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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
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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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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 GP1I-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.

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 pL 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].
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Target Antibody Conjugates Purpose Clone (Vendor)

WBC FLAER-Alexa488 GPI-linked (Neuts + Monos) NA (Cedarlane)
CD24-PE GPI-linked (Neuts) SN3 (eBio), ALB9 (BC)
CD24-APC SN3 (eBio, EXBIO)
CD14-PE GPI-linked (Monos) 61D3 (eBio), RMO52 (BC)
CD14-APC700 Tuk4 (Invitrogen)

RMO52 (BC)
CD157-PE GPI-linked (Neuts + Monos) SY11B5 (eBio, EXBIO, BD, BC,
Sysmex)
CD64-PC5 Gating on Monocytes 22 (BC)
CD64-ECD 22 (BC)
CD64-PC7 22 (BC), 10.1 (EXBIO)
CD15-PC5 Gating on Neutrophils 80H5 (BC)
CD15-PerCP-eF710 MMA (eBio)
CD15-PerCPCy5.5 MEM158 (EXBIO)
CD45-PC7 Debris/unlysed RBC exclusion + pattern ]33 (BC)
CD45-KO recognition ]33 (BC)
CD45-eF450 2D1 (eBio)

Table 2. Recommended clones/conjugates to determine high-sensitivity detection of PNH WBC on Beckman Coulter

Cytometers.
Target Antibody Conjugates Purpose Clone (Vendor)
WBC FLAER-Alexa488 GPI-linked (Neuts + Monos) NA (Cedarlane)
CD24-PE GPI-linked (Neuts) SN3 (eBio), ML5 (BD)
CD24-APC SN3 (eBio, EXBIO)
CD14-PE GPl-linked (Monos) 61D3 (eBio),
CD14-APC Tuk4 (Invitrogen)
MoP9 (BD)
CD157-PE GPI-linked (Neuts + Monos) SY11B5 (eBio, EXBIO, BD, BC,
Sysmex)
CD64-APC Gating on Monocytes 10.1 (BD, eBio)
CD64-PECy7 10.1 (EXBIO), 22 (BC)
CD15-APC Gating on Neutrophils HI98 (BD)
CD15-PerCP-eF710 MMA (eBio)
CD15-PerCPCy5.5 MEM 158 (EXBIO)
CD45-eF450 Debris/unlysed RBC exclusion + pattern 2D1 (eBio)
CD45-PerCP recognition 2D1 (BD)
CD45-APC-H7 2D1 (BD)

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

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 uL of sample into the
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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 I 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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Figure 1. Sequence of bivariate gating and diagnostic dot-plots for analysis of PNH RBCs.

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 IIIl PNH cells and Type Il 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.
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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
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Figure 2.Sequence of bivariate gating and diagnostic dot-plots for FLAER/CD24/CD14- based analysis of PNH
neutrophils and monocytes.



8 Multidimensional Flow Cytometry Techniques for Novel Highly Informative Assays

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
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Figure 3. Sequence of bivariate gating and diagnostic dot-plots for FLAER/CD157- based analysis of PNH neutrophils
and monocytes.

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
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Figure 4. Example of CD157-negative, non-PNH case, 7-color FLAER/CD24/CD14/CD157-based protocol.

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.

. 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
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and monocytes may also show the presence of Type Il 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 Il
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 + 25D (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 quantifty 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.

Author details

Iuri Marinov'*, Andrea Illingworth* and D. Robert Sutherland?

*Address all correspondence to: iuri.marinov@uhkt.cz

1 Institute of Hematology and Blood Transfusion, Prague, Czech Republic

2 Dahl-Chase Diagnostic Services, Bangor, Maine, USA

3 University Health Network/Toronto General Hospital, Toronto, Canada

References

[1]

(2]

[4]

[6]

Takeda ], Miyata T, Kawagoe K, lida Y, Endo Y, Fujita T, Takahashi M, Kitani T, Kinoshita
T. Deficiency of the GPI anchor caused by a somatic mutation of the PIG-A gene in parox-
ysmal nocturnal hemoglobinuria. Cell. 1993;73:703-711. DOI: 10.1016/0092-8674(93)90250-T

Nicholson-Weller A, March JP, Rosenfeld SI, Austen KF. Affected erythrocytes of patients
with paroxysmal nocturnal hemoglobinuria are deficient in the complement regulatory

protein, decay acceleration factor. Proceedings of the National Academy of Sciences of
the United States of America. 1983;80:5066-5070. DOI: 10.1073/pnas.80.16.5066

Holguin MH, Frederick LR, Bernshaw NJ, Wilcox LA, Parker CJ. Isolation and charac-
terization of a membrane protein from normal human erythrocytes that inhibits reac-
tive lysis of the erythrocytes of paroxysmal nocturnal hemoglobinuria. The Journal of
Clinical Investigation. 1989;84:7-17. DOI: 10.1172/JCI114172

