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Background
The presence of paroxysmal nocturnal hemoglobinuria clones in the setting of aplastic ane-
mia or myelodysplastic syndrome has been shown to have prognostic and therapeutic impli-
cations. However, the status of paroxysmal nocturnal hemoglobinuria clones in various cat-
egories of myelodysplastic syndrome and in other bone marrow disorders is not well-stud-
ied.

Design and Methods
By using multiparameter flow cytometry immunophenotypic analysis with antibodies spe-
cific for four glycosylphosphatidylinositol-anchored proteins (CD55, CD59, CD16, CD66b)
and performing an aerolysin lysis confirmatory test in representative cases, we assessed the
paroxysmal nocturnal hemoglobinuria-phenotype granulocytes in 110 patients with
myelodysplastic syndrome, 15 with myelodysplastic/myeloproliferative disease, 5 with
idiopathic myelofibrosis and 6 with acute myeloid leukemia. 

Results
Paroxysmal nocturnal hemoglobinuria-phenotype granulocytes were detected in nine
patients with low grade myelodysplastic syndrome who showed clinicopathological fea-
tures of bone marrow failure, similar to aplastic anemia. All paroxysmal nocturnal hemoglo-
binuria-positive cases demonstrated loss of the four glycosylphosphatidylinositol-anchored
proteins, with CD16–CD66b– clones being larger than those of CD55–CD59– (p<0.05).
Altered glycosylphosphatidylinositol-anchored protein expression secondary to granulocyt-
ic hypogranulation, immaturity, and/or immunophenotypic abnormalities was present in a
substantial number of cases and diagnostically challenging. 

Conclusions
These results show that routine screening for paroxysmal nocturnal hemoglobinuria clones
in patients with an intrinsic bone marrow disease who show no clinical evidence of hemol-
ysis has an appreciable yield in patients with low grade myelodysplastic syndromes. The
recognition of diagnostic caveats and pitfalls associated with the underlying intrinsic bone
marrow disease is essential in interpreting paroxysmal nocturnal hemoglobinuria testing cor-
rectly. In our experience, the CD16/CD66b antibody combination is superior to
CD55/CD59 in screening for subclinical paroxysmal nocturnal hemoglobinuria because it
detects a large clone size and is less subject to analytical interference. 

Key words: paroxysmal nocturnal hemoglobinuria, myelodysplastic syndrome, glyco-
sylphosphatidylinositol-anchored proteins, flow cytometry immunophenotyping, aerolysin.
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Introduction

Classic paroxysmal nocturnal hemoglobinuria (PNH)
is an acquired hemolytic anemia characterized by an
increased number of cells with deficiency of glycosyl-
phosphatidylinositol (GPI)-anchored membrane pro-
teins as a result hematopoietic progenitor cells with a
phosphatidlyinositol glycan complementation group A
(PIG-A) gene mutation.1 A small population of blood
cells deficient in GPI-anchored proteins can be present
in patients with bone marrow failure who show no
clinical or laboratory signs of hemolysis.2,3 The pres-
ence of such small populations of cells deficient in GPI-
anchored proteins in the setting of aplastic anemia or
myelodysplastic syndromes (MDS) has been shown to
have important prognostic and therapeutic implica-
tions,4-7 and the International PNH Group8 has, there-
fore, defined the association of PNH clones in aplastic
anemia and MDS as subclinical PNH.

In classic PNH, CD55 and CD59 are the most rele-
vant GPI-anchored proteins, since their deficiency leads
to an increased sensitivity of PNH red cells to comple-
ment-mediated intravascular hemolysis.1,9 In subclinical
PNH, however, even in the presence of a somatic muta-
tion of the PIG-A gene in some of the hematopoietic
stem cells and their progeny,10,11 the intrinsic abnormal-
ity is not conferred to the PIG-A-mutated cells, but rep-
resents a clonal expansion of PNH-phenotype cells
related to immune-mediated destruction of stem cells12

or a growth advantage in an unfavorable bone marrow
microenvironment.13 In screening for PNH clones in
subclinical PNH granulocytes are the preferred cell pop-
ulation for analysis because of their short half life and
less interference from prior red-cell transfusions.5,8,14-16

In addition to CD55 and CD59, CD16, CD24, and/
CD66b have also been found to be useful in analyzing
granulocytes.6,17,18

Clinical studies of subclinical PNH in association
with MDS have been conducted predominantly on
patients diagnosed as having refractory anemia (RA)
according to the French-British-American (FAB) classifi-
cation of MDS. The presence of PNH clones in differ-
ent categories of MDS has only been reported in a lim-
ited number of studies,5,19,20 and the conclusions have
been contradictory. Iwanaga et al.20 and Wang et al.5

found that cells with a PNH-phenotype (PNH+) were
only present in patients with RA (according to the FAB
definition), but not in patients with other subtypes of
MDS. Wang et al.5 also found that the RA patients with
a detectable PNH+ clone had a more indolent clinical
course as compared with PNH-negative RA patients. In
contrast, Kaiafa et al.19 recently reported that PNH+ cells
were significantly more pronounced in high-grade
MDS, such as refractory anemia with excess blasts
(RAEB), RAEB in transformation (RAEB-t) and chronic
myelomonocytic anemia (CMML). They concluded
that the presence of a higher level of PNH+ cells in MDS
predicted a poor clinical outcome. 

