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Abstract Paroxysmal nocturnal hemoglobinuria (PNH) is a
disease with variable presentation, including classical PNH
(cPNH) and PNH with aplastic anemia (AA-PNH). Here, we
describe bone marrow (BM) histology related to clinical
findings in 67 patients with a PNH clone. Patients were
divided in AA-PNH (»=39) and cPNH (n=28) based on
clinical criteria and were compared to 17 AA patients with-
out PNH clone. Median PNH clone size was higher in cPNH
(75 %) than in AA-PNH (10 %) (p<0.0001). BM cellularity
was normal or increased in 65 % of cPNH, while it was
decreased in AA-PNH and AA (95 % and 100 %) (p<
0.0001). Myelopoiesis and megakaryopoiesis were de-
creased in 85 % and 100 % of AA-PNH and 100 % of AA
patients, but also in 86 % and 46 % of cPNH patients, even
when peripheral blood values were normal. The percentage
of CD59-deficient late-stage myeloid cells determined
immunohistochemically correlated to PNH granulocyte
clone size. Lymphoid nodules and increased mast cell
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numbers were present in all groups but more frequently in
AA-PNH (38 % and 73 %) than in cPNH (20 % and 43 %).
BM iron was decreased in 88 % of cPNH, while it was
increased in AA-PNH (64 %) and AA (100 %) (»p<0.0001).
Hemolysis was present in all cPNH but also in AA-PNH
patients (67 %). In conclusion, cPNH patients had more
cellular BM and more prominent erythropoiesis than AA-
PNH patients. Nonetheless, cPNH patients also show AA
features such as myeloid and megakaryocyte hypoplasia and
inflammatory infiltrates, although more subtle than in AA-
PNH. No significant differences were found between BM of
AA patients with and without PNH clone.

Keywords PNH - Aplastic anemia - Bone marrow failure -
Bone marrow histopathology

Introduction

PNH is a very rare disease characterized by an acquired
mutation of the PIG-A gene in the hematopoietic stem cell
(HSC). The PIG-A gene product is essential in the synthesis
of GPI anchors, which tether several proteins to the cell
membrane. Therefore, this mutation results in a clone of
blood cells with deficiency of GPI-anchored proteins at the
cell membrane. Deficiency of the GPI-anchored comple-
ment inhibitors CD59 and CD55 on PNH erythrocytes ren-
ders these susceptible to complement-mediated lysis,
resulting in hemolysis, the most prominent clinical feature
of classical PNH (cPNH) [1].

The clinical spectrum of PNH is highly variable, ranging
from cPNH patients with large clone sizes associated with
severe hemolysis and a higher risk of thrombosis, to patients
with relatively small clone sizes who usually do not have
clinically relevant hemolysis but present with prominent
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pancytopenia. These latter patients often have underlying
bone marrow diseases such as aplastic anemia (AA) or
myelodysplastic syndromes (MDS). In fact, a PNH clone
is a frequent finding in AA (20-55 % of patients) [2] and in
some cases of MDS (estimated prevalence of 10 %) [3-6].
The close relationship between these diseases is further
underlined by the fact that PNH frequently evolves from
AA or rarely vice versa during the course of disease [7].

Immune-mediated BM failure is proposed as a common
pathogenetic mechanism explaining the pancytopenia en-
countered in AA and MDS with a PNH clone, but also
frequently in cPNH. Although usually more overt in AA
and MDS, bi- or pancytopenia is found in 20-30 % of all
PNH patients [7-9]. The observation that AA patients with a
small PNH clone appear to respond better to immune sup-
pressive therapy than those without supports a role for
immune-mediated BM failure in PNH [4, 10]. In addition,
oligoclonal T cell populations with potential autoreactivity
towards the HSC were detected in patients with AA, PNH,
and MDS [11-16]. The expansion of a PNH clone, which is
observed in some AA patients in the course of disease, may
be attributed to selective immune-mediated damage to nor-
mal HSC and not GPI-deficient HSC [17, 18]. A higher
degree of apoptosis in normal HSC compared to GPI-
deficient HSC further supports this hypothesis [19-21].

The current working classification for PNH as proposed
by the International PNH interest group (IPIG) distinguishes
cPNH, PNH in the setting of another specified BM disorder,
diagnosed at any time, and subclinical PNH [1]. Patients
with clinical PNH may be treated with the complement
inhibitor eculizumab which effectively blocks intravascular
hemolysis [22-24]; if the underlying bone marrow disease
prevails, immune suppressive drugs may be considered. The
IPIG classification however does not adequately represent
the heterogeneous clinical picture of PNH. For example,
cPNH patients may also have (mild) cytopenias. In addition,
the clinical picture often changes in the course of disease, as
patients with AA can progress to clinical PNH and some-
times vice versa. These factors complicate diagnosis and
treatment decisions.

