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Preface

On this occasion we hereby publish the only book in the world that focuses on par-
oxysmal nocturnal hemoglobinuria (PNH). PNH arises as a consequence of clonal 
expansion of hematopoietic stem cells that have acquired a somatic mutation in the 
phosphatidylinositol glycan class A (PIGA) gene. The resulting hematopoietic cells 
are deficient in glycosylphosphatidylinositol (GPI)-anchored proteins, including the 
complement regulatory proteins CD55 and CD59; this accounts for the intravascu-
lar hemolysis that is the primary clinical manifestation of PNH.

The PIGA gene was identified by our group at Osaka University in 1993, and 
understanding of the pathophysiology of PNH has made remarkable progress since 
then. To this day, we Japanese researchers have made a significant contribution and 
have led the world in PNH research, together with colleagues worldwide.

PNH is an ultra-rare disease with a frequency of a few people in 100,000, and for 
a long time there was no established significant treatment. In 2004, 10 years after 
the discovery of the PIGA gene, a humanized anti-C5 monoclonal antibody, eculi-
zumab, was developed as a therapeutic for hemolysis in PNH due to the extraordi-
nary leadership of Dr. Peter Hillmen. Eculizumab showed not only remarkable 
suppression of hemolysis, but also improvement in patient quality of life and life 
prognosis. In the succeeding years, PNH has become a disease that has attracted 
more attention.

While the clinical significance of eculizumab has been established in a variety of 
ways, several challenges remain such as management of the insufficient effect of 
eculizumab, including the manifestation of extravascular hemolysis by eculizumab 
treatment, management for pregnancy and childbirth, perioperative management, 
and other problems. In addition, because poor responders to eculizumab have been 
identified in Japan, intensive efforts are currently being made to develop a novel 
therapeutic.

Twenty years after the discovery of the PIGA gene and 10 years after the devel-
opment of eculizumab, we have a great opportunity to pause and summarize the 
knowledge that has accumulated to date and to assess the challenges remaining in 
the future. We would like to thank the leading basic and clinical experts in PNH 
worldwide who kindly contributed their writing. This book consists of two sections: 
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Part I for basic science and Part II for clinical science. We were very pleased to 
invite two legends who have made great achievement in this area: Dr. Wendell Rosse 
handed down the history of PNH research in Chap. 1 and Dr. Lucio Luzzatto enthu-
siastically discussed the clonal origin and clonal selection in PNH in Chap. 12. It 
was also extremely helpful to obtain the cooperation of the core members of the 
international PNH interest group and the Japan PNH study group. Our hope here is 
that this book may facilitate future clinical work and basic research in PNH.

Suita, Osaka, Japan Yuzuru Kanakura 
 Taroh Kinoshita 

Jun-ichi Nishimura   

Preface
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Chapter 1
A History of Research of PNH: Defining 
a Disease

Wendell Franklyn Rosse

Abstract Historically, a principal reason Western medicine has progressed to the 
degree it has is the epistemology used to define disease. Diseases are distinguished 
by two main methods: (1) assembly of defining characteristics (symptoms, physical 
descriptions both direct and derived from imaging techniques, and laboratory find-
ings and clinical course) that recur so as to form a clinical template and (2) assess-
ment of cause and effects of the clinically defined disease. The method was first 
clearly established in the nineteenth century with the definition of microbial dis-
eases and received its second great impetus with the development of molecular 
genetics. Although the pattern has been altered in more recent times with the devel-
opment of science leading to the definition of disease, a study of the classical meth-
odology has a clear place in the study of disease.

The history of the development of understanding of paroxysmal nocturnal hemo-
globinuria is an excellent example of this methodology at work. In the present 
paper, I will emphasize the investigation of the causes and effects and show how 
these investigations have played a crucial role in the definition of the disease and the 
understanding of the clinical manifestations.