In this study, we assessed the presence of PNH+ gran-
ulocytes in 136 patients diagnosed with various cate-
gories of MDS and related bone marrow intrinsic disor-

ders by using a highly sensitive flow cytometry (FCM)
immunophenotyping assay to test for the expression of
multiple GPI-anchored proteins and by performing an
aerolysin lysis confirmatory test in representative
cases. We describe the clinicopathological characteris-
tics of the subclinical PNH cases as well as the diagnos-
tic caveats and pitfalls in screening for PNH clones in
patients with MDS and other bone marrow disorders.

Design and Methods

Patients and samples
Peripheral blood samples were collected over a 1-year

period (December 2005 to December 2006) from
patients who were referred to UMass Memorial Medical
Center because of a recent diagnosis or differential diag-
nosis of MDS. The PNH test was requested by treating
clinicians according to their clinical protocols. None of
the patients had been previously treated with cytotoxic
or other experimental drugs. All patients included in this
study had a bone marrow aspirate and biopsy per-
formed at UMass at the same time as the PNH tests
were performed. The bone marrow samples were sub-
mitted for morphological evaluation, FCM immunophe-
notyping and cytogenetic analysis. Peripheral blood
smears were obtained from all cases for review. All MDS
patients enrolled at UMass were treated by the same
group of hematologists. The treatment modalities
included transfusion of blood products, administration
of growth factors, administration of Food and Drug
Administration (FDA)-approved drugs for MDS, such as
azacitidine, decitabine, lenalidomide, and experimental
protocols using a variety of agents such as thalidomide,
arsenic trioxide, lintizumab, and tipifarnib. Immune sup-
pressive therapy, such as antithymocyte globulin and
cyclosporine, was not included in the protocols. 

Peripheral blood samples obtained from 30 healthy
adult donors were also analyzed for test validation, and
one healthy control was included in each test run. 

Morphological evaluation and disease classification
Morphological evaluation was performed independent-

ly by at least two hematopathologists in accordance with
WHO criteria.21 For each individual case, routine hema-
toxylin and eosin stained histological sections of bone
marrow biopsy and clot specimens and well-prepared
Wright-Giemsa-stained aspirate smears were evaluated,
and a differential count of 500 bone marrow nucleated
cells was performed based on aspirate smears. Perls’ reac-
tion for iron was performed on bone marrow aspirates
and a silver impregnation stain for reticulin was per-
formed on the bone marrow biopsy samples, if necessary.
To define morphological dysplasia strictly, the features of
dyserythropoiesis, dysgranulopoiesis and dysmegakary-
opoiesis had to be present in at least 10% of cells of the
respective lineage. The diagnosis of acute myeloid
leukemia (AML) was made based on a blast count of
greater or equal than 20% in the bone marrow and/or
peripheral blood. Peripheral blood smears were reviewed
in all cases and a manual differential count of 200 cells
was performed when immature cells were present. 
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Four-color flow cytometric immunophenotypic
analysis

For all specimens, four-color FCM was performed on
Coulter FC-500 instruments with all antibodies purchased
from Beckman Coulter (BC) (Hialeah, FL, USA). Red
blood cells were lysed with buffered ammonium chloride
and the remaining cells were washed once with phos-
phate-buffered saline-bovine serum albumin (PBS-BSA)-
azide, and re-suspended to the desired cell concentration
in PBS-BSA. One hundred microliters of the cell suspen-
sion (5×105 to 1×106 cells) were then incubated with
appropriate amounts of titrated antibodies for 15 min at
room temperature in the dark, washed once with PBS-
BSA-azide, and resuspended in 0.1% paraformaldehyde.
The instrument alignments, sensitivities, and spectral
compensation were verified daily by standards, calibra-
tors, procedural controls and normal peripheral blood
samples prior to processing the patients’ samples. 

Bone marrow samples
Bone marrow aspirate samples were analyzed using

antibody panels designed to diagnose MDS and related
bone marrow intrinsic diseases and to rule out a lympho-
proliferative process, as published previously.22 In brief,
the bone marrow samples were analyzed for aberrant
antigenic expression or altered expression in blasts, differ-
entiating myeloid cells and monocytes according to our
previously published protocol and analytic approaches.22

The FCM results were correlated with the morphological
and cytogenetic findings to render a final diagnosis and
disease classification. In cases of AML, expression of
myeloperoxidase, Tdt, cytoplasmic CD22, and cytoplas-
mic CD3 was assessed. None of the cases included in this
study showed monoclonal B cells or abnormal T cells
indicative of a lymphoproliferative process. 

