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Abstract

Introduction: Flow cytometry-based paroxysmal nocturnal hemoglobinuria (PNH)
testing involves utilization of monoclonal antibodies against GPI-linked proteins and
FLAER. The ability of FLAER to bind to a wide variety of GPI-linked structures and to
be utilized across different leukocyte subsets is remarkable. We hypothesize that
FLAER as a standalone reagent may be equally effective for detecting PNH clones.
The present study intends to compare the results of a FLAER alone-based strategy to
the recommended FLAER-+GPI-linked protein-based approach for applicability in
clinical settings.

Methods: EDTA-anticoagulated blood samples from patients for PNH workup were
tested for PNH by multiparametric flow cytometry. A conventional panel comprising
gating markers (CD45 for WBC, CD15 for granulocytes, and CDé4 for monocytes)
and a combination of FLAER and GPI-linked markers, such as CD24 and CD14,
henceforth referred to as the “routine panel,” was employed. Second, a “FLAER-only
panel” comprising the gating markers and FLAER alone (excluding the GPI-linked
markers CD24 and CD14) was set up. The samples were processed using the
lyse-wash-stain-wash technique, and events were acquired on BC Navios Ex flow
cytometer (Beckman Coulter, Inc., USA) and analyzed on Kaluza Software 2.1. The
presence of a PNH clone was reported at a value of 20.01%.

Results: A total of 209 patients were tested. Both panels found a PNH clone in
20.1% of patients (n = 42/209) with a 100% concordance rate. The PNH clone range
for granulocytes was 0.01%-89.68%, and for monocyte was 0.04%-96.09% in the
routine panel. The range in the FLAER-only panel for granulocytes was 0.01%-89.61%,
and for monocytes, it was 0.01%-96.05%. Pearson correlation statistics revealed a sig-
nificant correlation between the size of the PNH clone of granulocytes and monocytes
among the two panels tested (granulocytes r = 0.9999, p < 0.0001, 95% Cl = 0.9999
to 1.000; monocytes r = 0.9974, p < 0.0001, 95% Cl = 0.9966-0.9980).

Conclusion: Based on our results, FLAER as a standalone marker is specific and

sensitive for identifying PNH clones in granulocytes and monocytes, even for
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1 | INTRODUCTION

Paroxysmal nocturnal hemoglobinuria (PNH) is a rare non-malignant
hematological disease. The defect in PNH is genetically defined by
somatic mutations of the phosphatidyl-inositol glycan (PIGA) gene in
the hematopoietic stem cells (HSC), leading to the clonal expansion of
abnormal HSCs.)~® Consequent to the mutations in the PIGA gene,
there is the loss of glycosylphosphatidylinositol (GPI)-anchored pro-
teins from the cell surface®® such as CD55 (decay accelerating factor)
and CD59 (membrane inhibitor of reactive lysis), leading to increased
sensitivity of red blood cells (RBCs) to complement-mediated lysis.®”
Despite PNH being described as early as 18822 the majority of
progress in understanding disease biology, pathogenesis, diagnosis, and
intervention has occurred in the last three decades.” ** The diagnosis
of PNH has now become straightforward with the advent of flow cyto-
metry, where cell populations deficient in GPl-anchor-related proteins
can be readily identified by targeted monoclonal antibodies on periph-
eral blood testing.!?"'* Traditionally, most flow cytometric PNH
approaches aimed at demonstrating the lack of complement regulatory
proteins such as CD55 and CD59 in the RBC and later in leukocytes.
Monoclonal antibodies to various GPl-anchored markers, such as CD24,
CD14, and CD157 became increasingly available for PNH testing on
different hematopoietic subsets. The specific issues related to monoclo-
nal antibodies to GPI-linked proteins are of concern and need to be
addressed. The expression of CD14 is often low on CDé4"&"/CD15'°%
monocytes visualized as a trailing effect on FLAER versus CD14 plot
creating confusion in interpretation and with potential for false positive
labeling as PNH clone.>¢ Moreover, in clinical conditions such as mye-
lodysplastic syndromes, monocytes weakly express CD15, or mono-
cytes are gated with dysplastic neutrophils with decreased granularity
resulting in false negative CD24 events in the gated population.'®> The
expression of CD157 is low on the eosinophils, which might confuse
when CD15+ neutrophils are imprecisely gated.!” Also, certain genetic
or ethnic variants of CD157 may lead to false-positive PNH clone iden-
tification.'®? Recommendations for PNH requires testing at least two
GPI-anchor proteins using two different monoclonal antibodies on more
than one cell lineage for an unequivocal diagnosis of PNH.420-22
The introduction of a flow cytometric assay based on FLAER
(fluorescently labeled inactive variant of the protein aerolysin) has
improved the accuracy and sensitivity of PNH clones.*?272% In con-
trast to the fluorochrome labeled monoclonal antibodies, which bind
to the GPI-linked proteins, FLAER (conjugated to Alexa488) has a
remarkable specificity for the GPI anchor itself. FLAER has been help-
ful in detecting PNH clones on WBCs but not on erythrocytes and