The IPIG recommends a full BM examination at diagno-
sis of PNH for classification and exclusion of other BM
failure syndromes. However, a comprehensive overview of
the spectrum of BM histology in patients with a PNH clone
in different presentations is still unavailable. In this study,
we aim to provide such an overview in a large series of
patients. To this end, we divided patients with a PNH clone
in two groups based on clinical picture and peripheral blood
counts: one group with peripheral blood counts fulfilling
criteria of aplastic anemia (AA-PNH) and the other having
clinical or laboratory evidence of hemolysis and peripheral
blood counts not fulfilling those criteria (cPNH). Histology
was correlated with clinical features such as hemolysis and
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PNH clone size. To investigate differences between AA
patients with a PNH clone and those without, a group of
AA patients without PNH clone was included. Finally, we
have assessed the utility of CD59 as a marker to assess GPI
deficiency in the various lineages and stages of hematopoi-
etic differentiation in BM biopsies by CD59 immunohisto-
chemical stainings.

Methods
Patient characteristics

We reviewed 67 diagnostic bone marrow biopsies (BMB) of
all patients with a PNH clone who presented at the Radboud
University Nijmegen Medical Centre (RUNMC) (n=58) or
the Hospices Civils de Lyon (n=8) between 1991 and 2010.
BMB of patients with a PNH clone and evidence of MDS
were excluded. The study was approved by the RUNMC
medical ethical committee.

To evaluate differences in bone BM histology in the
different presentations of PNH, patients were divided in
two groups based on peripheral blood counts. The first
group (n=39) was composed of patients with a PNH clone
and peripheral blood counts fulfilling the criteria for aplastic
anemia as defined by the International Agranulocytosis and
Aplastic Anemia Study Group [25], i.e., at least two out of
the following: untransfused hemoglobin <100 g/1, platelet
count <50 10%/1, and/or neutrophil count <1.5x10%/1 in the
absence of other causes. In the second group (n=28),
patients with clinical evidence of intravascular hemolysis
and peripheral blood counts not fulfilling the criteria of AA
were included. Henceforward, in this article, these two
patient groups will be referred to as AA-PNH and cPNH,
respectively. BMB of AA-PNH and cPNH patients were
compared to an age-matched control group consisting of
AA patients (n=17) who never developed a PNH clone.
Non-severe AA (NSAA), severe AA (SAA), and very se-
vere AA (VSAA) were defined according to previously
published guidelines [26].

PNH clone size was determined by flow cytometric
measurement of the percentage of granulocytes in the
peripheral blood with deficiency of at least two GPI-
anchored proteins or fluorescently labeled aerolysin
(FLAER), according to standards at the time of diagno-
sis [1]. Data on PNH granulocyte clone size as assessed
by flow cytometry, hemolysis parameters, and peripheral
blood counts at diagnosis were collected and correlated
to histological findings such as cellularity, iron stores,
and the presence of hypoplasia in different lineages. The
presence of hemolysis was defined as increased lactate
dehydrogenase (LDH) and decreased or undetectable
haptoglobin levels. Hemolysis parameters were assessed
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at first detection of the PNH clone. The clinical disease
was also followed in time.

Histology

Slides of BMB embedded in paraffin and/or plastic were
received from several referral centers and were evaluat-
ed without knowledge of the clinical data. Stainings that
were evaluated included hematoxylin and eosin (H&E),
periodic acid-Schiff (PAS), Leder, Giemsa, Laguesse or
Gomori, and iron stains.

Cellularity was defined as the percentage of BM
space occupied by cells other than fat cells. The age-
related cellularity was defined as normal (<40 years:
50-70 %; 40-60 years: 40-60 %; >60 years: 30—
50 %), decreased or increased [27, 28]. The ratio be-
tween myeloid and erythroid cells (ME ratio) was de-
fined as normal when between 4 and 1. Erythroid
hyperplasia was defined as a predominance of erythroid
precursors over myeloid cells (ME ratio<l). Fibrosis
was graded according to Thiele et al. [29].

Inflammatory cells were evaluated by counting the
average number of mast cells per high power field
(HPF, 40x) in at least ten fields and recording the
number of lymphoid nodules and increased numbers of
plasma cells (at least three groups of >8 cells). The
slides of eight PNH BMB (n=3 cPNH, n=5 AA-PNH)
were stained with an antibody to mast cell tryptase
(clone AA1, DAKO, Cambridgeshire, UK) to check
for degranulated mast cells that are not identified by
Giemsa staining.

CD59 immunohistochemical staining

To determine the percentage of GPI-deficient cells in the
various lineages and stages of hematopoietic differentiation,
an immunohistochemical CD59 staining was performed on
BMB of five cPNH, three AA-PNH patients with sufficient
cellularity, and five healthy control BMB. CD59 was chosen
as it is expressed at high levels in all lineages and stages of
differentiation in the bone marrow [30].

Antigen retrieval was performed in pH 6.0 sodium citrate
at 96 °C on 4 pum thick paraffin embedded BMB sections.
After blocking of endogenous peroxidase, slides were ex-
posed to the primary CD59 antibody (Clone MEM43/5,
Exbio, Vestec, Czech Republic) for 1 h at room temperature.
After incubation with the secondary HRP-conjugated goat
anti-mouse/rabbit/rat antibody (PowerVision, Immunologic,
Duiven, the Netherlands), slides were developed with DAB
and counterstained with hematoxylin. CD59 negative cells
were microscopically analyzed and scored by the morpho-
logical appearance of megakaryocytes, late-stage myeloid,
plasma cells, erythrons, and capillaries.