Paroxysmal nocturnal hemoglobinuria assay
Peripheral blood granulocytes were the primary cell

population chosen for the detection of cells with a
PNH+ phenotype. The combinations of monoclonal
antibodies used were as follows: FITC-CD59(clone
P282E)/PE-CD55(clone JS11KSC2.3) /ECD-CD45/PC5-
CD15 (clone 80H5); and FITC-CD66b(clone 80H3)/PE-
CD16 (clone 3G8)/ECD-CD45/PC5-CD15(clone 80H5).
It should be noted that, CD16 (3G8) reacts to both
FcgammaRIII A and B isoforms. 

A total of 100,000 granulocytes were collected. The
gating strategy is shown in Figure 1A. In brief, the gran-
ulocytes were initially identified on the basis of the
CD45/SSC plot (Figure 1A-left), further defined by
CD15/SSC (Figure 1A-middle) followed by FSC/SSC
(Figure 1A-right). The granulocytes from the three com-
bined analysis regions (G, Gr and U) were examined for
CD55/CD59 and CD16/CD66b expression. Thirtyadult
healthy donor blood samples were also analyzed simi-
larly. PNH+ cells were defined by a loss of CD55/CD59
(Figure 1B-left) and/or CD16/CD66b (Figure 1B-right).
For this study we required at least ten cells in a cluster
to define a positive clone. The sensivity of the FCM
assay was, therefore, 0.01%. 

Aerolysin assay 
Aerolysin, a toxin produced by Aeromonas hydrophilia

which induces cell death by binding to GPI-anchored
proteins in the cell membrane, is a product of pre-
aerolysin (Protox Biotech, Victoria, Canada) after
trypsin digestion.23 To verify the PNH+ cells detected by
FCM, peripheral blood samples were incubated with
pre-aerolysin (10-8 M) for 1 hour at 37°C after lysing ery-
throcytes with ammonium chloride. Following incuba-
tion cells were washed, centrifuged, resuspended in
PBS-BSA and stained for antibodies to GPI-anchored

Flow cytometry in subclinical PNH

haematologica | 2009; 94(1) | 31 |

Figure 1. Flow cytometry analysis (FCM) of granulocytes with a
paroxysmal nocturnal hemoglobinuria (PNH)+ phenotype.
Granulocytes were initially identified on the basis of CD45/SSC
plot (A-left), further defined by CD15/SSC (A-middle) followed by
FSC/SSC (A-right). The granulocytes from the three combined
analysis regions (G, Gr and U) were examined for CD55/CD59 (B-
left) and CD16/CD66b (B-right) expression. The PNH FCM assay
was repeated on the same blood sample after 1 h of incubation
with pre-aerolysin at 37°C: PNH+ granulocytes were resistant to
aerolysin lysis while the non-PNH granulocytes were nearly all
lysed (C-left and right). 
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proteins following the same PNH FCM testing protocol.
Live cells were separated from dead cells by SSC/CD45,
SSC/CD15 and SSC/FSC gating. True PNH+ cells are
resistant to aerolysin lysis because of their lack of GPI-
anchored proteins (Figure 1C-left and -right).

Cytogenetic analysis
Conventional cytogenetic analysis was performed by

G-banding on all bone marrow aspirate specimens cul-
tured overnight and for 24 hours. At least 20 or all avail-
able metaphases were analyzed. The criteria defined by
the International System for Human Cytogenetic
Nomenclature were used for the identification and
reporting of clonal abnormalities. 

Statistical analysis
The Mann-Whitney test was used for numerical com-

parisons between two groups. Survival data were calcu-
lated using the Kaplan-Meier method. The follow-up
time was calculated from the time of diagnosis until
death or the patients’ last visit. Data were considered
statistically significant when the p value was lower or
equal than 0.05 in a two-tailed t test.

Results

Patients’ characteristics and disease categorization 
During 1-year period, FCM PNH analysis was per-

formed on peripheral blood samples collected from a total
of 136 patients with a clinically suspected diagnosis of
MDS. The patients’ clinical and cytogenetic data accord-
ing to disease classification are shown in Table 1. The final
diagnosis of the 136 patients was MDS (n=110),
myelodyspastic/myeloproliferative disease (MDS/MPD)
(n=15), chronic idiopathic myelofibrosis (CIMF) (n=5), and

AML (n=6). None of the MDS patients had a prior history
of chemotherapy or radiation treatment and they were all
considered to have primary MDS. Seventy-four MDS
patients (67%) had lower than 5% bone marrow blasts
and were classified as having low-grade disease; 26
patients had greater or equal than 5% blasts and were
classified as having RAEB (13 RAEB-1 and 13 RAEB-2).
The MDS/MPD group included five cases of CMML (4
CMML-1 and 1 CMML-2), three cases of atypical chronic
myelogenous leukemia (CML), one RARS with marked
thrombocytosis, and six cases of MDS/MPD-unclassifi-
able. Five CIMF and six AML patients were also tested for
PNH because of a clinical differential diagnosis of MDS.
Four of the AML cases were considered as AML with mul-
tilineage dysplasia, possibly evolved from a pre-exisiting
MDS, one was a case of erythroleukemia, and one was a
case of AML with differentiation. The AML patients
showed 23 to 81% blasts in the bone marrow and one
patient had blasts in the peripheral blood. 