high-sensitivity PNH assay. The proposed “FLAER-only panel” panel is efficient and
cost-effective for highly sensitive PNH testing in two different cell lineages, espe-

cially in resource-limited clinical settings.

CD55, CD59, FLAER, flow cytometry, PNH

the role of FLAER in the efficient detection of PNH clones is
established compared to non-FLAER based flow-approaches. The
first-of-its-kind published guidelines from the International Clini-
cal Cytometry Society (ICCS)?° retained the recommendation of
using two reagents (one should be FLAER) for high-sensitivity
PNH testing across two different cell lineages, further endorsed
by the 2012 Practical Guidelines?” and 2018 ICCS/ESCCA con-
sensus groups.?®3! The latest 2018 ICCS/ESCCA consensus,
describing four-, five- and six-color antibody panels?®~3! had dif-
ferent combinations of monoclonal antibodies to GPI-linked pro-
teins; however, FLAER was consistently deployed in each of the
proposed antibody panels.??

With documented pitfalls in interpreting flow-based PNH testing
using antibodies against GPI-anchored proteins, it has been suggested
to consider the possibility of using FLAER alone based strategy for
PNH testing on WBCs.2® In the present study, we hypothesize and
aimed that FLAER as a standalone reagent may be equally effective
for detecting PNH clones. We compared the validity of a FLAER only
based strategy to the conventional FLAER-+GPI-anchored marker-

based approach for applicability in clinical settings.

2 | PATIENTS AND METHODS

This study was conducted in the Department of Hematology, Post-
graduate Institute of Medical Education and Research (PGIMER),
Chandigarh, India. Peripheral blood (PB) samples from patients for
PNH workup received in the flow cytometry laboratory at the
Department of Hematology were tested for PNH by multiparametric
flow cytometry. The Institutional Ethical Clearance Committee (IEC)
approval was obtained for the conduct of the study. All procedures
performed in the present study were by the ethical standards of the
institutional research committee and with the 1964 Helsinki Declara-
tion and its later amendments (2008).

2.1 | Monoclonal antibody (mAB) panels for the
detection of PNH

“Routine panel”: This comprised of gating markers CD45, CD15
(for neutrophils) and CDé4 (for monocytes), and a combination of
FLAER along with GPI-linked markers CD24 and CD14 for neutro-
phils and monocytes respectively. “FLAER only Panel”: This com-

prised of the gating markers (same as those in routine panel) and
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TABLE 1 The details of the PNH assay panel used.

CD45 CD15 CD64 CD24 CD14 FLAER

Routine panel + + + + + +

FLAER only panel + + + — — +

GPI-status Non-GPI-linked Non-GPlI-linked Non-GPI-linked GPI-linked GPI-linked GPI-linked

Purpose Gating of WBCs Gating of neutrophils Gating of monocytes Detecting PNH Detecting PNH clone  Detecting PNH clone

clone in neutrophils  in monocytes in neutrophils
and monocytes

Fluorochrome KrO PB APC750 PC5.5 APC Alexa488

Clone J33 80H5 22 ALB9 RMO52 NA

Titration 5uL 10 pL 5uL 5uL 3uL 5puL

Vendor Beckman Beckman Beckman Beckman Beckman Coulter, USA Cedarlane, Victoria,
Coulter, Coulter, USA Coulter, USA Coulter, USA BC, Canada
USA

FLAER (excluding the GPIl-anchored markers CD24 and CD14). 2.3 | Statistical methods

The details of monoclonal antibodies used in this study, as shown
in Table 1.