Keywords Paroxysmal nocturnal hemoglobinuria • Aplastic anemia • Thrombosis 
• Glycosylphosphatidylinositol anchor • Eculizumab

1.1  Early Clinical Descriptions and Investigations

The first defining clinical accounts are those of Gull in 1866 [1] and of Strubing in 
1884 [2]. They noted the unusual appearance of dark red to brown urine that was 
periodic, although neither commented on the nocturnal occurrence of this phenom-
enon. Strubing also noted a number of other symptoms (fatigue, shortness of breath, 
esophageal spasm, and chest pain, etc.) and distinguished the cause of the dark urine 

W.F. Rosse, M.D. (*) 
Medicine Emeritus, Duke University, 2212 Elba St, Durham, NC 27705, USA
e-mail: Wendell.rosse@duke.edu
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from other known causes, including march hemoglobinuria and paroxysmal cold 
hemoglobinuria. Gull thought that the pigment in the urine was hematin which had 
just been defined, but Strubing correctly said that it was hemoglobin.

Gull did little else other than the clinical case report which runs for a number of 
pages. Strubing, however, looked more carefully. He noted that the blood plasma 
was also discolored by hemoglobin and concluded that the pigment was not gener-
ated in the kidneys. He surmised that it was generated by the intravascular destruc-
tion of red cells much as in incompatible red blood cell transfusion experiments of 
a colleague, Langlois.

In 1911, Hijmans van den Bergh, a Dutch physician, reported a case and investi-
gated the red cells more thoroughly [3]. He noted that they were lysed in vitro by 
both the patient’s serum and the serum of compatible normal individuals when cells 
and serum were incubated in an atmosphere containing CO2. This proved that it was 
the cells that were abnormal, not something in the serum. Van den Bergh thought 
that perhaps complement was responsible for the lysis, as had been shown in incom-
patibility experiments, but could not prove it.

1.2  The Role of Complement

Complement was known as a “principle” in normal, unheated serum that augmented 
the effects of specific antibody in some immune reactions such as bacteriocide and 
lysis of red cells by incompatible serum. By 1930, it had been shown to consist of 
at least four components which reacted in the order C1, C4, C2, and C3 [4]. It 
became involved in the understanding of PNH in 1938, when three laboratories 
(Thomas Hale Ham in Boston [5], John Dacie in London [6], and F.L.J. Jordan, a 
student of van den Bergh in Utrecht [7]) almost simultaneously found, as had van 
den Bergh, that PNH red cells were lysed when incubated with acidified normal 
serum. The reaction was abrogated by heating the serum or removing divalent cat-
ions, reactions characteristic of complement. Further, PNH red cells were more 
readily lysed by other reactions where complement was activated, such as by blood 
group antibodies. Dacie in particular was puzzled, however, as no antibody could be 
demonstrated in the normal or patient’s serum as was thought necessary to initiate 
the activation of complement. This problem was solved a few years later by the 
demonstration of Pillemer of the alternative pathway (or as he called it “the proper-
din pathway”) of the activation [8] of complement that bypassed the initial steps of 
the “classical” pathway and thus did not require antibody for activation [9].

The peculiar sensitivity to the hemolytic action of complement in lysis of PNH 
red cells was quantified by Rosse and Dacie in 1964, using carefully measured gra-
dients of serum to lyse red cells maximally sensitized by cold agglutinins [10]. 
These studies showed that the red cells usually consisted of two populations, one 
apparently normal (mistakenly called “PNH I”) and one lysed by as little as 1/25 the 
concentration of serum required to lyse normal red cells (PNH III cells). Later, red 
cells of intermediate sensitivity were found in some patients (called “PNH II cells”) 

W.F. Rosse
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[11]. The two types of abnormal cells were found to be present in proportion rang-
ing from 1 % to nearly 100 %. Uncommonly, both PNH II and PNH III cells were 
present in the blood of the patient.

The reason for the exceptional sensitivity of the cells to lysis unfolded as com-
plement became better understood. No matter how complement was activated (by 
antibody, by acidification of serum, by cobra venom factor, etc.), much larger quan-
tities of the third component (newly defined as a single protein, C3) were affixed to 
the membrane of PNH red cells than to that of normal red cells [12]. The linchpin 
of the alternative pathway of activation was the enzyme complex consisting the 
activated form of C3, C3b, which was bound to the cellular membrane, and acti-
vated factor B (Bb), a serine protease bound to C3b by Mg++. This convertase com-
plex was then able to activate the terminal steps of complement, resulting in lysis of 
the cell to which it was attached. When equal numbers of convertase complexes 
were established on normal and PNH red cells, those on PNH cells processed ten-
fold as many C3 molecules (the substrate of the enzyme) as normal cells [13]. The 
reason for this became apparent from the studies of Nicholson-Weller: PNH red 
cells lacked a membrane protein, decay-accelerating factor (DAF, later called 
CD55), whose function is to disrupt the convertase complex [14] and thus protect 
the cell from the action of complement.