Statistical analysis

Fisher's exact test or Chi-square test was used to determine
differences between the frequency of histological character-
istics in the AA-PNH versus the cPNH and in the AA-PNH
versus the AA group. Linear regression analysis was per-
formed to determine correlations between clinical parame-
ters and/or histological parameters.

Results

Clinical characteristics of the AA-PNH, ¢cPNH, and AA
patients without a PNH clone are summarized in Table 1.
Histological features are summarized in Table 2.

Clinical features

Median follow-up of cPNH patients was 3 years (range 0.5—
19 years), 4 years for AA-PNH patients (range 0.5—
20 years), and 2 years (range 0.25-12.5 years) for AA
patients. 91 % of cPNH, 73 % of AA-PNH, and 65 % of
AA patients were alive at the end of follow-up. Median age
at diagnosis was comparable in the three groups at 37, 35,
and 40 years for AA-PNH, cPNH, and AA with a similar
range. In the AA-PNH and AA groups, men and women
were about equally distributed, whereas the ¢cPNH group
had a higher proportion of men (61 %).

The size of the PNH granulocyte clone at diagnosis was
significantly different (»p<0.0001, unpaired ¢ test) in AA-
PNH and cPNH with medians of 10 % (range 1-100 %) and
75 % (range 8—100 %), respectively. While the vast majority
of cPNH patients (85 %) had PNH granulocyte clones of
more than 30 %, this was only the case in 34 % of the AA-
PNH group. PNH clones below 10 % were almost exclu-
sively detected in the AA-PNH group (39 % of AA-PNH
patients) compared to only one patient in the cPNH group
(Table 1). This particular patient had only laboratory evi-
dence of hemolysis, a PNH granulocyte clone of 8 %, and
completely normal peripheral blood counts, whereas his BM
was hypocellular.

In the majority of AA-PNH patients (26/39, 67 %), the
PNH clone was detected at first presentation. In the remain-
ing 13/39 (33 %) of AA-PNH patients, the presence of a
PNH clone was either not assessed by flow cytometry at
disease onset or detected later in the course of disease
(median duration from disease onset to first detection of
the PNH clone 0.8 years, range 0.25-3 years).

Patients in the cPNH group had by definition clinical
(hemoglobinuria, jaundice) and/or laboratory evidence of
hemolysis (LDH > 450 U/L, decreased haptoglobin). He-
molysis was also observed in 67 % of patients who pre-
sented with AA-PNH. However, compared to the cPNH
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Table 1 Clinical features of 67 patients with a PNH clone at presentation

Characteristics AA-PNH Classic PNH AA P value” P value™
N 39 28 17
M/ F 19/20 (1:1.1) 17/11 (1:0.6) 8/9 (1:1.1) NS NS
Median age at diagnosis in years (range) 36 (11-81) 35 (18-81) 40 (9-78) NS NS
PNH clone (granulocytes) 1 unknown 1 unknown 0/17 (0 %) p<0.0001 NA
<10 % 15/38 (39 %) 1/27 (4 %)
-10-30 % 10/38 (26 %) 3/27 (11 %)
-=>30 % 13/38 (34 %) 23/27 (85 %)
Cytopenias:
* Anemia (Hgb <10 g/dL) 24/39 (62 %) 10/28 (36 %) 12/17 (71 %) p=0.08 p=0.05
« Trombocytopenia (<150 x 10°/L) 39/39 (100 %) 13/28 (46 %) 17/17 (100 %)  p<0.0001  p<0.0001
-<50x10°/L 34/39 (87 %) 0/13 (0 %) 15/17 (88 %) p<0.0001  p<0.0001
-50-150x 10°/L 5/39 (13 %) 13/13 (100 %) 2/17 (12 %)
« Leukopenia (<3.5x 10%/L) 29/39 (74 %) 7/27 (26 %) 1 unknown  16/17 (94 %) p<0.0001  p=0.0006
« Neutropenia (< 1,5x 10°/L): 29/39 (74 %) 5/25 (20 %) 3 unknown  16/17 (94 %) p<0.0001  p=0.0001
-<0.5x109/L 2/29 (7 %) 0/5 (0 %) 10/16 (63 %) p=0.0001 NS
-0.5—<1x109/L 14/29 (48 %) 1/5 (20 %) 5/16 (31 %)
-1-<1.5x109/L 13/29 (45 %) 4/5 (80 %) 1/16 (6 %)
Hemolysis 25/37 (67 %) 2 unknown  28/28 (100 %) 0/17 (0 %) p<0.0001  p=0.0007
Median LDH level (IU/L) 482 1,940 281 »<0.0001  p<0.0001