2.2 | Sample processing and acquisition

Two to three milliliter of EDTA anticoagulated venous PB sample
was collected in lavender-topped vacutainers (Becton Dickinson,
CA, USA) and the samples were processed within 24 h of collec-
tion. Pre-titrated antibody cocktails were used. A volume of
100 pL sample was taken (more in cytopenic patients) and pro-
cessed using lyse-wash-stain-wash technique. RBCs were lysed
using an ammonium chloride-based lysing agent (containing ethy-
lenediamine tetraacetic acid—0.037 g, NH4CI—8.26 g, KHCO3;—1 g
in 1000 mL de-ionized water, pH 7.2-7.4) as described previ-
ously.2>32 After appropriate washing with phosphate-buffered
saline containing 0.1% bovine serum albumin, the cell suspension
was incubated with pre-titrated FLAER and fluorochrome-conjugated
cocktail monoclonal antibodies in two separate tubes, that is, rou-
tine panel tube and FLAER-only panel tube, as mentioned in
Table 1. After final washing, the samples were run (within 30 min)
on Navios EX flow cytometer (Beckman Coulter, Inc., USA). Atleast
100 000 neutrophils and 20 000 monocytes were acquired for
assessment of PNH clone on neutrophils and monocytes, respec-
tively. Cytopenic samples were run until exhausted and maximum
possible events were acquired. Analysis was performed using
Kaluza software (v2.1) (Beckman Coulter, Inc., USA). Ten normal
controls were studied for the determination of background event
levels. A fresh PNH sample under serial dilutions of 1:10, 1:100,
1:1000, 1:10 000, and 1:100 000 (vol:vol) with a normal blood sam-
ple was stained with both the panels for determination of assay
sensitivity. PNH clone was reported with a cluster of at least
30 neutrophil events and at least 15 monocyte events in the
FLAER-negative (and CD14/CD24 negative-in routine panel) quad-
rant. As per the current terminology, a more appropriate term,

“neutrophils,” has been used over “granulocytes.”

Descriptive analysis has been presented as median and range. The Gauss-
ian distribution of data was checked using the Shapiro-Wilk test. For nor-
mally distributed datasets, paired Student's t-test was used to compare
two groups, while the Mann-Whitney U test was performed for non-
normally distributed data. Pearson correlation analysis was performed in
FLAER, CD24, and CD14 markers. All statistical tests we used in this
study were two-tailed, with a significance level of p < 0.05 (represented
as *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001). All the statistical

analyses were performed using licensed GraphPad Prism (v9.2).

3 | RESULTS

3.1 | Patient cohort and demographic
characteristics

A total of 209 patients were included in the study. Of 209 patients
tested, in 161/209 (77.03%) patients, two tubes (Routine and FLAER
only) were run in parallel. The PNH clone was determined in both
tubes separately. In 47/209 (22.4%) patients, only the routine tube
was run where the PNH clone was determined in the same tube using
CD24 versus FLAER, CD14 versus FLAER combination (equivalent to
the routine panel), and FLAER only-histograms or FLAER versus nega-
tive channel (equivalent to FLAER only panel).

The mean age of the patients was 46 years (22-75 years), and
that of the controls was 50 (25-69 years). There was no significant
difference in the mean age between the two groups. The male: female

ratio amongst the patient groups was 1.8:1.

3.2 | Background PNH phenotypes in normal
controls (N = 10)

We analyzed 10 normal controls to determine the background event

rate using both “routine panel” and “FLAER-only panel.” Among these
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normal samples, using the “FLAER-only panel”, a mean of 535 424
neutrophil events were collected (range 129 129-977 404) and a
mean of 55 902 monocyte events were collected (range 26 958-
107 602). The background event rate in neutrophils was a mean of
0.5 events (range 0-2) and for monocytes were 0. Further, using the
“routine panel,” a mean of 638 068 neutrophil events were collected
(range 135 831-1 052 271) and a mean of 68 029 monocyte events
were collected (range 39 216-124 031). The background event rate

TABLE 2 Assay sensitivities of FLAER-only and routine panel
determined using spiking experiment.

Sample dilution Neutrophil assay Monocyte assay

FLAER-only panel assay sensitivity

in neutrophils was a mean of 1.2 events (range 0-3) and for mono-
cytes was 0.1 (0-1).