Detection of cells with a paroxysmal nocturnal 
hemoglobinuria phenotype

None of the peripheral blood samples obtained from 30
healthy donors showed ten cells in a cluster that was dou-
ble-negative for CD55/CD59 or CD16/CD66b cells by the
FCM assay, and all of these donors were, therefore, con-
sidered to be negative for PNH-cells. PNH+ granulocytes
were detected in nine patients, all of whom had low-grade
MDS with less than 5% blasts; these PNH+ cases com-
prised 1/5 (20%) patients with 5q- syndrome, 6/17 (35%)
patients with RA, and 2/37 (5%) patients with refractory
cytopenia with multilineage dysplasia (RCMD) (Table 2).
All nine cases demonstrated loss of all four GPI-anchored
protein antigens. The mean proportions of PNH+ granulo-
cytes were 0.19% (range, 0.02-0.77%) according to
CD15+CD55–CD59– clustering (Figure 1B-left) and 0.64%

Table 1. Patients’ clinicopathological characteristics and disease categorization.
Diagnosis Patients Sex Median Abnormal PNH Median Median Alive/

(n) male/ age cytogenetics1 clone overall survival follow-up dead
female (years) (%) (n) (months) (months) (n)

5q- syndrome 5 1:4 68.0 100 1 NR 19.0 4/1
RA 17 13:4 63.0 29.4 6 NR 18.7 15/2
RCMD 37 20:17 68.0 44.1 2 NR 19.4 24/13
RARS 9 5:5 66.0 22.2 0 NR 20.4 8/1
RCMD-RS 6 4:2 69.0 16.7 0 NR 18.9 6/0
RAEB-1 13 7:6 68.0 66.7 0 NR 16.8 7/6
RAEB-2 13 8:5 71.0 54.0 0 15.5 14.8 5/8
MDS-U 10 5:5 66.5 40.0 0 NR 17.0 8/2
CIMF 5 3:2 74.0 40.0 0 NR 16.2 3/2
CMML2 5 3:2 68.0 40.0 0 17.0 16.6 2/3
Other MDS/MPD3 10 6:4 70.0 70.0 0 NR 16.2 7/3
AML 6 4:2 69.0 60.0 0 5.5 5.2 2/4
Total 136 77:59 68.0 45.0 9 NR 19.0 91/45

RA: refractory anemia; RCMD: refractory anemia with multilineage dysplasia; RARS: refractory anemia with ringed sideroblasts; RAEB: refractory anemia with excess blasts;
MDS-U: myelodysplastic syndrome,unclassifiable; CMML: chronic myelomonocytic leukemia; MPD: myeloproliferative syndrome; AML: acute myeloid leukemia; NR: not
reached; 1Cytogenetic analysis was not available in four MDS cases (three RCMD and one RAEB-1) and one case of AML; 2CMML cases include four cases of CMML-1 and
one case of CMML-2; 3Other MDS/MPD besides CMML cases were three cases of atypical chronic myelogenous leukemia,one RARS with marked thrombocytosis, and six
MDS/MPD,unclassifiable.
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(range, 0.03-1.44%) according to CD15+CD16–CD66b–

clustering (Figure 1B-right). The percentage of PNH+ gran-
ulocytes detected by CD16–CD66b– was significantly
higher than that detected by CD55–CD59– (p=0.025).
Peripheral blood specimens obtained from cases 7, 8, and
9 (Table 2) were incubated with preaerolysin, and the
PNH+ cells, identified either as CD15+CD55–CD59– or
CD15+CD16–CD66b– cells, showed resistance to aerolysin
lysis (Figure1-C-left and C-right), and were proven to be
true PNH+ cells. 

None of the other cases, including those with refracto-
ry anemia with ringed-sideroblasts (RARS), RCMD-RS,
RAEB-1, RAEB-2, MDS/MPD, CIMF and AML, showed
the presence of an authentic PNH+ clone as defined by
either CD15+CD55–CD59– or CD15+CD16–CD66b– clus-
tering (Table 1). 

