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6.1  Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) is 
a nonmalignant, clonal hematopoietic stem cell 
disorder, which is characterized by features of 
hemolysis, thrombosis, and bone marrow (BM) 
failure. The genetic mechanism behind PNH is a 
somatic mutation in a gene known as phosphati-
dylinositol glycan class A (PIGA), present on 
chromosome “X.” PIGA gene is required for the 
synthesis of glycosylphosphatidylinositol (GPI), 
the anchor through which many proteins are 
attached to the cell membrane. These proteins are 
collectively known as GPI-anchored proteins 
(GPI-APs) [1, 2]. Among these GPI-APs are 
CD55 and CD59, the two important complement 
regulatory proteins. Absence of these leads to 
complement-mediated red blood cell lysis, one of 
the characteristic features of PNH [3, 4]. The 
term “PNH,” however, appears imprecise as only 
a fraction of patients presents with hemoglobin-
uria, which is also not always nocturnal.

It is a well-known fact that BM failure syn-
drome, especially aplastic anemia (AA), has a 
frequent association of PNH. A fair proportion of 
AA patients, as high as 70%, have been found to 

harbor a PNH clone, depending upon the sensi-
tivity of the screening method used [5]. The clone 
size in these patients is usually much smaller as 
compared to those seen in classic PNH patients 
[6, 7]. However, a proportion of these patients 
may exhibit the clonal expansion and can prog-
ress to clinical hemolytic PNH. Hence, a careful 
screening to detect the presence of PNH clone in 
these cases is of utmost importance. The drug 
eculizumab, a humanized monoclonal antibody 
which inhibits the action of complement C5, has 
been a boon for PNH patient. Before its advent, a 
fair proportion of patients (~35%) used to die 
within 5 years of diagnosis even with the admin-
istration of the best available treatment option 
[8]. This drug significantly reduces the symptoms 
associated with PNH and the transfusion require-
ment of these patients. It has been shown to 
improve the life expectancy as well as the quality 
of life of PNH patient. Eculizumab (Soliris, 
Alexion Pharmaceuticals) is one of the costliest 
drugs of the world, and this fact again under-
scores the utility of an accurate clone size estima-
tion [PNH clone in MDS and other diseases need 
to be also included here].

Presence of PNH clones in myelodysplastic 
syndrome is also a well-established fact. With a 
stringent flow cytometry-based screening, about 
35% of refractory anemia can show the presence 
of PNH clone, and there can be a clonal expan-
sion of PNH in the cases with MDS.  It has 
now  been well established that PNH is more 
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 frequently noted in MDS patients who present 
with BM failure. These patients with an associ-
ated PNH clone are less likely to transform into 
leukemia and have a better prognosis [9–11].

There are also reports of finding a PNH clone 
in JAK2-mutated myeloproliferative neoplasm 
[12]. However, their exact significance as well as 
follow-up of the clone sizes is largely unknown.

6.2  Historical Perspective of PNH

Some of the landmark developments related to 
PNH are summarized as follows:

1882: Paul Strubing from Germany first iden-
tified PNH as an entity, separate from paroxys-
mal cold hemoglobinuria (PCH) and march 
hemoglobinuria. He concluded that sleep played 
an important role in hemolysis. Accumulation of 
lactic acid and carbon dioxide because of slowing 
of the circulation during sleep was reasoned for 
this phenomenon. According to him, normal 
RBCs were resistant to acidic conditions; while, 
the defective RBCs were sensitive and got lysed 
[13].

Early twentieth Century: Marchiafava and 
Micheli got interested in this disease, and PNH got 
its eponym as Marchiafava–Micheli disease [14].

1911: Dutch physician Hijmans van den Berg 
first suggested the role of a plasma factor, now 
known as complement, in hemolysis of PNH 
patients. It was shown that when the RBCs from 
PNH patients were suspended in serum of normal 
subjects or patients’ own serum, they got lysed 
because of the presence of complements in the 
serum [15].

1928: Dutch physician Ennekin first used the 
term “paroxysmal nocturnal hemoglobinuria” [16].

1937: Thomas Hale Ham reported that treat-
ment of PNH patients with sodium bicarbonate 
reduces hemoglobinemia and hemoglobinuria. 
He performed some in vitro tests by acidifying 
the plasma with CO2 or lactic acid and putting the 
patients’ RBCs in it. This test remained one of 
the most common and useful tests for screening 
of PNH. He observed that there was rapid hemo-
lysis when the serum or plasma was acidified. 
This hemolysis could be inhibited by adding 

sodium bicarbonate. An important additional 
information was that the red cells from blood 
group “O” volunteers did not hemolyze when 
resuspended in patients’ serum or plasma. He 
thus concluded that the main defect lied in the red 
cells of these patients, whereas the factor for the 
lysis is present in plasma of all individuals. He 
also noted that the lysis was not noted when the 
acidified serum was heated at 60 degrees and thus 
concluded that a thermolabile factor (comple-
ment) was responsible for the hemolysis [17, 18].

1939: Ham and Dingle published a landmark 
paper titled “Certain immunological aspects of 
the hemolytic mechanisms with special reference 
to serum complement” that had repercussion on 
the PNH research for next five decades [19].

1954: Pillemer identified the properdin system 
(the alternative complement pathway system) 
which was later confirmed to be involved in PNH 
pathogenesis [20].

1963: Dacie identified the phenotypic mosa-
icism in PNH RBC [21].