3.3 | Assay sensitivities of “FLAER-only panel”
and “routine panel”

A fresh sample positive for a major PNH clone (~98.12% granulocyte
PNH clone and ~98.74% monocyte PNH clone size) was serially
spiked 1:10 to 1:100 000 with a normal sample using published strat-
egies (Available as Supporting Information).2” The lower limit of quan-
tification (LLOQ) and limit of detection (LOD) were determined
(Table 2). The LLOQ and LOD for neutrophils using the FLAER-only
panel was 0.007 and 0.002, for monocytes was 0.24 and 0.02, respec-

1:10 4.96 14.53 tively. The LLOQ and LOD for neutrophils using the routine panel was
1:100 0.46 1.63 0.009 and 0.001, for monocytes was 0.19 and 0.02, respectively.
1:1000 0.05 0.24
1:10 000 0.007 0.029
1:100 000 0.002 0.006 3.4 | Comparison of results of both the
Routine panel assay sensitivity panels (N = 209)
1:10 6.06 15.743
. . o
1100 0.59 1637 A PNH clone was found in 42/209 patients (20.1%) by both the
panels tested. The PNH clone range for neutrophils was 0.01%-
1:1000 0.063 0.19 _ )
89.68%, and for monocyte was 0.01%-96.09% in the routine panel.
1:10 000 0.009 0.02 . .
The range in the proposed panel for neutrophils was 0.01%-89.61%,
1:100 000 0.001 0.004 and for monocyte, it was 0.01%-96.05%. The gating strategy using
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FIGURE 1

(A-F) Flow cytometric dot plots from the “routine tube.” (A) The continuous events are gated on SSC versus TIME plot, and these

are further gated on (B) FS PEAK versus FS INT for doublet discrimination. (C) The gated singlet events are plotted SS INT versus FSC INT for
exclusion of cellular debris. (D) The CD45 plot for WBC distribution is subsequently studied on (E) SSC versus CD15 plot for gating of
neutrophils. (F) The neutrophils are plotted on CD24 versus FLAER. FLAER—/CD24— (double negative) population constitute the PNH neutrophil
clone (9.02% of all gated neutrophils). (G) Similarly, the monocytes are gated on an SSC versus CDé4 plot. (H) The PNH monocytes are FLAER—/
CD14— (double negative) events (15.27% of all gated monocytes).
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FIGURE 2 Flow cytometric dot plots from the “FLAER only” tube. The gating strategy is similar to that described in Figure 1, except plots F

and H. As CD24 and CD14 are excluded in the FLAER only tube, FLAER is plotted against empty fluorochrome channels. FLAER histograms are
an alternative, however, the strategy mentioned above was more appropriate.
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FIGURE 3 Pearson correlation statistics of results of both the tubes (“routine tube” has been labeled as FLAER+CD24 and FLAER+CD14,
and “FLAER-only tube” as GRAN+FLAER and MONO+FLAER). The left image shows correlation between the PNH results of neutrophils and the

right image is of the monocytes.

both panels is shown in Figures 1 and 2. There was a significant corre-
lation between the size of the PNH clone of neutrophils and mono-
cytes among the two panels (neutrophils r = 0.9999, 95% confidence
interval = 0.9999 = 1.000, p < 0.0001; monocytes r = 0.9974, 95%
confidence interval = 0.9966-0.9980, p < 0.0001). Figure 3 shows
the correlation statistics between the panels on neutrophils and
monocytes. Also, on paired test analysis, there was no statistical dif-
ference between the two tubes for identifying PNH (neutrophils

p = 0.62, monocytes p = 0.21).

4 | DISCUSSION

Flow cytometric PNH clone identification relies on the expression of
GPI-linked markers on blood cell types. While monoclonal antibodies
directed against various GPI-linked anchor proteins are commonly
used, FLAER is a particularly useful reagent that binds to the GPI
anchor itself. The addition of FLAER increased the sensitivity and
accuracy of the PNH assay.»?22326:29:33 \We had previously compared
the non-FLAER based versus FLAER-based PNH clone detection rate
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and found an increased sensitivity of the flow-based FLAER approach
for picking up minor PNH clones in patients with aplastic anemia.>?