Clinicopathological characteristics of myelodysplastic
syndromes patients with a positive paroxysmal 
nocturnal hemoglobinuria clone in comparison with
those of myelodysplastic syndromes patients without
a paroxysmal nocturnal hemoglobinuria clone

PNH+ clones were identified exclusively in patients
with low-grade MDS (blasts lower than 5%). The
detailed clinicopathological features are listed in Table
2. None of these patients showed clinical or laboratory
evidence of clinical hemolysis. None of the patients
progressed to develop AML during a median follow-up
of 19 months. Immunosuppressive therapy was not
included in the MDS treatment protocol at our institu-
tion. Only one patient (Table 2, patient 7) received
antithymocyte globulin and rituximab (anti-CD20) late
in the course of disease but died of gastrointestinal
bleeding 1 week after initiating treatment. We could
not, therefore, compare a possible different response to
immunosuppressants between PNH+ and PNH– MDS
patients in our cohort. 

We compared the clinical data and patients’ demo-

graphic information of the PNH+ cases to those of their
appropriate counterparts, the MDS cases with lower
than 5% blasts and without PNH+ cells (Table 3).
Demographically, both groups of patients were of com-
parable age and demonstrated a slight male predomi-
nance. Clinically, the hematologic indices, including
absolute neutrophil count, platelet count, mean corpus-
cular volume and reticulocyte count, showed no statis-
tically significant differences between these two groups.
However, the disease classification differed (p=0.009).
The PNH+ MDS patients comprised 35% of the cases of
RA, 5% of RCMD and 20% of 5q- syndrome, but none
of the cases of RARS, RCMD-RS or MDS-U.
Furthermore, the PNH+ MDS patients demonstrated a
significantly lower bone marrow cellularity (mean 37%
vs. 59%, p=0.017), and a lower number of bone marrow
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Table 2. The clinicopathological characteristics of patients with positive PNH-phenotype cells.
Patients Age/Sex Diagnosis BM cellularity Reticulocyte Dysplasia Cytogenetics Antigen loss 

(%) count, (%) Gr Mega (PNH clone), (%)1

(%) (%) CD55/CD59 CD66b/CD16

1 70/F RCMD 10 3.2 <10 25 N/A 0.1 1.4
2 82/M RA 20 1.2 <10 <10 46,XY 0.77 0.49
3 79/M RA 30 3.3 <10 <10 46,XY 0.10 0.22

4 86/M 5q- syndrome 50 2.4 15 35 46,XY, 0.11 0.6
del(5)(q15q33)
[13]/46,XY[7]

5 53/M RA 55 6.2 <10 <10 46,XY 0.07 0.44

6 44/M RA 50 3.9 <10 <10 46,XY, 0.23 0.70
der(18)t(15;18)

(q13;p11.2)[17]/46,XY[3]
72 74/M RA 30 2.8 <10 <10 46,XY 0.24 1.44
82 33/M RA 30 2.1 <10 <10 46,XY 0.1 0.40
92 61/F RCMD 60 2.1 18 30 46,XX 0.02 0.03

BM: bone marrow; Gr: granulocytes; Mega: megakaryocytes. 1PNH clone size detected by CD16–CD66b– is larger than that detected by CD55–CD59–(p=0.024); 2cases confirmed by pre-
aerolysin incubation.

Table 3. Clinical and laboratory comparison of patients with low grade
myelodysplastic syndrome with or without a PNH clone.
Patient PNH+ PNH– p

(n=9) (n=65)

Male:female 7:2 39:36 0.174
Age, mean (years) 65 (33-82) 66 (23-100) 0.716
Hemoglobin, mean (g/dL) 11.2 (7-13.2) 10.7 (7.3-14.8) 0.450
ANC, mean (×109/L) 1.9 (1.1-8.3) 2.7 (0.3-14.6) 0.360
Platelets, mean (×109/L) 125 (14-330) 180 (6-349) 0.299
MCV, mean (fL) 94.5 (82.3-114.6) 101.8 (63.5-118.2) 0.152
Reticulocytes, mean (%) 3.0 (1.2-3.9) 2.2 (0.2-7.7) 0.143
BM cellularity, mean (%) 37 (10-60) 59 (5-100) 0.017
BM blasts, median (%) 0.7 (0-1) 1.5 (0-4.8) 0.039
Abnormal cytogenetics (%) 22 44 0.292
AML transformation 0 4 1.000
OS, median (months) NR NR

ANC: absolute neutrophil count; MCV: median corpuscular volume; BM: bone marrow; AML:
acute myeloid leukemia; OS: overall survival; NR: not reached.©Fer
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blasts (mean 0.7% vs. 1.5%, p=0.039). Cytogenetic
abnormalities were detected in 2/9 patients (22%) in the
PNH+ group and in 28/64 (44%) PNH– MDS patients
(p=0.292, not significant probably due to the small sam-
ple size). With a median follow-up of 19 months, 2/9
(22%) patients with PNH+ MDS and 9/65 (14%) patients
with PNH– MDS had died, and the median survivals of
each group had not been reached. 

