary (PC3) components, respectively, reflect 53.4, 34, and 
12.6% of information for the data examined in this study (data not shown). Figure 6A and 
B presents the principal component loading of PC1 and PC2. Each loading shows that all 
parameters, including the algal size (FSS-H), red fluorescence intensity (Red-H), and yellow 
fluorescence (Yellow-H), are positively correlated with PC1 (Figure 6A). Particularly, cor-
relation factors for both the algal size and the red fluorescence intensity were more strongly 
positive with PC1 than the yellow fluorescence intensity was. By contrast, the red fluores-
cence intensity and the yellow fluorescence intensity, respectively, show inverse and posi-
tive correlation with PC2 (Figure 6B). The 2D scatter plots using new axes show patterns 
with individually different vectors treatment dependently, as expressed by the score plot of 
PC1 versus PC2 (Figure 6C). The graph using new axes from PCA helps us to infer strong 
correlation between a particular parameter and the corresponding one. Consequently, the 
characteristics of both algal size and red fluorescence intensity are mainly reflected as the 
variation of algae on the positive PC1 axis (Figure 6A and C), whereas only yellow fluo-
rescence mainly affected the variation of algae on the positive PC2 axis (Figure 6B and C). 
Results show that both the cell size (or red fluorescence intensity) and yellow fluorescence 
intensity of algae can be indicators that facilitate assessment of the variation for comparison 
of algae between control and heat treatment (Figure 6C), whereas both the cell size and red 
fluorescence can be indicators for comparison of algae between control and the metallic 
treatment (Figure 6D).

The results (Figure 6) from PCA analysis prompted us to produce plots of FSS or the red fluo-
rescence for algae versus the yellow fluorescence intensity for algae (Figure 7). The 2D-dotted 
graph of the red versus yellow fluorescence intensity for control algae, for instance, showed 
102–103 on the red channel and 101–102 on the yellow, whereas that for the heated algae showed 
101–102 on the red channel and 101–103 on the yellow. By contrast to the heat treatment, the dot 
distribution of algae treated with metallic eluate closely resembled that of control, although 
that with the eluate shifted slightly upward relative to that of control algae [1, 12–14]. In anal-
ogy with the result (Figure 6C) from PCA analysis, the difference of algae between the control 
condition and metallic treatment is slight compared to the difference of algae between control 
and heat stress (Figure 7).

To conduct a precise comparison of algae of control and metallic treatments, the plot of FSS 
versus red fluorescence for algae was produced (Figure 8). Although the dot distribution 
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of algal signals between the control and the metallic treatment was almost identical to that 
of the graph of the red versus the yellow fluorescence (Figure 7), both distributions dif-
fered on the graph of FSS versus the red fluorescence (Figure 8). A distinctive population 
(arrow in Figure 8) was found from algae treated only with metal eluate but not control. 
Drawing on the result from algal life (cell) cycle (Figure 4D), detection of the distinctive 
population in algae treated with metal eluate indicates that the algal cell cycle proceeds 
smoothly under the condition with metal eluate. By contrast to algae treated with metal 
eluate, the cell cycle of control algae seems to reach a stable stage such as a stationary 
phase, resulting in the near cessation of algal proliferation or extremely low proliferation 
activity.

In addition to estimation of algal population dynamics using FCM coupled with PCA anal-
ysis, direct quantification of algae using hemocytometry was conducted as described in 
earlier reports [1, 12–14]. The quantification specifically examined whether algal growth 
dynamics implied from the result of PCA analysis (Figure 8) was confirmed on algae 