Yamashina M, Ueda E, Kinoshita T, Takami T, Ojima A, Ono H, Tanaka H, Kondo N,
Orii T, Okada N, Okada H, Inoue K, Kitani T. Inherited complete deficiency of 20-kilo-
dalton homologous restriction factor (CD59) as a cause of paroxysmal nocturnal hemo-
globinuria. The New England Journal of Medicine. 1990;323:1184-1189. DOI: 10.1056/
NEJM199010253231707

Parker C, Omine M, Richards S, Nishimura J, Bessler M, Ware R, Hillmen P, Luzzatto L,
Young N, Kinoshita T, Rosse W, Socie G, International PNH Interest Group. Diagnosis

and management of paroxysmal nocturnal hemoglobinuria. Blood. 2005;106:3699-3709.
DOI: 10.1182/blood-2005-04-1717

Dunn DE, Tanawattanacharoen P, Boccuni P, Nagakura S, Green SW, Kirby MR, Kumar
MS, Rosenfeld S, Young NS. Paroxysmal nocturnal hemoglobinuria cells in patients with



[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Accurate and High Sensitivity Identification of PNH Clones by Flow Cytometry
http://dx.doi.org/10.5772/intechopen.71286

bone marrow failure syndromes. Annals of Internal Medicine. 1999;131:401-408. DOI:
10.7326/0003-4819-131-6-199909210-00002

Raza A, Ravandi F, Rastogi A, Bubis ], Lim SH, Weitz I, Castro-Malaspina H, Galili N,
Jawde RA, Illingworth A. A prospective multicenter study of paroxysmal nocturnal

hemoglobinuria cells in patients with bone marrow failure. Cytometry B. 2014;86B:175-
182. DOI: 10.1002/cyto.b.21139

Hillmen P, Lewis SM, Bessler M, Luzzatto L, Dacie JV. Natural history of paroxysmal
nocturnal hemoglobinuria. The New England Journal of Medicine. 1995;333:1253-1258.
DOI: 10.1056/NEJM199511093331904

Richards SJ, Rawstron AC, Hillmen P. Application of flow cytometry to the diag-
nosis of paroxysmal nocturnal hemoglobinuria. Cytometry. 2000;42:223-233. DOI:
10.1002/1097-0320(20000815)42:4%3C223:: AID-CYTO2%3E3.0.CO;2-D

van der Schoot CE, Huizinga TW, van’t Veer-Korthof, Wijmans R, Pinkster ], von dem
Borne AE. Deficiency of glycosyl-phosphatidylinositol-linked membrane glycoproteins
of leukocytes in paroxysmal nocturnal hemoglobinuria, description of a new diagnostic
cytofluorometric assay. Blood. 1990;76:1853-1859 PMD: 2145990

Hall SE, Rosse WF. The use of monoclonal antibodies and flow cytometry in the diag-
nosis of paroxysmal nocturnal hemoglobinuria. Blood. 1996;87:5332-5340 PMD: 8652849

Borowitz M]J, Craig FE, DiGiuseppe JA, Illingworth AJ, Rosse W, Sutherland DR, Wittwer
CT, Richards SJ, On Behalf of the Clinical Cytometry Society. Guidelines for the diagno-
sis and monitoring of paroxysmal nocturnal hemoglobinuria and related disorders by
flow cytometry. Cytometry. Part B. 2010;78B:211-230. DOI: 10.1002/cyto.b.20525

Sutherland DR, Keeney M, Illingworth A. Practical guidelines for the high-sensitivity
detection and monitoring of paroxysmal nocturnal hemoglobinuria clones by flow
cytometry. Cytometry. Part B. 2012;82B:195-208. DOI: 10.1002/cyto.b.21023

Sutherland DR, Acton E, Keeney M, Davis BH, Illingworth A. Use of CD157 in FLAER-
based assay for high sensitivity PNH granulocyte and PNH monocyte detection.
Cytometry. Part B. 2014;86B:44-55. DOI: 10.1002/cyto.b.21111

Marinov I, Kohoutovad M, Tk&éova V, Pesek A, Cermdk J, Cetkovsky P. Clinical relevance
of CD157 for rapid and cost-effective simultaneous evaluation of PNH granulocytes

and monocytes by flow cytometry. International Journal of Laboratory Hematology.
2015;37:231-237. DOI: 10.1111/ijlh.12271

Sutherland DR, Richards S], Keeney M, Illingworth A. High-sensitivity detection of
PNH red blood cells, red cell precursors and white blood cells. Current Protocols in
Cytometry. 2015;72: Unit 6.37.1-6.37.29. DOI: 10.1002/0471142956.cy0637s72

Kalina T, Flores-Montero J, van der Velden VH, Martin-Ayuso M, Bottcher S, Ritgen M,
Almeida J, Lhermitte L, Asnafi V, Mendonca A, de Tute R, Cullen M, Sedek L, Vidriales MB,
Pérez J], te Marvelde JG, Mejstrikova E, Hrusak O, Szczepanski T, van Dongen JJ, Orfao A;
EuroFlow Consortium (EU-FP6, LSHB-CT-2006-018708). EuroFlow standardization of flow

15



16 Multidimensional Flow Cytometry Techniques for Novel Highly Informative Assays

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

cytometer instrument settings and immunophenotyping protocols. Leukemia 2012;9:1986-
2010. DOI: http://dx.doi.org/10.1038/leu.2012.122