Clinical characteristics of 67 patients with a PNH clone who presented either with AA-PNH or cPNH, compared to 17 AA patients without a PNH
clone. Peripheral blood values and PNH granulocyte clones size were determined at the time of the diagnostic bone marrow biopsy. In patients in
whom a PNH clone was detected later in the course of disease, LDH values, PNH granulocyte clone size, and the presence of hemolysis were

assessed at the time of PNH clone diagnosis

NS nonsignificant

" P values were determined for the difference between all three groups by Chi-square test for categorical variables, or by one-way ANOVA for

continuous variables

** P values were determined for differences between AA-PNH and cPNH determined by Fisher's exact test for two category variables, or Chi-square
test for three category variables. Unpaired 7 test was used to calculate differences in continuous variables between AA-PNH and ¢cPNH

group, hemolysis was generally mild, and LDH levels were
lower (median 482 U/L in AA-PNH versus 1,940 U/L in
cPNH). In the majority of AA-PNH patients, hemolysis was
subclinical and only detected by elevated LDH levels and/or
undetectable haptoglobin levels (in 54 % and 55 % of AA-
PNH patients, respectively). A significant correlation (2
0.22, p<0.0001, linear regression analysis) between
LDH levels and PNH granulocyte clone size was found
in the combined AA-PNH and cPNH patient group
(Supplementary Fig. 1).

Cytogenetic abnormalities were found in the BM of three
of 30 AA-PNH patients (loss of the Y chromosome in two
patients in 15 % of metaphases, monosomy 21 in 3 % in the
other), in one of 19 cPNH patients examined (trisomy 8 in
1.5 % of cells by FISH analysis), and in one of 12 AA
patients (t 5;13 in 20/20 metaphases). None of the patients
with cytogenetic abnormalities had abnormalities in BM
morphology (data not shown) and histology consistent with
a diagnosis of MDS, nor did they develop MDS later during
follow-up (median 2.5 years, range 1-7 years).
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One AA-PNH patient developed chronic myelomono-
cytic leukemia (CMML), another refractory anemia with
excess blasts (MDS-RAEB), 5 and 3 years after initial
diagnosis of AA-PNH, respectively. Remarkably, in both
cases, the PNH clone could not be detected anymore at
the time of CMML/MDS diagnosis, suggesting that the
malignant clone did not arise from the PNH clone.
None of the cPNH patients developed hematological
malignancies in the course of the disease. One AA
patient developed a T cell large granular lymphocytic
leukemia 1 year after diagnosis of AA.

Bone marrow cellularity

As expected, in the AA-PNH group, cellularity was de-
creased in 95 % of patients. The cPNH group differed
significantly from the AA-PNH group with decreased cel-
lularity present in only 36 % of patients (»p<0.0001, Chi-
square test). Instead, most cPNH patients had a normal
(29 %) to hypercellular (36 %) BM that was dominated by
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Table 2 Histological features of 67 patients with a PNH clone at presentation

Characteristics AA-PNH Classic PNH AA P value” P value™

n 39 28 17

Age-related cellularity Normal 2/39 (5 %) Normal 8/28 (29 %) Decreased 17/17 (100 %) »<0.0001 »<0.0001

Decreased 37/39 (95 %) Increased 10/28 (36 %)
Decreased 10/28 (36 %)

Relative erythroid Yes 25/33 (76 %) Yes 24/28 (86 %) Yes 7/14 (50 %) NS p=0.04

hyperplasia 6 indeterminate 3 indeterminate
(too low cell number) (18 %, too low cell number)

Absolute erythroid 5/39 (13 %) 18/28 (64 %) 0/17 (0 %) p<0.0001  p<0.0001
hyperplasia

Absolute myeloid 33/39 (85 %) 24/28 (86 %) 17/17 (100 %) NS NS
hypoplasia

Megakaryocyte 100 % 13/28 (46 %) 100 % p<0.0001  p<0.0001
hypoplasia

Increased mast cells 27/37 (73 %) 2 unknown 9/21 (43 %) 7 unknown 13/17 (76 %) p=0.03 p=0.05
(>2/HPF)

Lymphoid nodule(s) 14/37 (38 %) 2 unknown 5/25 (20 %) 3 unknown 2/16 (13 %) 1 unknown p=0.01 p=0.02

Increased plasma cells 6/36 (17 %) 3 unknown 0 % 5 unknown 3/15 (20 %) 2 unknown p=0.09 p=0.07

Fibrosis 0 0 0 NS NS

Iron Normal 2/36 (6 %) Normal 1/26 (4 %) Normal 0 (0 %) £<0.0001 £<0.0001

Increased 23/36 (64 %)

Decreased 11/36 (30 %)
3 unknown

Increased 2/26 (8 %)

Decreased 23/26 (88 %)
2 unknown

Increased 16/16 (100 %)
Decreased 0 (0 %)

Histological characteristics of the BMB of 67 patients with a PNH clone who presented either with AA-PNH or cPNH compared to AA without a

PNH clone
NS nonsignificant

" P values were determined for the difference between all three groups by Chi-square test

** P values were determined for differences between AA-PNH and cPNH determined by Fisher's exact test for two category histological features, or

Chi-square test for three category histological features.