GPI-anchored protein alteration related to the
underlying intrinsic bone marrow diseases: 
the diagnostic pitfalls and caveats
Difficulty in separating granulocytes from monocytes

Decreased SSC of granulocytes (hypogranulation) or
decreased CD45 expression of monocytes or both were
observed in 32/136 (24%) cases, resulting in significant
overlap between granulocytes and monocytes on the
CD45/SSC plot (Figure 2A3). Decreased CD15 expres-
sion on granulocytes was seen in 34/136 (25%) patients,
while increased CD15 expression on monocytes was
observed in 41/136 (30%) cases. As a result, it became
difficult to separate granulocytes from monocytes even
by using a three-step gating strategy including
CD45/SSC, CD15/SSC, and FS/SSC (Figure 2A3 and
2A4). We observed a CD15+CD16–CD66b– cell popula-
tion (Figure 2A2) in nine (7%) cases, which showed a
CD16 expression level differing from that of true PNH+

cells (compare Figure 1B-right and Figure 2A2). CD59 sin-
gle antigen loss/low expression (mean: 0.67%; range,
0.13% to 2.34%) without concomitant CD55 or
CD16/CD66b loss (Figure 2A1) was observed in nine
patients (7%), in whom the altered CD59 expression
was not observed in red blood cells (data not shown). In
some cases, the CD59 low/negative cells were traced

Table 4. CD55 and CD59 alterations and their relationship to immature cells
present in the peripheral blood.
Case Diagnosis Percent loss1 Immature cells in the

CD55 CD59 peripheral blood
(%) (%)

1 RCMD 0.35 2% metamyelocytes; 1% myelocytes
2 RCMD 3.76 0.24 2% metamyelocytes, 1% myelocytes
3 RCMD 1.51 0.13 1% metamyelocytes, 1%, myelocyte
4 RCMD 0.71 1% myelocytes
5 RCMD 0.73 0.39 3% metamyelocytes, 1% myelocytes 
6 RCMD 0.10 0.23 No immature cells
7 RCMD 2.34 No immature cells
8 RAEB-1 0.41 0.79 No immature cells
92 RAEB-1 9.97 8% metamyelocytes, 1% myelocytes, 

1% promyelocytes, 1% blasts
102 RAEB-1 1.02 No immature cells
11 RAEB-2 2.47 6% metamyelocytes, 9% myelocytes, 

6% blasts
12 MDS/MPD-U 0.55 No immature cells
13 CMML-1 1.82 0.30 1% myelocytes, 2% metamyelocytes 

and 2% nucleated red cells
14 CMML-2 0.59 0.30 3% metamyelocytes, 1% myelocytes 

and 6% nucleated red blood cells
152 CIMF 12.29 5% metamyelocytes, 6% myelocytes
16 CIMF 5.00 2% metamyelocytes, 1% myelocytes, 

1% blasts 
17 AML 4.02 50% blasts, 2% metamyelocytes, 

3% myelocytes
18 AML 2.13 1% myelocytes and 2% metamyelocytes

1CD55- and CD59 negative/low alterations were present in different cell populations.
2Cases were confirmed by susceptibility to aerolysin lysis.

Figure 2. Examples of immunophenotypic alter-
ations associated with the underlying bone marrow
disease: diagnostic pitfalls and caveats. Case 10-
refractory anemia with excess blasts-1: 1.02%
CD59 negative (A1) and 2.03% CD16-
negative/CD66b-negative (A2) cells were detected,
which were back-traced to the monocyte region on
the CD45/SSC plot (A3) and showed a low level of
CD15 expression (A4). Case 15-chronic idiopathic
myelofibrosis: 12.29% CD55 low/negative cells
were detected (B1) which were CD16 low (B2) and
CD45 low (B3), corresponding to myeloid cells of
intermediate maturation. In all cases illustrated
above, the granulocytes were susceptible to
aerolysin lysis and were not true PNH+ cells (C1 and
C2). 
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back to the junction of monocytes and granulocytes
(Figure 2A3). These CD15+CD16–CD66b– cells and
CD15+CD59– cells were susceptible to aerolysin lysis (a
total of six cases tested); the results are presented in
Table 4 (cases 9, 10, and 15) and (Figure 2C1 and 2C2).
Decreased CD16 and/or an increased CD66b expres-
sion on granulocytes was observed in 18 (13%) and 11
(8%) cases, respectively; these cells did not, however,
form a distinct CD16–CD66b– population (Figure 2B2). 

Alteration of GPI-anchored protein expression 
is related to myeloid immaturity

Peripheral blood smears from 61 of the 136 (44.9%)
patients showed the presence of immature myeloid
forms (metamyelocytes, myelocytes, promyelocytes,
blasts) (Table 4). On FCM analysis, CD55 loss/low
expression (mean 2.90%; range, 0.10% to 12.29%)
without concomitant CD59 and/or CD16/CD66b loss
was observed in 16 (12%) patients, 14 (88%) of whom
had immature myeloid cells in the peripheral blood
(Table 4). The presence of CD55– cells detected by FCM
was significantly correlated with the presence of imma-
ture myeloid cells (p<0.0001). Furthermore, we demon-
strated that CD55 low/negative granulocytes were
CD16 low (Figure 2B1) and CD45 low (Figure 2B3) fur-
ther indicating immaturity. These CD55– cells were also
susceptible to aerolysin lysis (Figure 2C1). It is notewor-
thy that the detection of CD59 low/negative cells did
not correlate with the presence of peripheral immature
myeloid cells (p=0.73).