When the lysis of PNH red cells was examined further, it became apparent that 
something else must be defective because the amount of lysis per affixed, C3b was 
far greater for the PNH cells [15]. This as explained by the studies of Parker and his 
associates, who demonstrated that another protein was missing, one that normally 
controlled the effectiveness of the so-called membrane attack complex that con-
sisted of C5b, C6 C7 C8, and C9 [16]. The lack of this protein, originally called 
“membrane inhibitor of reactive lysis” (MIRL, later protectin or CD59), accounts 
for most of the increased effectiveness of complement on PNH cell [17].

At about this time, flow cytometry was invented that allowed evaluation of the 
external proteins on individual cells through the use of monoclonal antibodies [18]. 
Using this technique, a number of other proteins were found to be missing on a por-
tion red cells as well as granulocytes, platelets, monocytes, and lymphocytes of 
blood from patients with PNH. This provided a tool for the more accurate diagnosis 
of the disease as well as a far greater insight into its characteristics.

1.3  Why Are the Proteins Missing?

The two complement defense proteins are not the first to be found deficient on PNH 
cells. Acetylcholinesterase was found to be totally lacking on PNH III red cells and 
present in diminished amounts on PNH II red cells [19]. Alkaline phosphatase had 
been found lacking on a proportion of PNH granulocytes [20].

The reason for the lack of all these proteins became apparent with the finding in 
the early 1980s by Lowe of the glycosylphosphatidylinositol (GPI) anchor that 
attaches proteins to the external membrane of all cells [21]. This moiety is used by 
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almost all organisms as an alternative to the insertion of a hydrophobic sequence of 
amino acids through the lipid bilayer. It is constructed in and on the endoplasmic 
reticulum by a series of steps involving one or more proteins or enzymes. Since two 
of the proteins known to be missing in PNH (alkaline phosphatase and acetylcholin-
esterase) were found to be attached by the GPI anchor, Nussenzweig and his associ-
ates concluded that lack of the anchor was the problem in PNH and showed that 
CD55 was also attached by this anchor [22].

A series of lymphocyte cell lines were developed which did not exhibit GPI- 
linked proteins and which differed from each other as shown by fusion complemen-
tation studies; these were labeled A through H. PNH cells from a number of patients 
did not complement the cells of class A, indicating that they shared a defect in GPI 
anchor synthesis with that class of lymphocytes. Again using complementation 
studies, Kinoshita and his group were able to demonstrate that the defective gene in 
PNH was the so-called PIG-A gene which was located on the short arm of the X 
chromosome [23]. Since that time, the abnormal hematopoietic cells of all patients 
with PNH have been found, when tested, to have one of a great variety of mutations 
in this gene, most resulting in no gene product as seen in PNH III cells, others in 
reduced gene product as seen in PNH II cells.

1.4  Why Is Only a Proportion of PNH Cells Abnormal?

The studies of Rosse and Dacie [10] demonstrated that, in most cases, only a portion 
of the red cells in PNH are abnormal. The reason for this depended upon an under-
standing of hematopoiesis that began with the definition by Till and McCullough of 
the stem cell from which all the cells of the blood are derived. Studies of polycythe-
mia rubra vera and chronic granulocytic leukemia showed that all the cell lines in 
the blood, not only the red cells in the former and the granulocytes in the latter, were 
abnormal. This was interpreted to mean that the abnormality originated in a hema-
topoietic stem cell and was transmitted by clonal expansion to all cell lines.

This appeared to be true of PNH as well. Enright and Aster first demonstrated 
that granulocytes and platelets, like red cells, were sensitive to the hemolytic action 
of complement [24], and their abnormality was later confirmed by flow cytometry 
(see above). Using this technique, an accurate evaluation of the proportion of abnor-
mal cells in each cell line could be made. It became apparent that the abnormal cells 
were a clone derived from a single abnormal hematopoietic stem cell and the normal 
cells were residual.