1966: Rosse developed an assay to test the 
complement sensitivity of PNH RBCs, better 
known as complement lysis sensitivity assay. 
Based on this test, he concluded that PNH mostly 
has a mosaic of two abnormal populations of 
RBC, which were later known as type II and type 
III cells [22].

1969: Aster and Enright demonstrated that 
platelets and neutrophils from PNH patients are 
abnormally sensitive to complement-mediated 
lysis [23]. Hoffmann showed the presence of fac-
tors that inhibited complement-mediated hemo-
lysis in human RBC stroma [24, 25].

1970: Studies by Oni and colleagues indicated 
the monoclonal nature of the complement- 
sensitive erythrocytes [26].

1974: Hoffmann used the name decay acceler-
ating factor (DAF) describing the functional 
property of the substance that enhanced the decay 
rate of classic pathway C3 convertase. This is 
now commonly known as CD55 [27].

1979: Stern and Rosse demonstrated the mosaic 
nature of granulocytes, similar to RBCs [28].

1983: Pangburn et al. demonstrated functional 
as well as immunochemical evidence of DAF 
deficiency in PNH [29].
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1986: It was first hypothesized that on the 
hematopoietic cells of PNH, all the deficient pro-
teins are GPI anchored, and all the GPI-APs are 
deficient in case of PNH [30].

1987: The complex structure of the GPI 
anchor was fully elucidated. It was suggested that 
the expression of the GPI-AP on cell surface 
would require multiple enzymes and cofactors.

I989: Holguin and colleagues reported the iso-
lation membrane inhibitor of reactive lysis from 
the cell surface of normal human RBCs. This sub-
stance is now commonly known as CD59 [31].

1993: Kinoshita and colleagues suggested the 
defect in a common gene in the complementation 
class A.  This gene was named as phosphati-
dylinositol glycan A (PIGA). Due to a defect in 
this gene, PNH cells fail to synthesize 
N-acetylglucosamine phosphatidylinositol [32].

Early 1990s: Flow cytometric detection of 
cells lacking the expression of GPI AP.

2000: Use of fluorescent aerolysin (FLAER) 
for better sensitive detection of PNH clones using 
flow cytometry [33].

2008: Two hit concept in PNH, first hit leading 
to PIGA mutation, the second hit usually an epi-
genetic phenomenon giving survival advantage 
for the proliferation of PNH clones [34].

2010: ICCS guideline for flow cytometry- 
based detection of PNH clones [35].

2012: Practical guidelines for high sensitivity 
analysis and monitoring of PNH clones by flow 
cytometry was published [36].

6.3  Diagnostic Modalities 
for PNH

6.3.1  In Vitro Methods 
Demonstrating Complement- 
Mediated Hemolysis

Introduction of these tests started with the dis-
covery that the lysis of RBC in PNH is dependent 
on a thermolabile serum factor (now known as a 
complement). Increased susceptibility of RBC 
lysis with activated complement could be demon-
strated by a variety of tests like acidified serum 
[18], thrombin [37], cold antibody lysis [38], 

sucrose [39], cobra venom [40], and inulin [41]. 
Acidified serum, cobra venom, and inulin acti-
vate the complement via the alternative pathway; 
whereas cold antibody test and thrombin test acti-
vate the complement via the classic pathway. In 
sucrose lysis tests, the low ionic strength leads to 
nonspecific binding of IgG to the cell surface and 
subsequent activation of complement via classic 
as well as an alternate pathway. Among the 
abovementioned tests, the Hams acidified serum 
lysis and sucrose lysis tests were most commonly 
used. But these have now become obsolete owing 
to their cumbersome nature, low sensitivity, spec-
ificity, and not being quantitative. The classic 
Hams test is negative if <5% type III PNH cells 
are present. Additionally, it may give false posi-
tivity in CDA type II (HEMPAS). Similarly, false 
positivity of sucrose lysis test can be seen in meg-
aloblastic anemia, autoimmune hemolytic ane-
mia, etc. The complement lysis tests developed 
by Rosse and colleagues could give an idea of the 
quantity and type of hemolytic RBCs [42, 43]. 
They showed that PNH was a heterogeneous dis-
ease with three populations of red cells. These 
were cells with normal sensitivity (type I), cells 
of medium sensitivity (type II, which are 3–5 
times more sensitive), and very sensitive cells 
(which are 10–15 times more sensitive than the 
normal cells, type III).

6.3.2  Methods Utilizing 
Hemagglutinition and Gel 
Card System

This method was utilized in the 1980s when anti-
bodies against CD55 (DAF) and CD59 (MIRL) 
were used to see the RBC agglutinition in the 
microcolumns of the gel card. Normal RBCs 
would agglutinate, while the RBCs deficient in 
CD55/CD59 would not agglutinate [44]. The 
commercially available kits have micro typing 
cards containing sephacryl and anti-mouse anti-
body from rabbit within a gel matrix. Erythrocyte 
suspension in low ionic strength buffer is added 
to three microtubes; followed by anti-CD55 anti-
body, anti-CD59 antibody, and a negative con-
trol in these three tubes and labeling them, 
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respectively. The card is centrifuged for 10 min. 
PNH cells lacking CD55 or CD59 epitopes settle 
down at the bottom, whereas normal cells 
expressing CD55 and CD59 clump on top of the 
sephacryl gel. This test is easier to perform com-
pared with complement-based tests. However, 
certain limitations include its poor sensitivity, 
which has been reported as 2–10% of type III 
RBCs, and not being quantitative [45].