E. Solly, Rigollet L, Baseggio L, Guy J, Borgeot ], Guérin E, Debliquis A, Drenou B,
Campos L, Lacombe F, Béné MC. Comparable flow cytometry data can be obtained
with two types of instruments, Canto II, and Navios. A GEIL study. Cytometry. Part A
2013;83:1066-1072. DOI: http://dx.doi.org/10.1002/cyto.a.22404

Lacombe F, Bernal E, Bloxham D, Couzens S, Porta MG, Johansson U, Kern W, Macey M,
Matthes T, Morilla R, Paiva A, Palacio C, Preijers F, Ratei R, Siitonen S, Allou K, Porwit A,
Béné MC. Harmonemia: A universal strategy for flow cytometry immunophenotyping-
A European LeukemiaNet WP10 study. Leukemia 2016;8:1769-1772. DOI: http://dx.doi.
org/10.1038/leu.2016.44

Byrd T, Carr KD, Norman JC, Huye L, Hegde M, Ahmed N. Polystyrene microspheres
enable 10-color compensation for immunophenotyping of primary human leukocytes.
Cytometry. Part A 2015;87:1038-1046. DOI: http://dx.doi.org/10.1002/cyto.a.22717

Kajimoto Y, Miyagawa J, Ishihara K, Okuyama Y, Fujitani Y, Itoh M, Kaisiho T, Mtsuoka
T, Watada H, Hanafusa T, Yamasaki Y, Kamada T, Matsuzawa Y, Hirano T. Pancreatic
islet cells express BS-1, a CD38-like surface molecule having ADP-ribosyl cyclase activ-
ity. Biochemical and Biophysical Research Communications 1996; 219:941-946. DOI:
http://dx.doi.org/10.1006/bbrc.1996.0327

Hernandez-Campo PM, Almeida J, Sanchez ML, Malvezzi M, Orfao A. Normal patterns
of expression of glycosylphosphatidylinositol-anchored proteins on different subsets
of peripheral blood cells: A frame of reference for the diagnosis of paroxysmal noctur-
nal hemoglobinuria. Cytometry. Part B, DOI. 2006;70B:71-81. http://dx.doi.org/10.1002/
cyto.b.20087

Davis BH, Keeney M, Brown R, Illingworth AJ, King M], Kumpel B, Meier ER, Sandler
SG, Shaz BH, Sutherland DR. CLSI H52-A2 Red Blood Cell Diagnostic Testing Using
Flow Cytometry; Approved Guideline, 2nd ed. Wayne, PA: Clinical and Laboratory
Standards Institute. 2014. ISBN: 1-56238-957-2.

Owens MA, Vall HG, Hurley AA, Wormsley SB. Validation and quality control of
immunophenotyping in clinical flow cytometry. Journal of Immunological Methods.
2000;243:33-50. DOI: 10.1016/50022-1759(00)00226-X

ISO 3534-1:2006. Statistics-Vocabulary and Symbols. General Statistical Terms and Terms
Used in Probability. Geneva: ISO; 2006

Libeer J-C. Role of external quality assurance schemes in assessing and improving
quality in medical laboratories. Clinica Chimica Acta. 2001;309:173-177. DOI: 10.1016/
S0009-8981(01)00518-6

CLSI EP12-A2: User Protocol for Evaluation of Qualitative Test Performance —Second

Edition—Approved Guideline. Wayne, PA: National Committee for Clinical Laboratory
Standards, 2008. ISBN 1-56238-468-6



[28]

[29]

[30]

[31]

[32]

[33]

Accurate and High Sensitivity Identification of PNH Clones by Flow Cytometry
http://dx.doi.org/10.5772/intechopen.71286

NCCLS. Protocols for Determination of Limits of Detection and Limits of Quantitation
Approved Guideline. NCCLS document EP17-A. 2004. ISBN 1-56238-551-8

CLSI EP06-A: Evaluation of the Linearity of Quantitative Measurement Procedures—
Approved Guideline. Wayne, PA: National Committee for Clinical Laboratory Standards,
2003. ISBN 1-56238-498-8

Spitzenberger F, Edelhaeuser R. Accreditation of medical laboratories in Europe:
Statutory framework, current situation and perspectives. Transfusion Medicine and
Hemotherapy. 2006;33:384-392. DOI: 10.1159/000094738

Validation of cell-based fluorescence assays: practice guidelines from the international
council for standardization of haematology and international clinical cytometry society.
Cytometry, Part B (Clinical Cytometry). 2013;84B:Special Issue. ISSN: 1552/4949

Marinov I, Kohoutova M, Tk&acova V, Pedek A, Pesek A, Cermak J, Cetkovsky P. Performance
characteristics of consensus approaches for small and minor paroxysmal nocturnal hemo-

globinuria clone determination by flow cytometry. Clinical Chemistry and Laboratory
Medicine. 2013;(11):2133-2139. DOI: 10.1515/cclm-2013-0251

ISO 15189-1012. Medical Laboratories—Requirements for Quality and Competence.
Geneva: ISO; 2012

17



ntechOpen

ntechOpen