Figure 6. Condition-dependent distribution of Chlorella obtained using PCA method. The PCA reduces multi-
dimensional information to arbitrary one-dimensional information and produces new components such as PC1–PC3. 
Here, factor loading plots of each parameter for PC1 (A) and PC2 (B) are shown. A score plot of PC1 vs. PC2 (C) and that 
of PC1 vs. red fluorescence intensity of algae (D) were produced using data from different test conditions.
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4. Results and discussion
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To interpret correlativity among several parameters, FCM data are generally expressed as 
a 1D histogram and 2D scatter or contour plots. The more parameters an operator uses, the 
more difficult it becomes for the user to find high correlativity among parameters and to 
present an effective graph. The PCA method produced new comprehensive axes including 
several parameters, which have different inclination factors among parameters. The primary 
(PC1) and secondary (PC2) and tertiary (PC3) components, respectively, reflect 53.4, 34, and 
12.6% of information for the data examined in this study (data not shown). Figure 6A and 
B presents the principal component loading of PC1 and PC2. Each loading shows that all 
parameters, including the algal size (FSS-H), red fluorescence intensity (Red-H), and yellow 
fluorescence (Yellow-H), are positively correlated with PC1 (Figure 6A). Particularly, cor-
relation factors for both the algal size and the red fluorescence intensity were more strongly 
positive with PC1 than the yellow fluorescence intensity was. By contrast, the red fluores-
cence intensity and the yellow fluorescence intensity, respectively, show inverse and posi-
tive correlation with PC2 (Figure 6B). The 2D scatter plots using new axes show patterns 
with individually different vectors treatment dependently, as expressed by the score plot of 
PC1 versus PC2 (Figure 6C). The graph using new axes from PCA helps us to infer strong 
correlation between a particular parameter and the corresponding one. Consequently, the 
characteristics of both algal size and red fluorescence intensity are mainly reflected as the 
variation of algae on the positive PC1 axis (Figure 6A and C), whereas only yellow fluo-
rescence mainly affected the variation of algae on the positive PC2 axis (Figure 6B and C). 
Results show that both the cell size (or red fluorescence intensity) and yellow fluorescence 
intensity of algae can be indicators that facilitate assessment of the variation for comparison 
of algae between control and heat treatment (Figure 6C), whereas both the cell size and red 
fluorescence can be indicators for comparison of algae between control and the metallic 
treatment (Figure 6D).

The results (Figure 6) from PCA analysis prompted us to produce plots of FSS or the red fluo-
rescence for algae versus the yellow fluorescence intensity for algae (Figure 7). The 2D-dotted 
graph of the red versus yellow fluorescence intensity for control algae, for instance, showed 
102–103 on the red channel and 101–102 on the yellow, whereas that for the heated algae showed 
101–102 on the red channel and 101–103 on the yellow. By contrast to the heat treatment, the dot 
distribution of algae treated with metallic eluate closely resembled that of control, although 
that with the eluate shifted slightly upward relative to that of control algae [1, 12–14]. In anal-
ogy with the result (Figure 6C) from PCA analysis, the difference of algae between the control 
condition and metallic treatment is slight compared to the difference of algae between control 
and heat stress (Figure 7).

To conduct a precise comparison of algae of control and metallic treatments, the plot of FSS 
versus red fluorescence for algae was produced (Figure 8). Although the dot distribution 
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of algal signals between the control and the metallic treatment was almost identical to that 
of the graph of the red versus the yellow fluorescence (Figure 7), both distributions dif-
fered on the graph of FSS versus the red fluorescence (Figure 8). A distinctive population 
(arrow in Figure 8) was found from algae treated only with metal eluate but not control. 
Drawing on the result from algal life (cell) cycle (Figure 4D), detection of the distinctive 
population in algae treated with metal eluate indicates that the algal cell cycle proceeds 
smoothly under the condition with metal eluate. By contrast to algae treated with metal 
eluate, the cell cycle of control algae seems to reach a stable stage such as a stationary 
phase, resulting in the near cessation of algal proliferation or extremely low proliferation 
activity.

In addition to estimation of algal population dynamics using FCM coupled with PCA anal-
ysis, direct quantification of algae using hemocytometry was conducted as described in 
earlier reports [1, 12–14]. The quantification specifically examined whether algal growth 
dynamics implied from the result of PCA analysis (Figure 8) was confirmed on algae 