6.3.3  Flow Cytometry-Based 
Methods

Flow cytometric methods have been in vogue for 
PNH clone detection since the late 1980s and 
early 1990s. Classically, they utilize fluorescently 
tagged antibodies against the GPI-APs. Numerous 
GPI-APs have been identified in different cell lin-
eages that can be targeted for this purpose 
(Fig.  6.1). Absent expression of these antigens 
(GPI-AP) suggests a diagnosis of PNH.  More 

recently, FLAER has been used, which directly 
binds to the GPI anchor. Use of FLAER has 
markedly increased the sensitivity of flow-based 
assay [46].

6.4  Flow Cytometry-Based  
PNH Testing

Flow cytometric detection of differential expres-
sion of DAF (CD55) on the normal and PNH 
RBCs can be traced back to 1985 [47]. The flow 
cytometric methods for the detection of GPI- 
linked antibody have now become the method of 
choice. Since the clinical manifestation of PNH 
predominantly involved complement-mediated 
hemolysis, all the initial research studies were 
focused on finding the proteins involved it. CD55 
(DAF) was identified first, which was named after 
the functional property of this material to enhance 
the rate at which the activity of a classic pathway 
C3 convertase diminished [25]. Subsequently, it 

Fig. 6.1 GPI-linked protein in different blood cells. Commonly used markers in flow cytometry analysis are high-
lighted in blue
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was realized that DAF cannot be the sole mecha-
nism responsible for all the abnormalities of the 
membrane attack complex (MAC). Hence, search 
for substances which regulated the MAC led to 
the identification of a protein from the surface of 
normal erythrocytes that inhibited reactive lysis of 
PNH erythrocytes [31]. As soon as the deficien-
cies of CD55 and CD59 in PNH were confirmed, 
their absence found using flow cytometry tech-
niques was being used to define a PNH clone. 
Sooner it was noted that a few patients in spite of 
being deficient for CD55 or CD59 did not have 
any manifestation of PNH.  It was subsequently 
realized that these were some familial cases of 
isolated CD55 or CD59 deficiency. Hence, it was 
recommended to use both CD55 and CD59. True 
PNH cases used to be deficient for both these anti-
bodies, in contrast to familial cases where RBC 
was deficient for either CD55 or CD59. The sim-
ple flow cytometric assays using CD55- and 
CD59-based approaches, however, are neither 
sensitive nor accurate, rendering them inadequate 
to detect small clone size which is frequently seen 
in AA and MDS. Hence, development and valida-
tion of standardized methodologies using other 
robust GPI-linked reagents were required.

6.4.1  Specimen Consideration

The preferred and widely accepted sample for the 
flow cytometric testing of PNH is ethylene- 
diamine- tetra-acetic acid (EDTA) anticoagulated 
peripheral blood. However, other anticoagulants 
like heparin and acid citrate dextrose (ACD) can 
also be used. BM is not preferred owing to vari-
able expression of antibodies used for screening 
in different stages of RBC and WBC develop-
ment. However, some of the newer antibodies 
used like FLAER and CD157 do not have a much 
variable expression on different stages of cells.

The sample should be processed preferably 
within 48  h. However, inevitable delay in the 
RBC analysis can be overcome by storing the 
sample in the refrigerator at 4 °C for a period of 
7 days. Long-term storage of RBC can be done 
by freezing the sample in 25% dextrose. For 
WBC screening, sample storage may lead to 

change in scatter properties, ultimately leading to 
difficulty in gating the polymorphs and mono-
cytes. Hence, it is recommended to complete the 
analysis within 48 h.

6.4.2  Cell Lineages to be Screened 
for PNH

Screening of PNH clone and accurate estimation 
of the clone size in red cells is of utmost impor-
tance, as the clone size directly correlates with 
hemolysis and thrombosis, the main clinical 
manifestation of this disease. However, isolated 
testing of RBCs is never recommended because 
of underestimation of exact clone size owing to 
an ongoing hemolysis and subsequent transfu-
sion. Hence, WBC (granulocytes and monocytes) 
screening is recommended with RBC screening 
and a comparison of RBC and WBC clone sizes 
provides useful clinical information. It may be a 
frequent observation to have a PNH clone in 
WBCs without PNH RBC clone. But, the vice 
versa is almost never seen. In our own experience 
of FLAER-based PNH screening in leukocytes, 
almost all the cases with a PNH clone size of less 
than 2% in WBC did not show any PNH RBC 
clone [7]. Screening of lymphocytes is not rec-
ommended owing to their long life as well as 
variable expression of the GPI-linked antigens on 
lymphoid cells.

6.4.3  Analysis of RBC

CD59 is expressed at a more abundant level as 
compared to CD55. Additionally, CD55 does not 
provide a good separation of type II cell popula-
tion. Hence, for the single reagent analysis, CD59 
is preferred over CD55.

One of the important considerations in RBC 
analysis is frequent aggregate formation on the 
addition of antibodies. Hence extra wash steps 
and frequent vortexing/racking are required to 
disaggregate the RBC clumps. It is also recom-
mended to dilute the antibodies to an extent 
which gives sufficient positive signals without 
producing much of RBC clumps. The use of IgM 
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antibody is to be avoided. Strategies which 
include both CD55 and CD59 should be carried 
out after a careful titration of antibodies. 
Antibodies should be diluted, and the lowest con-
centration that gives acceptable positive signals 
should be used.