Discussion

In this study, we utilized a highly sensitive FCM
assay to assess for PNH clones in 136 patients with
various bone marrow diseases, including MDS
(n=110), MDS/MPD (n=15), CIMF (n=5) and AML
(n=6). We compared the clinicopathological character-
istics of PNH+ cases with their PNH-negative counter-
parts. We compared the sensitivity and specificity of
CD15+CD55–CD59– and CD15+CD16–CD66b– in detect-
ing cells with a PNH phenotype. We also illustrated in
detail the diagnostic caveats and pitfalls in screening for
PNH clones in the setting of an intrinsic bone marrow
disease. 

We detected a PNH+ clone in nine patients who repre-
sented 8% of the 110 MDS cases and 12% (9/75) of the
MDS cases with lower than 5% blasts. The PNH+ MDS
cases comprised six patients with RA, two with RCMD
and one with 5q- syndrome. As compared to PNH-neg-
ative MDS cases with lower than 5% blasts, the PNH+

MDS cases showed a different distribution of WHO
MDS classification in that most of the cases were RA
and there were no cases of RARS, RCMD-RS, or MDS-
U. These results are in agreement with those reported
by Iwanaga et al. and Wang et al.5,20 who found that
PNH+ clones were present exclusively in RA patients.
Although in these earlier studies RA defined by FAB cri-
teria probably included several different WHO cate-
gories, Wang et al.5 reported significantly less granulo-
cytic dysplasia in their PNH+ MDS patients. In addition,

we also observed that the bone marrow cellularity and
blast percentage in PNH+ MDS patients were signifi-
cantly lower than those in the PNH-negative MDS
patients. With a median follow-up of 19 months, two
patients had died as a result of bone marrow failure, and
none of the patients had undergone AML transforma-
tion. The above findings indicate that the presence of
PNH+ cells in MDS patients may not be related to the
preleukemic nature of MDS, but more to bone marrow
failure, similar to aplastic anemia. It is known that in
some cases of moderate aplastic anemia, the distribu-
tion of the bone marrow hematopoietic elements may
be heterogeneous, and a biopsy taken from residual
hematopoietic nests can reveal a normal or even a
hypercellular bone marrow.24 Nakao et al.25 considered
most of these PNH+ RA cases as moderate aplastic ane-
mia misclassified as MDS because of normocellularity
or hypercellularity. In our series, the six PNH+ MDS
cases showed only erythroid dysplasia that may have
been a non-specific/secondary alteration. However,
three patients did show morphological dysplasia
beyond the erythroid lineage. One of these cases had
the 5q- syndrome, a well-defined MDS entity.
Therefore, although we acknowledge some similarity
between PNH+ MDS and aplastic anemia, our findings
also indicate the existence of a real association between
a PNH clone and MDS. 

In this study we utilized four GPI-anchored proteins,
CD55, CD59, CD16 and CD66b, to screen for granulo-
cytes with a PNH phenotype. While the combination of
CD55/CD59 has been used most frequently by oth-
ers,5,15,19,20 the combination of CD16/CD66b was also
shown by Dunn et al.6 to effectively identify patients
with subclinical PNH (aplastic anemia and RA) with a
better response to immunosuppressive therapy. In our
study, although the combinations of CD15 with
CD55/CD59 and CD15 with CD66b/CD16 were both
effective in detecting PNH+ granulocytes, CD16/CD66b
detected a larger and more distinctive PNH+ granulocyt-
ic population, with the added advantage of clearly sep-
arating neutrophils from eosinophils.

It is well known that in MDS bone marrow, myeloid
cells frequently show an altered immunophenotype,
and the detection of these immunophenotypic aberran-
cies by FCM has been utilized in both the diagnosis and
risk stratification of MDS.22,26-28 It is also known that the
peripheral blood of MDS patients often contains
hypogranular neutrophils and/or immature myeloid
cells. Although the immunophenotypic aberrancies in
myeloid cells may be less pronounced in the peripheral
blood than in the bone marrow, Cheiran et al.29,30 were
able to demonstrate significant immunophenotypic
alterations in MDS peripheral blood granulocytes, as
compared to healthy controls. In our study, we
observed a number of changes related to the underlying
intrinsic bone marrow diseases, which could produce
potential pitfalls and necessitate caveats when screening
patients with subclinical PNH. First, we show that the
altered SSC characteristics of the hypogranular neu-
trophils and decreased CD45 expression of immature
monocytes can lead to significant overlap between
granulocytes and monocytes on the CD45/SSC plot.