FLAER is highly specific to bind to the GPI anchor itself, enabling a
more accurate assessment of the PNH clone. It lacks deficiencies asso-
ciated with the monoclonal antibodies, and the available literature does
not cite any direct disadvantage of FLAER in the evaluation of PNH
clones compared to monoclonal antibodies. There are some advantages
in the proposed FLAER-only tube apart from achieving high sensitivity
equivalent to the routine panel. It is known that increasing the number
of fluorochrome-labeled antibodies in a panel increases the complexity
of an assay with high chances of non-specific binding, cell aggregation,
and florescent spillover to the adjacent filters leading to difficulties in
assay standardization and validation.3*3> Lesser antibodies in the
FLAER-only tube may overcome these challenges, simplifying the assay.
In addition, there is a reduction in the cost of testing for the laboratory,
with at least a 20 USD difference in using a FLAER-only panel versus
the routine panel in our settings. In a centrally funded, government-
subsidized facility like ours, adopting this approach results in an annual
cost savings of around 10 000 USD (500 tests/year). It is important to
note that private laboratories may experience even greater cost savings
when implementing this strategy. Further, we identified internal con-
trols using both panels, as internal controls can ensure appropriate
instrument voltage and compensation settings. Lymphocytes are not a
suitable target for the quantification of PNH clones as they are long-
lived. However, they serve as good internal controls.?? In the case of a
routine panel, while testing the lymphocytes on FLAER versus CD24
combination, the presence of FLAER-+/CD24-+ B-cells verifies that both
the reagents were added, NK- and T-cell subsets can be identified,
which are FLAER+/CD24—. Similarly, in the FLAER-only tube, FLAER+
lymphocytes can serve as an internal control.

The current and previous consensus group recommendations and
guidelines require testing for at-least two GPI-linked structures on at
least two or more blood cell lineages.?427?? These recommendations
can be traced to the pre-FLAER era, where moAbs were primarily
used for PNH diagnosis.2*?%2! The use of moAbs has always been a
concern as no single antibody was optimal for testing a GPIl-anchor
defect on all cell lineages.?2 FLAER is superior to moAbs as the bind-
ing of FLAER significantly represents the expression of GPIl-anchor
much more than moAbs.?2 The use of FLAER-only as a stand-alone
reagent and completely abandoning GPI-markers other than FLAER
for testing of PNH has already been suggested.'®

The use of a FLAER-only panel has a few restrictions. The distinc-
tion of Type Il, Type lll, and normal populations of neutrophils and
monocytes using FLAER alone histograms or dot plots might not be
easier due to challenges in setting up precise gates. While dual-
parameter dot plots perform better in distinguishing these popula-
tions, it might still be challenging.%° The current assay exhibits certain
limitations, which are consistent across both the “routine panel” and
“FLAER-only panel” strategies. These limitations, although present, do
not impact the conclusions of our study but warrant acknowledgment.
The practical guidelines and ICCS consensus recommendations advo-
cate the stain-lyse-wash technique, with lysing agents containing fixa-

tives being preferred due to their ability to minimize continuous

neutrophil degranulation and interference in the assay.2”?? In our lab-
oratory, we have successfully employed the lyse-wash-stain-wash
technique using an ammonium-chloride-based lysing agent without
fixative, yielding positive results.?>32 Also, the antibody-fluorochrome
combination employed in this study deviates from the recommended
international consensus guidelines. It is suggested to consider con-
ducting a subsequent study with antibodies that adheres to the
consensus panel's recommendations.

In the present study, we have demonstrated an excellent correla-
tion between the routine and FLAER-only panels for the identification
of PNH clones in clinical samples. Although the approach based on two
GPI-linked marker analyses per blood cell lineage is recommended to
increase the robustness and accuracy of the PNH assay, we have dem-
onstrated that FLAER as a single reagent is sufficient for the assessment
of PNH clone on two cell lineages simultaneously. FLAER, as a standa-
lone marker, in our experience, is specific and sensitive for the identifi-
cation of PNH clones in neutrophils and monocytes. The proposed
“FLAER-only” panel is efficient and cost-effective for highly sensitive
PNH testing, especially in resource-limited settings. The study is a pilot
work for establishing the hypothesis, and multi-centric studies with rig-
orously standardized approaches must be performed for successful

implementation in clinical practice.