Fig. 1 cPNH patient BMB
have normal to increased

cellularity, erythroid

hyperplasia, and myeloid
hypoplasia whereas AA-PNH
patients show hypocellular BM
with myeloid and erythroid
hypoplasia. a—b, d BMB of a

71-year-old male cPNH patient,
showing increased BM
cellularity and erythroid
hyperplasia (a HE 5%, b HE
20x) and myeloid hypoplasia (d
Leder staining 5x). ¢ BMB of a
61-year-old male AA-PNH
patient with overall patchy BM
cellularity and central BM
spaces with less than 5 %
cellularity and hemosiderosis

(HE 2.5%)
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Fig. 2 Lymphoid nodules and/
or increased numbers of T cells
are mainly present in AA-PNH
patient BMB. a—b BMB of two
different AA-PNH patients
showing lymphoid nodules
(arrows) (a 61-year-old male,
HE 2.5%, b 67-year-old female,
HE 10x). ¢
Immunohistochemical staining
of the same BMB as a showing
that the lymphoid nodule
consists of B cells (CD20, 5x).
d Immunohistochemical
staining of a BMB of a 42-year-
old female with AA-PNH,
showing a diffuse T cell
infiltration throughout the BM
(CD3, 10x)

a hyperplastic erythropoiesis (Fig. la, b). We found no
differences in peripheral blood WBC, platelet count, or
PNH clone size between cPNH patients with normal or
increased versus those with decreased BM cellularity (data
not shown). By definition, all AA patients had decreased
BM cellularity. In 82 % of AA-PNH and 100 % of AA
patients, the BM showed patchy areas with <10 %
cellularity (Fig. lc), whereas in only 2 (7 %) of cPNH
patients, this was the case. Relative erythroid hyperpla-
sia with ME ratios ranging from 1 to 0.2 was seen in
the majority of cPNH (86 %), AA-PNH (76 %), and
evaluable AA patients (50 %). However, an absolute
increase in erythropoiesis was predominantly observed
in cPNH patients (64 %, Fig. la, b) compared to only
13 % of AA-PNH patients (p<0.0001, Fisher's exact
test) and none in AA.

Interestingly, in the cPNH patient group, despite a hyper-
cellular BM, myeloid hypoplasia was histologically present in
the vast majority of patients (86 %) (Fig. 1d), even in those
with normal absolute neutrophil (ANC>1.5x 10%/1) and white
blood cell (WBC) counts (>3.5x10%/1). In only 9 of 24 cPNH
patients (38 %) with myeloid hypoplasia, neutropenia and/or
leukopenia was observed. Myeloid hypoplasia was frequently
observed in AA-PNH BMB (85 %) and in all AA patients. The
remaining AA-PNH patients showed a left-shifted myelopoi-
esis. Both the prevalence (74 %, 20 %, and 94 % for AA-PNH,
cPNH and AA respectively) and severity of peripheral blood
neutropenia were generally higher in the AA-PNH group
compared to the cPNH group and highest in the AA group
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(Table 1). In the AA-PNH group, the majority of patients
(82 %) had non-severe AA (NSAA), and the remainder had
severe AA (SAA). In the AA group, AA was non-severe in
24 %, severe in 47 %, and very severe in 29 % of patients.

The number of megakaryocytes was decreased in 13/28
(46 %) cPNH patients. In the majority of these patients (9/13,
69 %), megakaryocyte hypoplasia corresponded to mild pe-
ripheral blood thrombocytopenia (platelet count between 50
and 150 10%/1). In the other four patients with megakaryocyte
hypoplasia, normal platelet counts were found. Significantly
different from cPNH (p<0.0001), megakaryocytes were de-
creased or absent in all patients with AA-PNH and AA. This
was also reflected in more severe thrombocytopenia in
AA-PNH and AA patients (<50x10°/L in 87 % and
88 %, and between 50 and 150x10°/L in 13 % and
12 % of AA-PNH and AA, respectively) than in cPNH
patients.

Inflammatory infiltrates

Lymphoid nodules were more frequently observed in AA-
PNH (38 %) compared to cPNH (20 %; p=0.05, Fisher’s exact
test) and AA patients (13 %; p=0.02, Fisher’s exact test)
(Fig. 2a, b). In the patients with lymphoid nodules and avail-
able immunohistochemical stains (z=3; 2 AA-PNH, 1 cPNH),
lymphoid nodules were shown to consist of either B and T cells
(n=2, Fig. 2c) or T cells only (n=1). In ten AA-PNH patients
and three cPNH patients, large numbers of interstitial T cells
(n=10, Fig. 2d), or B and T cells (n=4) were found.
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Fig. 3 Comparison of increased numbers of mast cells in AA-PNH
BMB by conventional and immunohistochemical staining. BMB of a
48-year-old female AA-PNH patient showing increased numbers of
mast cells (average number 5.4 cells/HPF) in Giemsa staining 40x (a)
and 11.1 cells/HPF in tryptase staining 40x (b). Correlation between
average numbers of mast cells/HPF counted in Giemsa staining (x-
axis) and average numbers of mast cells/HPF counted in anti-tryptase
stainings (y-axis) (c)