W.F. Rosse
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1.5  Thrombosis in PNH

Thrombosis was noted in several early series of reports of PNH. Its importance was 
emphasized by Crosby in the early 1950s. Hartmann emphasized the occurrence of 
hepatic and other intra-abdominal thrombosis, and it became clear that such throm-
boses were a major cause of mortality in the disease [25].

The cause of this thrombophilia was not and is not yet clear. Crosby in the early 
1950s had some fanciful theories about a relationship between the activation of 
complement and that of the coagulation system [26]. It has been suggested that 
hemolysis itself may contribute to the problem but no proof is offered. More 
recently, attention has focused on the abnormality of platelets as playing a major 
role. It was shown that platelets respond to the deposition of C5b-9 (membrane 
attack) complexes by gathering them into rafts and removing them by exocytosis 
[27]. The resulting microvesicles are very thrombogenic, as are microvesicles from 
granulocytes and monocytes. As many membrane attack complex (MAC) are depos-
ited on PNH platelets, many such microvesicles are formed for a given activation of 
complement, accounting at least in part for the thrombophilia of the disease [28]. At 
any event, the thrombophilia appears to be dependent upon the activation of com-
plement as interruption of the sequence by an antibody to C5 markedly diminishes 
the incidence of clinical thrombosis [29].

1.6  PNH and Aplastic Anemia

The relationship of PNH to aplastic anemia was first clarified by Lewis and Dacie 
in 1961 [30]. They noted the patients who had aplastic anemia before having PNH 
as well as the evidence of hypofunctional bone marrow in patients without such a 
history. Epidemiological studies showed that at least 75 % of PNH patients had 
either granulocytopenia and/or thrombocytopenia. Since these cells have a normal 
life span in the circulation, this implies that the cause of the cytopenia is diminished 
production. Finally, it was shown in several laboratories that the cell culture of bone 
marrow from all PNH patients (even those with apparently active marrow) yielded 
few colonies, much like the culture of marrow from aplastic anemia patients [31].

When the bone marrow of patients with aplastic anemia was examined for the 
presence of cells lacking GPI-linked proteins, such cells were detected in small but 
abnormal numbers in most patients [32]. Such cells are present in very small num-
bers in the marrow of many normal individuals [33]. How these very small popula-
tions increase in size so as to result in clinical symptoms is not clear.

It is clear that PNH can arise only in the marrow afflicted by aplastic anemia, the 
severity of which may range from subclinical to severe. Aplastic anemia is thought 
to arise from an immunological attack on hematopoietic stem cells (HSCs). The 
GPI-deficient HSCs characteristic of PNH may be able to resist this attack by some 
means as yet unknown. Further exponential increase in clone size occurs in some of 
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these patients, leading to a controlled growth of the clone; the reason for this is 
entirely unknown but may be due to a second somatic mutation in the GPI-deficient 
line. The result is clinical PNH when the clone increases to 5–10% of the total mar-
row production.

Thus, PNH patients have two diseases: (1) hypoplastic/aplastic anemia caused 
by immunological attack of the hematopoietic stem cells and (2) PNH caused by a 
somatic mutation resulting in the deficiency of GPI-anchored proteins. Each disease 
must be considered and treated separately but often at the same time.

1.7  Specific Treatment

In Greek and much of subsequent medicine, treatment was of symptoms, not of 
disease. The same was true of the treatment of PNH for many years: blood transfu-
sion, iron replacement, anticoagulation, etc. The first specific treatment based on 
understanding the disease was introduced in 2003 – eculizumab – a monoclonal 
antibody that totally inhibits the activation of the fifth component of complement, 
C5 [34]. The drug virtually completely stops the intravascular hemolysis and mark-
edly inhibits thrombosis [27], thus treating the effects of the disease. It does not 
affect the underlying hypoplasia of the marrow affecting all patients, demonstrating 
that this is a disease separate from PNH. With this therapy, the quality of life is 
markedly improved, and life span is increased [35].