CD235a (glycophorin A) which is used to gate 
the RBCs in a high sensitivity analysis causes 
significant aggregation of RBC, owing to its very 
high surface density. Aggregation is typically 
higher with the PE conjugates as compared to 
FITC. In general, a much higher dilution of this 
antibody is required for PNH RBC analysis, as 
compared to those used for BM leukemia immu-
nophenotyping. In our practice, the CD235a- 
FITC reagent from BD Biosciences (San Jose, 
CA, USA) is diluted 1:200 times before adding 
10 microliters of the diluted form for gating 
RBC.  It is thus stressed that each laboratory 
should carefully evaluate the optimal dilution of 
antibodies, so that acceptable signals are noted 
with very limited aggregation (Fig. 6.2).

Gating and Analysis: RBCs can be identified 
in a log-scaled FSC vs. SSC scatterplot. When no 
lysis is used, almost all the cells seen in the scat-

terplot are RBCs. The tube should be vortexed 
vigorously before acquisition, in order to disag-
gregate the RBC clumps. Voltage and threshold 
should be adjusted so that the RBCs are seen in 
the center of the scatterplot. For high sensitivity 
analysis, it is recommended to use a gating 
marker (CD235a—glycophorin A). This is done 
to get a pure population of RBCs and exclude the 
platelet clumps, which could falsely get included 
in FSC vs. SSC gate. As mentioned above, add-
ing CD235 may significantly increase the aggre-
gation of RBCs and hence optimum dilution is 
required. Gated RBCs are displayed on the single 
parameter histogram of CD55 or CD59. A nega-
tive control consisting of CD235a-stained RBC is 
only used to identify the expected position of 
type III RBCs. Normal RBCs represent the type I 
cells, while type II cells are represented in area 
between type I and type III cells. Dots plots pro-
vide better representation of small PNH clones, 
which are usually not very well seen with one 
dimensional histogram. RBCs are the easiest tar-
gets for a high sensitivity analysis, especially in 
cases of AA, where getting 2.5 lakh leukocytes 
may be difficult.

Fig. 6.2 Gating of RBCs using CD235. The RBC aggregates are seen as projection of scatter dots at 45° diagonal line. 
On one dimensional histogram of CD59 PE, the RBCs exhibit three populations of RBCs
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6.4.4  Leukocyte Assay

Analyses of neutrophils and monocytes are 
widely used for accessing the clone size. 
However, there are instances where a sufficient 
number of monocytes or neutrophils are difficult 
to acquire. Lymphocytes are not used for screen-
ing purpose owing to their long life as well as 
variable expression of the GPI-linked antigens on 
their surface.

For dealing with leukocytes, getting rid of 
RBCs by lysing them is an important step in cell 
processing. Mostly, the stain-lyse-wash method 
is preferred, where lysis can be performed by any 
commercially available or in-house method that 
does not compromise the scatter properties. For 
screening of leukocytes in cases of pancytopenia 
(AA or myelodysplastic syndrome), it may be 
necessary to prelyse the red cells taking more 
samples. In these situations, especially for high 
sensitivity PNH screening, a bulk lysis with 
500 μL of the sample using formalin-free ammo-
nium chloride-based lysing agent is preferred.

Since the leukocyte screening grew out of the 
experience from RBC staining, earlier CD59 and 
CD55 were the commonly used markers. Slowly, 
the knowledge about other GPI-linked leukocyte 
surface antigens grew, and these were explored 
for PNH testing using flow cytometry. CD66b, 
CD24, and CD16 were commonly used for gran-
ulocytes, while CD14 was commonly used as a 
monocytic marker. CD48 and CD157 were some 
of the other used markers, but their experience 
was limited.

6.5  FLAER as Marker for Both 
Granulocyte and Monocyte

Discovery of FLAER had a great impact on leu-
kocyte screening for PNH. It was noted that the 
binding of aerolysin, a channel-forming toxin 
from bacterium Aeromonas hydrophila, is deter-
mined by the presence of GPI anchors of mem-
brane glycoproteins. Hence, PNH cells which 
were deficient in GPI anchor were not lysed by 
this bacterium. Aerolysin is secreted as an inac-
tive form, pro-aerolysin, activation of which 

requires a proteolytic cleavage of the C-terminal 
peptide [48, 49]. FLAER is a mutant form of 
pro- aerolysin, labeled with a fluorophore Alexa 
Fluor 488. It has the binding property but lacks 
the channel-forming property of active aeroly-
sin. Peripheral blood nucleated cells are able to 
bind to FLAER because they are able to convert 
pro- aerolysin to aerolysin by using proteases 
like furin present on their cell surface. RBCs 
lack these proteases and hence are unable to 
bind [33, 49]. FLAER is manufactured by 
Pinewood Scientific (Vancouver, BC, Canada). 
For some years after its discovery, its wide use 
was limited owing to its lyophilized preparation, 
which was inconvenient to use as well as unsta-
ble. Later, more stable reagents were available. 
Nowadays the liquid form of this reagent is 
available, that has better stability and storage 
requirement comparable to commonly used 
antibodies. However, there are still some coun-
tries where this reagent is not available. 
Screening of PNH clone in leukocytes using 
FLAER is currently the gold standard for flow 
cytometry-based screening (Fig. 6.3).