Increased numbers of mast cells were observed more often
in AA-PNH (73 %) than in ¢cPNH (43 %; p=0.05, Fisher's
exact test) (Fig. 3a, b). Up to an average of ten mast cells/HPF
were seen. Although anti-tryptase immunohistochemistry was
more sensitive than the Giemsa stain in detecting mast cells
(overall average 5.9 compared to 2.8 cells/HPF with Giemsa),
both stains correlated well in eight BMB tested (+* 0.93,
<0.0001, linear regression analysis, Fig. 3b). The AA control
group did not differ significantly from the AA-PNH group
with 76 % of patients having increased mast cells. The plasma
cell infiltrate in the AA-PNH group was comparable to the AA
group with 17 % and 20 % of patients having an increased

number of plasma cells, respectively. One of the patients in the
AA-PNH group fulfilled the clinical diagnosis of monoclonal
gammopathy of unknown significance (MGUS). By flow
cytometric analysis, it was determined that the plasma cells
in this patient did not belong to the PNH clone (data not
shown). None of the cPNH patients had an increased number
of plasma cells.

Iron

The majority of both AA-PNH (64 %) and AA patients
(100 %) had increased iron stores in macrophages. In con-
trast, iron was decreased or completely absent in 88 % of
cPNH patients, significantly differing from AA-PNH
patients (p<0.0001). In AA-PNH patients with decreased
iron, no correlation was found with the presence of hemo-
lysis (p=0.43, Fisher's exact test).

Hemorrhage and congestion

Congestion of BM sinusoids was present in both AA-
PNH (55 %, Fig. 4a), cPNH (73 %, Fig. 4b), and AA
patients (75 %). In part of these patients (52 % of AA-
PNH, 59 % of PNH), large numbers of mature eryth-
rocytes were found extravascularly in otherwise intact
BM specimens, possibly representing vascular damage
and resulting hemorrhage. There was no correlation with

rg W) ".-‘,_“’-5’;

Fig. 4 Congestion of blood vessels is a frequent finding in both AA-
PNH and cPNH patients. a Congested blood vessel (arrow) in an AA-
PNH BMB containing both intact and possibly lysed erythrocytes
(Giemsa 40x%). b Large numbers of mature erythrocytes present in the
interstitium in otherwise intact specimen of a cPNH patient (b)
(Giemsa 20x)
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either low platelet counts or use of anticoagulant med-
ication (data not shown).

CD59 staining

In all AA-PNH (n=3) and cPNH BMB (n=5) tested, CD59-
deficient late-stage myeloid cells (median 92 % and 60 %
respectively), erythrons (median 80 % and 96 %), and
megakaryocytes (median 85 % and 75 %) dominated. In
contrast, in healthy controls, CD59-negative late-stage
myeloid cells, erythrons, megakaryocytes, and plasma
cells were rarely detected (medians 1 %, 0 %, 16 %
and 0 %, respectively, Table 3, Fig. 5). The percentage
of CD59-deficient late-stage myeloid cells as determined
by immunohistochemistry correlated to the peripheral blood
PNH granulocyte clone size as measured by flow cytometry
(** 0.53, p=0.03, linear regression analysis, Fig. 5¢). The
percentage of CD59-deficient plasma cells was highly varia-
ble but generally lower than the percentage of CD59-deficient
cells in other lineages (Table 3). Interestingly, similar to
healthy controls, capillaries in AA-PNH and cPNH patients
were uniformly strongly positive, indicating that endothelial
cells in PNH BM are not derived from GPI-deficient hemato-
poietic stem cells (Table 3, Fig. 5). The staining pattern of
CD59 was not only membranous but also cytoplasmic in all
positive cells, both from PNH patients and controls.

Discussion

The clinical spectrum of PNH is highly variable, ranging
from patients with predominant hemolysis to patients with
prominent BM failure without clinically relevant hemolysis.
Here, we reviewed BMB of 67 patients with a PNH clone,
subdivided in cPNH and AA-PNH based on clinical char-
acteristics. Although AA-PNH and cPNH patients have
obvious differences in BM histology, these patient groups
also show remarkable histological similarities.

We observed decreased overall cellularity in almost all
AA-PNH patients, whereas cellularity was increased in the
majority of cPNH patients, mainly due to a strongly en-
hanced erythropoiesis. However, despite increased erythro-
poiesis, some cPNH patients show overall decreased BM
cellularity. Theoretically, this interesting group may repre-
sent patients at an earlier stage of disease currently under-
going clonal expansion, and thus having a smaller PNH
clone. Alternatively, these patients may currently develop
AA. However, neither peripheral blood values nor clone
sizes were lower in cPNH patients with decreased cellularity
versus those with normal or increased cellularity, arguing
against this hypothesis. Concurrent viral infections could be
an alternative explanation in occasional patients. A prospec-
tive study and longer follow-up is required to see whether
these patients are more prone to develop AA in the future.