1.8  Summary

PNH offers an excellent example of the interaction of clinical observations and 
scientific investigation in delineating precisely a disease. Other examples exist but 
few are as clear-cut. It is through such careful definitions that specific treatment and 
further investigation are possible.
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Chapter 2
Synthesis, Genetics, and Congenital Diseases 
of GPI-Anchored Proteins

Yusuke Maeda, Yoshiko Murakami, and Taroh Kinoshita

Abstract In this chapter, we present basic research covering paroxysmal nocturnal 
hemoglobinuria (PNH). PNH is characterized by impaired regulation of the com-
plement system because of reduced surface expression of complement regulatory 
molecules, CD55 (DAF) and CD59. Both proteins are glycosylphosphatidylinositol- 
anchored proteins (GPI-APs) present in wide variety of cells exposed to complement. 
GPI-AP deficiency is caused by somatic mutation of PIGA in hematopoietic stem cells, 
the primary defect in PNH. Clinical manifestations, such as hemolytic anemia, also 
occur when other factors induce clonal expansion of the affected hematopoietic stem 
cells. Although a defect in any 20 or more genes essential for GPI biosynthesis and/or 
remodeling can cause PNH, only PIGA, encoding an enzyme catalyzing the first step 
in GPI biosynthesis, was known to be a gene responsible for PNH over the last two 
decades. This is because among the more than 20 genes, PIGA is the only gene located 
on the X-chromosome and a single mutation is sufficient to cause PIG-A dysfunction. 
PNH caused by compound defects of somatic and germ line mutations in the PIGT 
gene located on chromosome 20 was recently found. In addition to PNH, revolutionary 
development of next-generation sequencing (NGS) has enabled the identification of 
inherited GPI deficiencies with various clinical phenotypes, such as intellectual dis-
ability, developmental delay, seizures, and hypotonia. Currently, individuals with muta-
tions in 12 genes along the GPI biosynthetic pathway have been identified. Further 
development of NGS will facilitate discovery of more inherited GPI deficiencies and 
possibly PNH. Therefore, characterizing the biosynthetic pathway of GPI is increas-
ingly more important for understanding the pathology of GPI deficiencies.
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2.1  Introduction

Glycosylphosphatidylinositol-anchored proteins (GPI-APs) are cell-surface pro-
teins that are anchored to the outer leaflet of plasma membranes by GPI, a glyco-
lipid, covalently linked to the carboxyl (C)-terminus of proteins. Protein modification 
with GPI occurs in all eukaryotes and the basic structure of GPI is conserved among 
a wide range of organisms. The addition of GPI takes place in the endoplasmic 
reticulum (ER) as a posttranslational modification to the protein. Precursor GPI that 
has been assembled is en bloc added to the C-terminus of proteins that have been 
newly generated from precursor proteins by the removal of a GPI-additional signal 
peptide present at the C-terminus. This transamidation reaction is catalyzed by the 
GPI-transamidase complex, which forms an amide bond between the terminal etha-
nolamine of GPI and the C-terminal amino acid of a processed protein, termed the 
ω site. After the GPI is attached to proteins, the GPI moiety is subjected to further 
modifications, i.e., removal of an ethanolamine phosphate (EtNP) and an acyl chain 
in the ER and the addition of lateral sugar chains and lipid remodeling in the  
Golgi apparatus during transport, and eventually mature GPI-APs are expressed on 
the plasma membrane. One-hundred and thirty-four human proteins with a diverse 
range of functions, including enzymes, receptors, adhesion molecules, and miscel-
laneous proteins such as prion and complement regulators, are reported to be  
modified with GPI in the UniProt database (the reviewed proteins are listed with 
their entry numbers in Table 2.1) (http://www.uniprot.org/uniprot/?query=location: 
%22GPI-anchor%20[SL- 9902]%22&fil=organism%3A%22Homo+sapiens+%28
Human%29+[9606]%22). At least ten other proteins are reported to be GPI-
anchored, making a total of ~150 human GPI-APs. GPI-APs have common fea-
tures, because of the physical nature of GPI. GPI-APs are enriched in specialized 
microdomains, so-called lipid rafts, and can be released from the surface by the 
cleavage of the GPI.  This chapter focuses mainly on the structure, biosynthesis 
pathway, and transport of mammalian GPI- APs.