6.5.1  CD157 as Marker for Both 
Granulocyte and Monocyte

CD157 has been identified as one of the promis-
ing reagents which is expressed on both poly-
morphs and monocytes [50]. CD157 is also 
known as bone marrow stromal cell antigen 1 
(BST 1). It is a single-chain GPI-AP which is 
helpful in pre-B cell growth. It is expressed on B 
cell progenitors, T progenitors, granulocytes, 
monocytes, and some other cells as well. It is 
structurally and functionally similar to CD38.

Sutherland et al. reported the use of CD157 as 
a common PNH marker and demonstrated its 
utility in a two-tube four-color as well as single- 
tube five-color combinations in FLAER-based 
PNH screening [51]. It has been found as a sensi-
tive marker with a low background rate in normal 
sample [52]. CD157-based PNH screening was 
found to be very precise with minimal inter-assay 
and intra-assay variations [52, 53]. It provided a 
better separation between the PNH-negative and 
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PNH-positive populations. Additionally, there 
was a better identification of type II PNH clones 
compared to CD24/CD14-based assay (Fig. 6.4). 
It can be used in a single-tube five-color combi-

nation and can replace the two-tube four-color 
assay, thus leading to reduction in both reagent 
and technical time cost. Replacing the single- 
tube six-color assay will not reduce the cost of 

a b

c d

Fig. 6.3 Screening of PNH clones in leukocytes using flow cytometry. (a) Gating strategy. (b–d) representative scat-
terplots showing detectable PNH clone of variable size

Fig. 6.4 Advantage of CD157 in better distinction of type II and type III clones
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technical time, but will definitely reduce the 
reagent (antibody) cost.

Some of the papers as well as verbal commu-
nication with some of the researchers have shown 
that there are cases which show a subset of granu-
locytes and monocytes population to be negative 
for CD157 but express FLAER.  Hence, these 
were not considered as the true PNH clones. The 
exact reason for this phenomenon has not yet 
been established. But, the phenotypic polymor-
phism has been suggested as one of the probable 
reason. In our own experience, we had one such 
case out of some 200 odd cases that were screened 
using FLAER/CD157 in a single-tube five-color 
combination (Fig.  6.5). Recently, one of the 
papers has highlighted the importance of 
CD157  in a non-FLAER-based screening [54]. 
They confirmed a good performance characteris-
tic and agreement between the FLAER- and non- 
FLAER- based approaches, using CD157. They 
highlighted its importance in a cost-effective 
analysis especially in those areas of the world 
where FLAER is not available. However, taking 
in view the selective absence of CD157 in a pro-
portion of cases, replacement of FLAER does not 
seem to be a wise step at this point of time.

Gating and Analysis: For routine sensitivity 
analysis, FSC vs. SSC or CD45 vs. SSC analysis 
is sufficient for gating granulocytes and mono-
cytes. However, in cases of MDS where the scat-
ter properties are altered, gating the granulocytes 
and separating them from monocytes may be dif-
ficult. Getting a pure population based on CD45 

vs. SSC plot may be difficult for monocytes as 
well, especially if they are in low number. Hence, 
for better delineation and for high sensitivity 
analysis, use of gating markers like CD15 for 
granulocytes and CD33/CD64 for monocytes is 
recommended. CD64 has been found to be a bet-
ter marker as compared to CD33 to get a purer 
population of monocytes [7]. For routine analy-
sis, acquisition of 5000–10,000 gated population 
is sufficient, but for high sensitivity analysis, 
2.5  lakh events are recommended. This may be 
difficult for monocytes especially in cases with 
pancytopenia, and hence a lower number of 
monocytes is acceptable.

6.6  Routine Sensitivity Versus 
High Sensitivity Analysis

A routine sensitivity analysis is one which is suf-
ficient enough for detecting PNH clones at 1% 
level, while high sensitivity analysis should be 
able to detect the clone sizes of 0.01%. For clas-
sic PNH patients, who present with features of 
hemolysis or thrombosis, a routine analysis may 
be sufficient enough to detect the presence of 
PNH clone. However, in patients with AA and 
MDS who usually do not have the clinical fea-
tures of hemolysis, the clone size is small and in 
a majority of patients less than 1%. In these cases, 
a routine sensitivity analysis will miss the PNH 
clone detection in a majority of cases. Identifying 
these minor clones are important as ~25% of 

Fig. 6.5 A proportion of gated polymorphs (shown by 
arrow) showing loss of CD157 expression, but are positive 
for FLAER, indicating them to be normal cells. These 

cells are seen to co-express FLAER and CD16 (another 
PNH marker) at normal level. The true PNH clone is nega-
tive for FLAER, CD157, as well as CD16 (shown in blue)
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these patients may show expansion of clone size 
and may later present with clinical PNH.

For routine analysis, RBCs are gated on log- 
scaled FSC vs. SSC plot. The use of CD235a as a 
gating marker is optional and not mandatory. But 
for high sensitivity analysis, use of CD235a as a 
gating marker for RBCs is mandatory. For gating 
the leukocytes, CD45 vs. side scatter may be suffi-
cient to gate the granulocytes as well as monocytes 
in a routine sensitivity analysis. However, for high 
sensitivity analysis, it is desirable to use a gating 
marker (CD15 for granulocytes and CD33/CD64 
for monocytes); to get a pure population, FLAER 
plus one other informative reagent is mandatory for 
identifying a PNH clone. About 5000–10,000 
gated events may be sufficient for routine sensitiv-
ity analysis, but for high sensitivity analysis, 2.5 
lakhs of gated population is recommended [35].