AUTHOR CONTRIBUTIONS

Praveen Sharma, Man Updesh Singh Sachdeva: Conceptualization.
Suneel Rachagiri, Arun Kumar, Jasbir Kaur, Parveen Bose: Methodol-
ogy. Praveen Sharma, Parveen Bose, Dikshat Gopal Gupta, Nabhajit
Mallik: Formal analysis and investigation. Praveen Sharma: Writing—
original draft preparation. Man Updesh Singh Sachdeva, Neelam
Varma, Pankaj Malhotra: Writing—review and editing.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

ORCID

Praveen Sharma = https://orcid.org/0000-0002-2980-8914
Nabhaijit Mallik "= https://orcid.org/0000-0003-0791-9426
Dikshat Gopal Gupta "= https://orcid.org/0000-0002-9449-7585

Suneel Rachagiri ' https://orcid.org/0000-0003-0116-2290

Neelam Varma "> https://orcid.org/0000-0002-1170-5976

REFERENCES

1. Sutherland DR, Kuek N, Davidson J, et al. Diagnosing PNH with
FLAER and multiparameter flow cytometry. Cytometry B Clin Cytom.
2007;72:167-177.

2. Takeda J, Miyata T, Kawagoe K, et al. Deficiency of the GPI anchor
caused by a somatic mutation of the PIG-A gene in paroxysmal noc-
turnal hemoglobinuria. Cell. 1993;73:703-711.

3. Hillmen P, Lewis SM, Bessler M, Luzzatto L, Dacie JV. Natural history of
paroxysmal nocturnal hemoglobinuria. N Engl J Med. 1995;333:1253-1258.

85U8017 SUOWLLOD 8AIea1D) 8|qed!|dde au) Ag peuenob ae sspie YO ‘@SN J0Ss|ni 1o} ArIq1T8UIUO A8|IM UO (SUORIPUOD-PUR-SLLBYWI0D™AB | 1M Atelq Ul |UO//SA1IL) SUOTIPUOD Pue SWIB 1 84} 88S *[7202/80/90] U0 Akeid18ul|uO A8|IM ‘UoIeessy 7 UOIoNp3 [eoIpa N JO aininsu| atenpelbisod Aq €TzyT UINTTTT OT/I0p/L00 A3 |1m A eiq iUl |uoy/sdny Woiy papeolumod ‘Z ‘v20Z ‘XESSTSLT


https://orcid.org/0000-0002-2980-8914
https://orcid.org/0000-0002-2980-8914
https://orcid.org/0000-0003-0791-9426
https://orcid.org/0000-0003-0791-9426
https://orcid.org/0000-0002-9449-7585
https://orcid.org/0000-0002-9449-7585
https://orcid.org/0000-0003-0116-2290
https://orcid.org/0000-0003-0116-2290
https://orcid.org/0000-0002-1170-5976
https://orcid.org/0000-0002-1170-5976

SHARMA ET AL

International Journal of

WILEY_| ¥

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bessler M, Mason PJ, Hillmen P, et al. Paroxysmal nocturnal haemo-
globinuria (PNH) is caused by somatic mutations in the PIG-A gene.
EMBO J. 1994;13:110-117.

Nafa K, Bessler M, Castro-Malaspina H, Jhanwar S, Luzzatto L. The
spectrum of somatic mutations in the PIG-A gene in paroxysmal noc-
turnal hemoglobinuria includes large deletions and small duplications.
Blood Cells Mol Dis. 1998;24:370-384.

Nicholson-Weller A, March JP, Rosenfeld Sl, Austen KF. Affected
erythrocytes of patients with paroxysmal nocturnal hemoglobinuria
are deficient in the complement regulatory protein, decay accelerating
factor. Proc Natl Acad Sci U S A. 1983;80:5066-5070.

Holguin MH, Fredrick LR, Bernshaw NJ, Wilcox LA, Parker CJ. Isola-
tion and characterization of a membrane protein from normal human
erythrocytes that inhibits reactive lysis of the erythrocytes of parox-
ysmal nocturnal hemoglobinuria. J Clin Invest. 1989;84:7-17.

Crosby WH. Paroxysmal nocturnal hemoglobinuria; a classic descrip-
tion by Paul Striibling in 1882, and a bibliography of the disease.
Blood. 1951;6:270-284.