Table 3 Percentages of CD59 negative cells in different lineages of bone marrow cells

Megakaryocytes Plasma cells Late stage myeloid Erythrons Capillaries PNH clone size
Cell no. (%) Cellno. (%)  Cell no. (%) Cellno. (%) Cellno. (%)
Controls 1 70 22 33 0 62 3 12 0 40 0 0
2 57 16 27 0 92 1 10 0 47 0 0
3 68 22 20 0 81 1 10 0 40 0 0
4 14 7 13 0 100 0 10 0 33 0 0
5 130 2 13 8 115 0 8 0 27 0 0
Median % 16 0 1 0 0 0
AA-PNH 1 13 85 11 18 20 75 22 73 28 0 93
2 11 82 27 11 61 93 17 88 30 0 95
3 8 88 25 100 24 92 - - 25 0 98
Median % 85 18 92 80 0 93
cPNH 1 5 100 1 100 50 90 8 100 31 0 85
2 16 75 25 24 146 84 24 92 35 0 91
320 95 25 32 56 57 24 100 27 0 13
4 4 75 23 48 47 60 - - 25 0 70
5 38 47 16 0 75 59 19 84 50 0 72
Median % 75 32 60 96 0 72

Results of CD59 immunohistochemistry performed on bone marrow biopsies of five healthy controls, three AA-PNH patients, and five cPNH
patients. Numbers of cells of specific cell types counted and the percentage of CD59 negative cells within each cell type are shown. The right
column shows the PNH clone size as measured by flow cytometry in granulocytes at the time of the bone marrow biopsy
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Fig. 5 CDS59 expression in the
bone marrow of PNH patients
and controls. CD59
immunohistochemistry on
BMB of ¢cPNH, AA-PNH
patients, and healthy controls. a
Overview of CD59 staining in a
BMB of a 36-year-old male
AA-PNH patient (left panel)
with the majority of cells CD59
negative (blue), but strongly
positive (brown) endothelial
cells, compared to a healthy
control (right panel) with
expression of CD59 on all cells
(20x). b Both CD59 positive
(left panel) and CD59 negative
(right panel) erythrons in a 35-
year-old female cPNH patient
(40x). ¢ (Arrows from left to
right, 40x): CD59 positive
myeloid cells (left two arrows),
CD59 negative megakaryocyte,
CD509 positive plasma cells
surrounding CD59 positive
endothelial cells, and CD59
negative myeloid cells (right
two arrows) in an 18-year-old
female cPNH patient. d CD59
positive megakaryocyte in a 35-
year-old female cPNH patient
(40x%). e PNH granulocyte clone
size in the blood (percent)
versus CD59 negative late stage
myeloid cells in the BMB
determined by CD59
immunohistochemistry
(percent)

As expected, we found an absolute decrease of the mye-
loid lineage in the AA-PNH and AA group. Myeloid hypo-
plasia was however also observed in the majority of cPNH
patients, even in those with normal WBC counts. In cPNH
patients, myeloid hypoplasia was often masked by a strong-
ly increased erythropoiesis, resulting in an overall normal or
increased BM cellularity. In addition, megakaryopoiesis was
also decreased in 46 % of cPNH patients, even in occasional
patients with normal platelet counts. Histological findings
thus confirm that BM hypoplasia is a frequent feature of
cPNH, although more subtle, not always clinically apparent
and easily overlooked due to the prominent erythropoiesis.
These results are possibly biased by the fact that a BMB is
more likely performed in cPNH patients with cytopenias.

Our findings underline that the current working classifi-
cation for PNH is of limited clinical utility. According to the
IPIG classification, classic PNH patients do not have a
defined bone marrow abnormality. Yet, in this study, mar-
row hypoplasia was demonstrated in the vast majority of
cPNH patients. Thus, discriminating PNH in the setting of
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another BM disorder and classic PNH is extremely difficult.
Hypoplasia in ¢cPNH patients is usually subtle, and the
clinical picture often does not correspond to BM findings.
In such cases, our finding of areas of severely hypocellular
BM interspersed with areas of normal cellularity, which
occurred almost exclusively in AA-PNH, might contribute
to the distinction with cPNH.

Diagnosis of BM failure disease relies on integrated
histological, morphological, cytogenetic, and clinical find-
ings. In this study, unfortunately, we did not have the op-
portunity to revise BM aspirate morphology. We excluded
patients who were diagnosed with MDS at or before the
time of PNH diagnosis. None but two patients developed
MDS during follow-up; however, at that time, the PNH
clone had disappeared. Therefore, we think it is unlikely
that our cohort contained MDS patients at the time of
diagnosis of PNH. However, we may have missed subtle
morphological abnormalities insufficient to diagnose MDS.
As shown by Araten et al. [31], such abnormalities are
often found in patients with a PNH clone. Also in AA,
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dyserythropoiesis is a frequent finding [32]. We identified
cytogenetic abnormalities in 9 % of patients with a PNH
clone, which was less frequent than in the series of Araten et
al. [31]. Especially in patients with a hypocellular BM, a
BMB has additional value in excluding or confirming
MDS as another means to assess cellularity, the pres-
ence of fibrosis, abnormally localized immature precur-
sors (ALIPs), and increases in CD34" blast counts [33,
34]. In our study, none of the patients had increased
CD34" blast percentages (immunohistochemical staining
available in 37 %), fibrosis, or ALIPs.