6.7  Quality Assurance for High 
Sensitivity Analysis

6.7.1 Instrument Setup

As with any other high sensitivity analysis of rare 
events, an optimum instrument setup is required. 
The PMT voltage setup, scatter properties, and 
optimal fluorescence compensation are required. 
PMT voltage is set using unstained cells and 
making them lie on the scale in the negative area. 
It is cross-checked using the bright antibody-flu-
orochrome conjugate, usually CD3, ensuring that 
CD3-positive T cells do not go off scale and 
CD3-negative B cells are properly on the scale in 
the negative region and not crushed against the 
axis. If required, the PMT voltage is lowered 
down to bring the positive signal on the scale. 
Fluorochrome compensations can be set using 
the beads or the cells. If antibody capture beads 
are used, these are stained with the same anti-
body-fluorochrome conjugate which is to be used 
in the panel, except for FLAER, which can be 
replaced by CD3-AF488. Using cells, the com-
pensation can be set up, staining the lymphocytes 
in different tubes with CD3  in different fluoro-
chromes. The compensation can be cross- checked 
by staining the cells using antibody cocktails.

6.7.2  Choosing the Correct Reagent 
Conjugates and Clones

FLAER and CD24/CD157 are the most com-
monly used combination for the screening of 
granulocytes, while FLAER and CD14/CD157 
are the most commonly used combination for 
monocytes [36, 51]. Available literature has some 
recommendations for the reagents and fluoro-
chrome conjugates, which can be used in 4, 5, or 
6 color combinations [35, 55]. These reagents 
and clones have extensively been checked to be 
preferred over other clone and conjugate combi-
nation. These are mentioned in Tables 6.1, 6.2, 
6.3, 6.4, and 6.5 [55]. If some laboratory wants to 
use its own combination, it should be thoroughly 
checked for the proper functioning of these 
reagents.

6.7.3  Frequency of PNH-Positive 
Cells in Normal Samples

At least 10–20 peripheral blood samples from 
healthy volunteers should be subjected to PNH 
testing to determine the background level of 
PNH-positive cells. Studies have shown an aver-
age of 0.0004% PNH-type RBCs, 0.0013% 
PNH-type granulocytes, and 0.0033% PNH-type 
monocytes in normal individuals [36]. If the 
assay is fully optimized, the laboratory cutoff can 
be determined using mean value  +  4  standard 
deviation from these normal samples.

Table 6.1 Recommended red blood cell antibodies and 
clones: Beckman Coulter and Becton Dickinson 
instruments

Antibody 
conjugate Purpose Clone (source)
CD235a- 
FITC

Gating the 
RBCs

YTH89.1 (Cedarlane 
Laboratories)
10F7MN (eBiosciences /
Thermo Fisher Scientific)
KC16 (Beckman Coulter)
JC159 (DAKO, Agilent 
Technologies)

CD59 PE GPI linked 
for RBCs

OV9A2 (eBiosciences)
MEM43 (Invitrogen)
MEM43 (ExBio)
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Table 6.2 Recommended white blood cell antibodies 
and clones: Beckman Coulter

Antibody 
conjugate Purpose Clone (source)
FLAER GPI linked 

(granulocytes and 
monocytes)

NA (Cedarlane 
Lab, Ontario, 
Canada)

CD24 PE GPI linked 
(granulocytes)

SN3 
(eBiosciences, 
Thermo Fisher 
Scientific)
ALB9 (Beckman 
Coulter)

CD24 
APC

GPI linked 
(granulocytes)

SN3 
(eBiosciences)

CD14 PE GPI linked 
(monocytes)

61D3 
(eBiosciences)
RMO52 
(Beckman 
Coulter)
Tuk4 (Invitrogen)

CD14 
APC700

GPI linked 
(monocytes)

RMO52 (BC)

CD157 
PE

GPI linked 
(granulocytes and 
monocytes)

SY11B5 
(eBiosciences)

CD64 
PC5

Gating (monocytes) 22 (Beckman 
Coulter)

CD64 
ECD

Gating (monocytes) 22 (Beckman 
Coulter)

CD64 
PC7

Gating (monocytes) 22 (Beckman 
Coulter)

CD15 
PC5

Gating 
(granulocytes)

80H5 (Beckman 
Coulter)

CD15 
PerCP 
eF710

Gating 
(granulocytes)

MMA 
(eBiosciences)

CD45 
PC7

Leukocyte gating, 
pattern recognition, 
and debris exclusion

J33 (Beckman 
Coulter)

CD45 
KO

Leukocyte gating, 
pattern recognition, 
and debris exclusion

J33 (Beckman 
Coulter)

CD45 
eF450

Leukocyte gating, 
pattern recognition, 
and debris exclusion

2D1 (eBio)

Table 6.3 Recommended white blood cell panel: Beckman Coulter cytometers

AF488 PE ECD PC5 eF710 PC7 APC APCA 700 KrO eF450
4 C Gran FLAER CD24 – CD15 – CD45 – – – –
4 C Mono FLAER CD14 – CD64 – CD45 – – – –
5 C (Gran + Mono) FLAER CD157 CD64 CD15 – CD45 – – – –
6 C (Gran + Mono) FLAER CD24 – CD15 – CD64 – CD14 CD45 –
6 C (Gran + Mono) FLAER CD157 – – CD15 CD64 CD24 – – CD45

Table 6.4 Recommended white blood cell antibodies 
and clone for Becton Dickinson

Antibody 
conjugate Purpose Clone (source)
FLAER GPI linked 

(granulocytes and 
monocytes)