Hill A, Richards SJ, Hillmen P. Recent developments in the under-
standing and management of paroxysmal nocturnal haemoglobinuria.
Br J Haematol. 2007;137:181-192.

Rotoli B, Luzzatto L. Paroxysmal nocturnal haemoglobinuria. Baillieres
Clin Haematol. 1989;2:113-138.

Risitano AM, Rotoli B. Paroxysmal nocturnal hemoglobinuria: patho-
physiology, natural history and treatment options in the era of biolog-
ical agents. Biol Targets Ther. 2008;2:205-222.

Kinoshita T, Medof ME, Silber R, Nussenzweig V. Distribution of
decay-accelerating factor in the peripheral blood of normal individuals
and patients with paroxysmal nocturnal hemoglobinuria. J Exp Med.
1985;162:75-92.

Nicholson-Weller A, Spicer DB, Austen KF. Deficiency of the comple-
ment regulatory protein, “decay-accelerating factor,” on membranes
of granulocytes, monocytes, and platelets in paroxysmal nocturnal
hemoglobinuria. N Engl J Med. 1985;312:1091-1097.

van der Schoot CE, Huizinga TW, van't Veer-Korthof ET, Wijmans R,
Pinkster J, 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.

Zhang Y, Ding J, Gu H, et al. Diagnosis of paroxysmal nocturnal
hemoglobinuria with flowcytometry panels including CD157: data
from the real world. Cytometry B Clin Cytom. 2020;98:193-202.
Battiwalla M, Hepgur M, Pan D, et al. Multiparameter flow cytometry
for the diagnosis and monitoring of small GPI-deficient cellular popu-
lations. Cytometry B Clin Cytom. 2010;78:348-356.

Sutherland DR, Acton E, Keeney M, Davis BH, lllingworth A. Use of
CD157 in FLAER-based assays for high-sensitivity PNH granulocyte
and PNH monocyte detection. Cytometry B Clin Cytom. 2014;86:44-55.
Blaha J, Schwarz K, Fischer C, et al. The monoclonal anti-CD157 anti-
body clone SY11B5, used for high sensitivity detection of PNH clones
on WBCs, fails to detect a common polymorphic variant encoded by
BST-1. Cytometry B Clin Cytom. 2018;94:652-659.

Sutherland DR, Musani R. Blaha J et al. The monoclonal anti-CD157
antibody clone SY11B5, used for high sensitivity detection of PNH
clones on WBCs, fails to detect a common polymorphic variant
encoded by BST-1. Cytometry B Clin Cytom 2019;96:16-18.

Schubert J, Alvarado M, Uciechowski P, et al. Diagnosis of paroxysmal
nocturnal haemoglobinuria using immunophenotyping of peripheral
blood cells. Br J Haematol. 1991;79:487-492.

Hall SE, Rosse WF. The use of monoclonal antibodies and flow cyto-
metry in the diagnosis of paroxysmal nocturnal hemoglobinuria.
Blood. 1996;87:5332-5340.

Brodsky RA, Mukhina GL, Li S, et al. Improved detection and charac-
terization of paroxysmal nocturnal hemoglobinuria using fluorescent
aerolysin. Am J Clin Pathol. 2000;114:459-466.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Laboratory Hematology

Brodsky RA, Mukhina GL, Nelson KL, Lawrence TS, Jones RJ,
Buckley JT. Resistance of paroxysmal nocturnal hemoglobinuria cells
to the glycosylphosphatidylinositol-binding toxin aerolysin. Blood.
1999;93:1749-1756.

Rahman K, Gupta R, Yadav G, Husein N, Singh MK, Nityanand S.
Fluorescent aerolysin (FLAER)-based paroxysmal nocturnal hemoglo-
binuria (PNH) screening: a single center experience from India. Int J
Lab Hematol. 2017;39:261-271.

Sreedharanunni S, Sachdeva MUS, Bose P, Varma N, Bansal D,
Trehan A. Frequency of paroxysmal nocturnal hemoglobinuria clones
by multiparametric flow cytometry in pediatric aplastic anemia
patients of Indian ethnic origin. Pediatr Blood Cancer. 2016;63:93-97.
Borowitz MJ, Craig FE, Digiuseppe JA, et al. Guidelines for the diag-
nosis and monitoring of paroxysmal nocturnal hemoglobinuria and
related disorders by flow cytometry. Cytometry B Clin Cytom. 2010;
78:211-230.