Interestingly, in this study, we found a pronounced pres-
ence of inflammatory infiltrates involving increased mast
cells, lymphoid nodules, and plasma cells in the AA and
AA-PNH BMB, but also in some cases of cPNH. Previous
studies already showed oligoclonal T cell expansions in
peripheral blood in AA, AA-PNH, and cPNH [11-16].
The T cell infiltrates found in some AA-PNH and cPNH
patients in our study fit the hypothesis of T cell-mediated
BM damage in PNH. Increased BM mast cells and plasma
cells were previously reported in various BM failure syn-
dromes, including PNH [35-37]. These may suggest an
additional role of the B cell compartment and innate
immunity in the suppression of hematopoiesis in AA-
PNH. Several autoantibodies have been found in AA
and AA-PNH; however, a causal role for these anti-
bodies was never proven [38—42].

The mechanism behind the expansion of PIG-A mutated
HSC in PNH at the expense of normal HSC remains elusive.
As supported by evidence from several experimental stud-
ies, immune-mediated BM failure may play a role in PNH
clonal expansion by selective damage to normal HSC. Con-
firming other studies [43, 44], we found larger PNH clones
in cPNH than in AA-PNH patients. In addition, in cPNH,
we found a higher BM cellularity and significantly less
pronounced signs of inflammation. These differences may
reflect variations in the nature or timing of HSC injury. In
this series, lymphoid nodules were also less frequent in AA
than in AA-PNH. No other significant clinical or histolog-
ical differences were found between AA-PNH and AA
patients that might account for the occurrence of a PNH
clone in AA-PNH.

In 67 % of AA-PNH patients, hemolysis was recorded,
and by definition in all cPNH patients. As shown previously,
the degree of hemolysis as determined by LDH levels cor-
related with PNH clone size [44]. Bone marrow iron stores
were decreased in most cPNH patients, probably due to
increased hematopoiesis and iron loss by hemoglobinuria.
In contrast, the majority of AA-PNH patients had increased
iron deposition in BM macrophages. This is unlikely to be
explained by transfusions since in this study diagnostic
BMB were evaluated. Alternatively, decreased iron usage
due to diminished hematopoiesis may lead to excess

@ Springer

deposition in macrophages, as described in other conditions
of ineffective hematopoiesis. Impaired erythropoiesis may
also result in increased growth differentiation factor 15
(GDF15) levels which block hepcidin production leading
to increased iron absorption in the gut [45].

The remarkable finding of congested blood vessels and
hemorrhage in the majority of BMB in all patient groups is
unexplained. This phenomenon was previously described in
a series of aplastic anemia, however in that study, the pres-
ence of a PNH clone could not be assessed reliably as flow
cytometry was not available yet [36]. It could point to an
inflammatory response with subsequent endothelial damage
and may be aggravated by thrombocytopenia. Complement-
mediated damage of GPI-deficient endothelial cells is an
unlikely explanation, as we show that endothelial cells uni-
formly express CD59 in both AA-PNH and cPNH.

Our results on CD59 expression in a limited set of
healthy and patient BMB indicate that CD59 is a useful
marker to immunohistochemically assess GPI deficiency in
sufficiently cellular BMB. The cytoplasmic staining in ad-
dition to the membranous expression was unexpected but a
well-known pattern for several other anti-CD59 antibodies
[46]. The reason for this cytoplasmic staining is unknown. A
variable intensity of the positive staining cells can be attrib-
uted to varying expression levels for CD59 in PNH cells, as
is known from flow cytometry. A partial deficiency in GPI
anchors (type II cells) results in a lower expression of CD59,
while type III cells are completely devoid of CDS59. Inter-
estingly, both in AA-PNH and cPNH, compared to other
lineages, plasma cells contained a lower percentage of
CD59 negative cells. Others have previously shown smaller
PNH lymphocyte clones than red cell and granulocyte
clones, possibly explained by the longer life span of lym-
phocytes, which were generated before the onset of PNH
[47]. In contrast to peripheral blood, where the PNH eryth-
rocyte clone is smaller than the PNH granulocyte clone size
due to continuous lysis of PNH red cells, we did not find a
similar difference between the proportion of GPI-deficient
erythroid precursors and late-stage myeloid cells in BM.
This is consistent with the previous observation that in
PNH patients the proportion of GPI-deficient cells in retic-
ulocytes is comparable to neutrophils and higher than in
erythrocytes [48]. It might indicate that complement-
mediated destruction of PNH red cells mainly takes place
in the peripheral blood and not in the BM.

To our knowledge, this is the first large series describing
various aspects of BM histology in patients with a PNH
clone. We have demonstrated that BM histology at presen-
tation cannot clearly differentiate between AA and AA-
PNH. cPNH and AA-PNH however are obviously different
with respect to a lower BM cellularity and a more pro-
nounced inflammatory infiltrate in AA-PNH. When looking
more closely though, cPNH resembles AA-PNH more than
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initially apparent, as AA features, such as myeloid and
megakaryocyte hypoplasia, increased inflammatory cells
and decreased cellularity are also found in many cPNH
patients. This further contributes to the notion that both
entities need to be considered as different ends of a contin-
uous spectrum of immune-mediated BM failure syndromes
rather than separate entities as the current clinical working
classification suggests.
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