Figure 6. Condition-dependent distribution of Chlorella obtained using PCA method. The PCA reduces multi-
dimensional information to arbitrary one-dimensional information and produces new components such as PC1–PC3. 
Here, factor loading plots of each parameter for PC1 (A) and PC2 (B) are shown. A score plot of PC1 vs. PC2 (C) and that 
of PC1 vs. red fluorescence intensity of algae (D) were produced using data from different test conditions.
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treated with metallic eluate. Figure 9 shows the relation between the Chlorella prolifera-
tion ratio and the concentrations of the metallic eluate from steel slag in the test solu-
tion. As described in the explanation of research methods, all nutrient amounts derived 
from the CA medium, other than elements derived from slag eluate, were constant with 
each experiment condition. Results show that the number of algae increased according to 
the concentration of eluate up to 30 vol% (Figure 9). The algal numbers under more than 
30 vol% of eluate (up to 70 vol%) were almost constant [12–14]. Reportedly, the addition 
of metallic eluate used for this study increases the concentration of aquatic CO2 related to 
photosynthesis of algae [12–14]. The increased aquatic CO2, which is found to be related to 
the presence of Ca2+ in eluate, might improve the rates of photosynthesis and algal prolif-
eration [12–14].

It is noteworthy that approaches using PCA method (mainly Figure 8) have already exposed 
the effects of metallic eluate on algal growth without the proliferation test of algae treated 
with metallic eluate. Actually, 2–4 cells of autospore (St. 2) and algae after division (St. 3) 
other than algae at the growth stage (St. 1) were detected from control, whereas all types of 
algae at each stage (Sts. 1–3) were done from algae treated with metallic eluate (Figure 10). 

Figure 7. Distribution of Chlorella obtained using FCM on a graph of the red fluorescence intensity vs. the yellow fluorescence 
intensity, modified from the literature [1, 12–14]. The heat stress and the metallic treatment samples, respectively, derive 
from algae treated with heat and algae treated with a metallic solution containing concentrations of eluate of 50 vol%.
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Figure 8. Distribution of Chlorella obtained using FCM on a graph of algal size vs. red fluorescence intensity. The heat 
stress and the metallic treatment samples, respectively, derive from algae treated with heat and those treated with a 
metallic solution containing concentrations of eluate of 50 vol%. The arrow indicates the distinctive population detected 
only from those treated with metallic eluate.

Figure 9. Effect of metallic eluate used for this study on algal growth modified from the literature [1, 12, 14]. The dotted 
line shows the proliferation ratio of control algae.
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Consequently, the cell cycle of algae treated with metallic eluate could continue to proceed 
smoothly even for algae after 7-day incubation when the control algae proliferation activity 
occurred at a low rate.

5. Conclusion

Multicolor FCM systems enable us to analyze up to a dozen multiparameters in a single assay 
and realize high-throughput measurement in life science. Countervailing the advantages of 
multiparametric FCM, multiparametric data make it difficult to interpret the resultant com-
plicated information. Although multiparametric FCM is attractive relative to single or little 
parametric FCM in terms of cost performance and saving time of experiments, those ben-
efits are meaningless unless the method leads to accurate and clear conclusions from mul-
tiparametric data. To elicit clear patterning graphs from FCM data and to grasp the essence 
of the data, this study examined the usefulness of PCA method of multivariate analysis. 
Comparison of control algae with several algae treated with test conditions such as heat and 
metallic eluate was conducted using FCM. To ascertain differences between control and test 
conditions about algal properties, FCM data were subjected to PCA analysis. Consequently, 
results from PCA analysis imply that both the red fluorescence intensity and the yellow one 
of algae can be an indicator for assessment of the variation for comparison of algae between 
control and heat treatment (Figure 6C), whereas both the cell size and the red fluorescence 
of algae can be an indicator for comparison of algae between control and metallic treatment 
(Figure 6D). It is striking that approaches coupled with PCA analysis have already exposed 
the effects of metallic eluate on algal growth with no proliferation test of algae. The result 
reveals that the low concentrations of metallic eluate used for this study induce algae to 
increase for a more prolonged period than in the control condition. Results show that PCA 

Figure 10. Effects of metallic eluate used for this study on algal growth. Here, each dotted graph in this figure is made 
from Figure 8.
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method can extract information of test objects from data and that it can contribute to effective 
interpretation of cell characteristics, even if the data include several optical parameters from 
multiparametric FCM.
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method can extract information of test objects from data and that it can contribute to effective 
interpretation of cell characteristics, even if the data include several optical parameters from 
multiparametric FCM.
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