Sutherland DR, Keeney M, lllingworth A. Practical guidelines for the
high-sensitivity detection and monitoring of paroxysmal nocturnal
hemoglobinuria clones by flow cytometry. Cytometry B Clin Cytom.
2012;82:195-208.

Dezern AE, Borowitz MJ. ICCS/ESCCA consensus guidelines to
detect GPI-deficient cells in paroxysmal nocturnal hemoglobinuria
(PNH) and related disorders part 1: clinical utility. Cytometry B Clin
Cytom. 2018;94:16-22.

Sutherland DR, lllingworth A, Marinov |, et al. ICCS/ESCCA consensus
guidelines to detect GPI-deficient cells in paroxysmal nocturnal
hemoglobinuria (PNH) and related disorders part 2: reagent selection
and assay optimization for high-sensitivity testing. Cytometry B Clin
Cytom. 2018;94:23-48.

lllingworth A, Marinov |, Sutherland DR, Wagner-Ballon O,
DelVecchio L. ICCS/ESCCA consensus guidelines to detect GPI-
deficient cells in paroxysmal nocturnal hemoglobinuria (PNH) and
related disorders part 3—data analysis, reporting and case studies.
Cytometry B Clin Cytom. 2018;94:49-66.

Oldaker T, Whitby L, Saber M, Holden J, Wallace PK, Litwin V. ICC-
S/ESCCA consensus guidelines to detect GPI-deficient cells in paroxys-
mal nocturnal hemoglobinuria (PNH) and related disorders part 4—assay
validation and quality assurance. Cytometry B Clin Cytom. 2018;94:67-81.
Sachdeva MUS, Varma N, Chandra D, Bose P, Malhotra P, Varma S.
Multiparameter FLAER-based flow cytometry for screening of parox-
ysmal nocturnal hemoglobinuria enhances detection rates in patients
with aplastic anemia. Ann Hematol. 2015;94:721-728.

Manivannan P, Tyagi S, Pati HP, Saxena R. FLAER based assay
according to newer guidelines increases sensitivity of PNH clone
detection. Indian J Hematol Blood Transfus. 2020;36:526-534.
Ferrer-Font L, Small SJ, Lewer B, et al. Panel optimization for high-
dimensional immunophenotyping assays using full-Spectrum flow
cytometry. Curr Protoc. 2021;1:222.

Cossarizza A, Chang HD, Radbruch A, et al. Guidelines for the use of
flow cytometry and cell sorting in immunological studies. Eur J Immu-
nol. 2019;49:1457-1973.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Sharma P, Bose P, Mallik N, et al. FLAER
as a standalone reagent for paroxysmal nocturnal hemoglobinuria:
Do we need to reconsider the guidelines for testing? Int J Lab
Hematol. 2024;46(2):383-389. doi:10.1111/ijlh.14213

85U8017 SUOWLLOD 8AIea1D) 8|qed!|dde au) Ag peuenob ae sspie YO ‘@SN J0Ss|ni 1o} ArIq1T8UIUO A8|IM UO (SUORIPUOD-PUR-SLLBYWI0D™AB | 1M Atelq Ul |UO//SA1IL) SUOTIPUOD Pue SWIB 1 84} 88S *[7202/80/90] U0 Akeid18ul|uO A8|IM ‘UoIeessy 7 UOIoNp3 [eoIpa N JO aininsu| atenpelbisod Aq €TzyT UINTTTT OT/I0p/L00 A3 |1m A eiq iUl |uoy/sdny Woiy papeolumod ‘Z ‘v20Z ‘XESSTSLT


info:doi/10.1111/ijlh.14213

	FLAER as a standalone reagent for paroxysmal nocturnal hemoglobinuria: Do we need to reconsider the guidelines for testing?
	1  INTRODUCTION
	2  PATIENTS AND METHODS
	2.1  Monoclonal antibody (mAB) panels for the detection of PNH
	2.2  Sample processing and acquisition
	2.3  Statistical methods

	3  RESULTS
	3.1  Patient cohort and demographic characteristics
	3.2  Background PNH phenotypes in normal controls (N=10)
	3.3  Assay sensitivities of ``FLAER-only panel´´ and ``routine panel´´
	3.4  Comparison of results of both the panels (N=209)

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