NA (Cedarlane 
Lab, Ontario, 
Canada)

CD24 PE GPI linked 
(granulocytes)

SN3 
(eBiosciences, 
Thermo Fisher 
Scientific)
ML5 (Becton 
Dickinson)

CD24 
APC

GPI linked 
(granulocytes)

SN3 
(eBiosciences)

CD14 PE GPI linked 
(monocytes)

61D3 
(eBiosciences)
MOP9 (Becton 
Dickinson)
Tuk4 (Invitrogen)

CD14 
APC

GPI linked 
(monocytes)

MOP9 (Becton 
Dickinson)

CD157 
PE

GPI linked 
(granulocytes and 
monocytes)

SY11B5 
(eBiosciences)

CD64 
APC

Gating (monocytes) 10.1 (Becton 
Dickinson)
10.1 
(eBiosciences)

CD64 
PC7

Gating (monocytes) 10.1 (Becton 
Dickinson)

CD15 
APC

Gating 
(granulocytes)

HI98 (Becton 
Dickinson)

CD15 
PerCP 
eF710

Gating 
(granulocytes)

MMA 
(eBiosciences)

CD15 
eF450

Gating 
(granulocytes)

MMA 
(eBiosciences)

CD45 
PerCP

Leukocyte gating, 
pattern recognition, 
and debris exclusion

2D1 
(eBiosciences)

CD45 
APCH7

Leukocyte gating, 
pattern recognition, 
and debris exclusion

2D1 (Becton 
Dickinson)

CD45 
eF450

Leukocyte gating, 
pattern recognition, 
and debris exclusion

2D1 
(eBiosciences)
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6.7.4  Sensitivity of the Assay Using 
Dilution/Spiking Experiments

Fresh PNH-positive sample can be diluted in a 
normal peripheral blood sample. A serial tenfold 
dilution yielding 1:10, 1:100, 1:1000, and 
1:10,000 should be tested for the linearity of dilu-
tion and size of PNH clone. It is desirable to get 
100 PNH (FLAER-negative CD14/CD24 or 
CD157-negative) events. However, for higher 
dilutions, 30–50 clustered events or one million 
total gated leukocytes may be acceptable 
(Fig. 6.6).

6.7.5  Inter-Assay and Intra-Assay 
Variability

This can be tested by running the same stained 
tube multiple times (minimum three times) for 
intra-assay variability testing or staining the same 
sample multiple times in separate tubes and ana-
lyzing each tube individually. This should be 
done with samples having a wide range of PNH 
clone size. A higher variation may be observed in 
cases with lower clone sizes as compared to those 
having a higher clone size. Any variation of less 
than 10% is acceptable.

Table 6.5 Recommended white blood cells panel: Becton Dickinson cytometers

AF488 PE PerCP PCPeF710 PC7 APC APCH7 eF450
4 C Gran FLAER CD24 CD45 – – CD15 – –
4 C Mono FLAER CD14 CD45 – – CD64 – –
5 C (Gran + Mono) FLAER CD157 CD45 – – CD64 – CD15
5 C (Gran + Mono) FLAER CD157 – CD15 CD64 CD45
6 C (Gran + Mono) FLAER CD24 CD45 – CD64 CD14 – CD15
6 C (Gran + Mono) FLAER CD24 – CD15 CD64 CD14 CD45
6 C (Gran + Mono) FLAER CD157 – CD15 CD64 CD24 CD45

Fig. 6.6 Spiking experiment done during validation of CD157. A linear relation was noted between the dilution and 
proportion of PNH-positive cells
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6.7.6  External Quality Assurance 
Program

College of American Pathologists in North 
America and the United Kingdom National 
External Quality Assessment Service in Europe 
provide the external quality assurance program. 
The former provides EQA for RBC analysis only 
while the latter is for leukocyte 
 immunophenotyping. It has been demonstrated 
that stabilized whole blood sample is suitable for 
the currently recommended high sensitivity anal-
ysis. It has also been highlighted that using the 
carefully selected conjugates and standardized 
protocol can lead to reduced variation around the 
median even for experienced laboratories [56]. A 
recent study has demonstrated that using same 
standardized four-color assay on fresh samples 
had good precision and reproducibility perfor-
mance. It also had a good correlation and agree-
ment between centers (both novice and 
experienced) for all target PNH clone sizes [57]. 
Whatever be the approach, it is important to have 
continuing education for standardized testing and 
reporting of PNH. Exchange of samples between 
the laboratories is also recommended as one of 
the important steps for standardizing the testing 
of this rare condition.

6.8  Data Interpretation 
and Reporting

Clinical PNH cases, who present with hemoly-
sis, usually have large PNH clone sizes. The 
PNH clone size in AA is usually significantly 
lower in comparison with classic PNH group. 
Routinely, these cases have a clone size of less 
than 10%, with most of them showing a minor 
clone of less than 1%. The clinical significance 
of this small size clone is controversial. But it is 
important to detect PNH clones in AA because 
of three important reasons. (1) Some studies, but 
not all, have shown that AA with the presence of 
PNH clone had a better response to immunosup-
pressive therapy [58–60]. (2) Finding a PNH 

clone virtually rules out other causes of inherited 
BM failure syndrome. Studies have shown that 
none of the cases of AA with PNH clone exhibit 
increased chromosome breakage [7, 46]. (3) A 
fair proportion of these patients may show an 
increase in clone size and progression of these 
subclinical PNH cases to frank clinical hemo-
lytic PNH.  Use of immunosuppressive therapy 
in the form of ATG may also lead to an increase 
in clone size [61].