Flow cytometry in subclinical PNH
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This problem may be further complicated by decreased
CD15 expression on granulocytes and substantially
increased CD15 expression on mononcytes, an alter-
ation often observed in MDS bone marrow cells.22

Although our stringent three-step gating strategy
showed greater utility in separating granulocytes from
monocytes as compared to the CD15/SSC and FSC/SSC
two-step gating recommended by others,8 in some cases,
especially the cases with severe granulocytic dysplasia
and/or CMML, a small number of monocytes were
inseparable from granulocytes and were included in the
granulocyte gate. Monocytes have a CD16–CD66b–

immunophenotype and can be mistaken for cells with a
PNH+ phenotype. We observed, however, that these
monocytes showed a different level of expression of
CD16, and could be differentiated from PNH+ cells by
FCM back-tracking and confirmed by aerolysin lysis
(performed, in our study, in a total of six cases). Another
potential problem with granulocyte analysis is the pres-
ence of immature myeloid forms in MDS or other intrin-
sic bone marrow diseases. It has been shown that the
expression of GPI-anchored proteins varies throughout
neutrophil and monocyte maturation.17,31,32 The level of
CD55 expression is low in early myeloid precursors until
the intermediate stages of maturation, and increases in
bands and granulocytes. The expression of CD16 is
detectable on metamyelocytes, reaching highest levels
on bands/mature neutrophils. Conversely, the expres-
sion of CD66b reaches its highest level on myelocytes,
but decreases thereafter with maturation. We observed
that CD55 loss/low expression alone was significantly
correlated with immature myeloid cells in the peripher-
al blood, confirmed by FCM back-tracking and these
cells’ susceptibility to aerolysin lysis (cases 9 and 15).
Decreased CD16 and increased CD66b expression was
also observed in a substantial number of cases, similar to
that described by Cherian et al.30 Because of the paradox-
ical alterations of CD16 and CD66b expression levels,
the CD16–CD66b– combination did not cause diagnostic
difficulties and, instead, showed its advantage over
CD55/CD59 in such a setting. We also observed some
cells with CD59 single antigen loss/low expression in
the granulocyte gate that were susceptible to aerolysin
lysis (case 10). The presence of cells with CD59 loss/low
expression was not related to immature myeloid cells in
the peripheral blood, a finding in keeping with the
observation by Hernandez-Campo et al. that there is no
significant change in CD59 expression throughout
myeloid maturation.31 We back-traced the cells with
CD59 loss/low expression and found, at least in some
cases, that these cells clustered in the junction between
monocytes and granulocytes (Figure 2A3). It is notewor-
thy that monocytes often exhibit significantly dimmer
expression of CD59 than granulocytes,17 and the expres-

sion level decreases further with monocyte immaturity.
Although the nature of these cells with CD59 loss/low
expression needs further investigation, especially to rule
out an isolated inherited deficiency, in at least some
cases, we speculate that these cells likely represent
immature/dysplastic monocytes, which are difficult to
separate from granulocytes in the cases with marked
granulocytic dysplasia or increased immature mono-
cytes. Kaiafa et al. found that PNH+ cells, defined by
either CD55– or CD59–, were more prominent in CMML
or RAEB in their series19 and concluded that the detec-
tion of large numbers of PNH+ cells was associated with
a poor prognosis. Although the observation that signifi-
cant alterations of CD55 or CD59 may be linked to a
poor prognosis in MDS/CMML is an interesting finding,
it is also possible that the dysplastic/immaturity-related
findings were misinterpreted as PNH+ cells. Laboratories
performing PNH testing in the setting of an intrinsic
bone marrow disease must be aware of these issues. The
development of the GPI anchor protein-specific reagent
fluorescent aerolysin (FLAER)33 is promising, as it is
reportedly less influenced by the maturation-dependent
levels of expression of some of the individual GPI-linked
antigens; however, its clinical validity in detecting sub-
clinical PNH needs to be studied and verified. 

In summary, subclinical PNH in association with
MDS and other bone marrow diseases is infrequent. In
this study, subclinical PNH cases were identified exclu-
sively in the low-grade MDS category (but not includ-
ing RARS or RCMD-RS), with many features of a bone
marrow failure similar to that of aplastic anemia.
Alterations of GPI-anchored proteins can be associated
with granulocytic/monocytic dysplasia and immaturity,
and should not be misinterpreted as cells with a true
PNH phenotype. We agree with the recommendation of
the International PNH Group that screening for subclin-
ical PNH requires quantification of at least two GPI-
anchored proteins. Laboratories that perform PNH test-
ing in MDS patients should be cognizant of the diagnos-
tic pitfalls and caveats associated with dysplasia and
immaturity in granulocytes and monocytes to ensure
diagnostic accuracy. 
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