Some of the cases of AA may have a large 
clone size of more than 50% [7, 46, 61]. 
Interestingly, even in the presence of a large 
clone size, many of these patients do not show 
clinical or laboratory evidence of hemolysis. The 
probable reason for this would be a reduced abso-
lute mass of newly formed RBCs/reticulocytes 
(as a result of marrow hypoplasia in AA), which 
are the most sensitive cells to complement- 
mediated lysis. In contrast, classic PNH cases 
have more of these neocytes (as a result of 
 compensatory erythropoiesis) and thus more fea-
tures of hemolysis.

The PNH clone size of leukocytes is usually 
greater than that of RBCs. This can be explained 
by two mechanisms: one being the complement- 
mediated lysis of RBC and the other being the 
dilution of the PNH-positive RBCs following 
transfusion. However, RBC analysis is useful as 
RBC clone size directly correlates with the clini-
cal features. Additionally, RBC staining is better 
in demonstrating the partial antigen deficiency as 
compared to the granulocytes. There is no spe-
cific cutoff, but cases with more than 20% type 
III RBCs are likely to be symptomatic. Cases 
with large type II and absence of significant type 
III populations show reticulocytosis with ele-
vated LDH levels but less hemolysis [35]. 
Monitoring RBC clone is also important in cases 
with eculizumab therapy, as the drug prevents the 
complement-mediated hemolysis and hence the 
size of RBC clone increases with ongoing 
therapy.

Among the leukocytes, the reliability of neu-
trophils in assessing the clone sizes is better than 
monocytes, owing to the relatively lower number 
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of monocytes that could be acquired and ana-
lyzed. But, for the cases where a sufficient num-
ber of monocytes could be analyzed, the clone 
size of monocytes is usually found to be greater 
than neutrophils [7, 36, 46]. There have been 
reports by some authors documenting that the 
analysis of monocytes and reticulocytes gives the 
best estimation of clone sizes in patients with 
small PNH clone [62].

It is of utmost importance to avoid the term 
negative or positive in the reports to avoid confu-
sion (the cells “Positive” for GPI markers are 
actually “negative” for PNH and vice versa). 
Hence it is better to use the term “PNH clones 
detected” and “no PNH clones detected.” The 
total proportion of abnormal cells (type II + type 
III) should be mentioned for each lineage of cells 
analyzed. For RBCs, it is important to give infor-
mation about the type II clone sizes. The impor-
tance of type II clone size for leukocytes is not 
well understood. Repeat testing is recommended 
for cases of AA. However, there is no requirement 
of repeat testing for the patient with unexplained 
thrombosis or hemolysis, where no PNH clone is 
detected. The small clone size should include a 
language in the report that should make clear that 
this is not the same as a diagnosis of hemolytic 
PNH.  A mention of the antibody cocktail used 
along with the sensitivity of the assay should also 
be incorporated in the report.

For PNH detection using high sensitivity anal-
ysis, where small clones are detected, it is impor-
tant to follow the rule of two. PNH clone should 
be detected in two lineages (RBCs, granulocyte 
or monocytes) using two gating markers for leu-
kocytes (including CD45 and one other, usually 
CD15 for granulocyte and CD33/CD64 for 
monocytes) and two PNH markers (including 
FLAER and one other, usually CD24 for granulo-
cyte and CD14 for monocytes). For RBCs, 
CD235 is the only gating marker and CD59 is the 
only PNH marker. When using separate tubes for 
granulocytes, monocytes, and RBCs, it is recom-
mended that a high sensitivity screening for RBC 
and granulocytes should be done first, followed 
by a high sensitivity monocyte assay for all cases 
which contain PNH RBCs or granulocyte [36]. 
Since we perform a common five-color/six-color 
assays for granulocyte and monocyte, our strat-

egy is to perform high sensitivity screening for 
leukocytes first. This is followed by high sensitiv-
ity screening of RBC for the cases which demon-
strate PNH granulocytes or monocytes.

6.9  Conclusion

PNH is a clonal, non-neoplastic stem cell disorder 
with varied clinical manifestation. Its association 
with AA and MDS has been well established. The 
diagnosis can be established through various tech-
niques, but flow cytometry is the preferred one 
owing to its sensitivity, specificity, and ability to 
accurately provide the clone size. Discovery of 
FLAER has been a major breakthrough, and cur-
rently, FLAER-based flow cytometric analysis is 
the “gold standard” diagnostic modality for 
PNH. CD157 also seems to be a promising reagent 
that can target both granulocyte and monocytes. 
Recent guidelines have been established for the 
diagnosis and monitoring of PNH using flow 
cytometry by International Clinical Cytometry 
Society (ICCS). It was followed by practical 
guidelines for high sensitivity analysis of PNH 
clones, where specific reagent cocktails and 
 analytical strategies were directly addressed. 
Following these guidelines will lead to standard-
ized comparable results across various laborato-
ries. These guidelines do not prevent the 
laboratories from making the modification, but 
these should be extensively validated. Given the 
rarity of this disease and presence of small size 
clones in BM failure (AA and MDS) cases, it is 
important to address all the quality assurance steps 
for improving the detection of PNH clones. Data 
interpretation should be diligently done, with the 
generation of simple but informative reports, 
avoiding the terms that can create confusion.
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