2.2  Structure of GPI-APs

The basic structures of mature (cell-surface) GPI-APs are peptide-linked EtNP-6- 
Man-α1, 2-Man-α1, 6-(EtNP-2)-Man-α1, 4-GlcN-α1, 6-myoPI (Man, mannose; 
GlcN, glucosamine; PI, phosphatidylinositol). The three mannoses are herein 
termed the first, second, and third according to their biosynthetic orders, i.e., the 
mannose linked to GlcN represents the first since GPI is synthesized from PI 
(Fig. 2.1).

Y. Maeda et al.

http://www.uniprot.org/uniprot/?query=location:"GPI-anchor [SL-9902]"&fil=organism:"Homo+sapiens+(Human)+[9606]"
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The first prominent structural characteristic of GPI is the presence of a non- N- 
acetylated glucosamine, which is the sole example of a glucosamine without 
N-acetylation in mammalian sugar chains. This unique structure, possibly together 
with inositol, may act as a target for proteins with lectin activities that have specific 
recognition involved in particular biological phenomena. The second prominent 
characteristic is within the lipid moiety. GPI is synthesized from PI whose major 
lipid composition is the diacyl form harboring an unsaturated acyl chain, typically 
arachidonic acid, at the sn-2 position. In contrast, the majority of mature cell- surface 
GPI-APs contain a saturated sn-2-linked acyl chain, typically stearic acid, in addi-
tion to a saturated fatty chain at the sn-1 position. A saturated acyl chain at the sn-2 
position is produced by the replacement of an unsaturated chain with a saturated 
one, so-called fatty acid remodeling, which occurs in the Golgi apparatus. The fatty 
acid remodeling is especially significant, because the physical attributes afforded by 
saturated chains are critical for the enrichment of GPI-APs in lipid rafts. Thus, a 
defect in fatty acid remodeling impairs enrichment and dimerization of GPI-APs in 
lipid rafts in cells and an immunological response in mice models. In addition, in a 
significant population of GPI-APs, lipid chains at the sn-1 position are covalently 
linked to the glycerol moiety via an alkyl bond, which differs from the diacyl form 
of PI. The replacement of the diacyl form with the 1-alkyl-2-acyl form during GPI 

Fig. 2.1 The conserved backbone structure of the mammalian cell-surface GPI-APs. EtNP-Man- 
Man-(EtNP)Man-GlcN-PI is covalently linked to the C-terminal omega (ω) site of the processed 
precursor protein through an amide bond. In mammalian nucleated cells, 1-stearyl, 2-stearoyl PI is 
the predominant composition. Some GPI-APs have side branches such as GalNAc (on Man1) and 
a fourth Man (on Man3). In yeast, many GPI-APs use inositolphosphoceramide instead of 
PI. Numbers indicate the linkage positions

2 Synthesis, Genetics, and Congenital Diseases of GPI-Anchored Proteins
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biosynthesis takes place in the ER, but the molecular machinery for the replacement 
and biological significance remains to be solved.

GPI may have some additional modifications with sugars, depending on proteins, 
cells, tissues, and mammalian species, which produce a diversity of biological func-
tions. One of these additional sugar modifications is the addition of a fourth man-
nose to the third mannose via the α1,2 linkage catalyzed by PIG-Z.  It has been 
reported that the fourth mannose modification is observed in brain tissue. Other side 
chain sugar modifications include the addition of N-acetyl galactosamine to the first 
mannose via a β1, 4 linkage, which may be followed by further addition of galactose 
via the β1, 3 linkage. The galactose may further be modified by sialic acid. The 
glycosyltransferases involved in these modifications have not been identified. In the 
fourth mannose and the N-acetyl galactosamine side chains, the mechanisms that 
regulate what GPI-APs and how much of them are modified and the biological sig-
nificance of these modifications remain to be solved.

2.3  GPI Biosynthetic Pathway and the Genes Involved

The GPI biosynthetic pathway can be divided into two processes. The first process 
ranges from the biosynthesis of the GPI precursor from PI to its addition to proteins. 
This process takes place in the ER and the genes involved are generally named 
PIGA to PIGZ. The second process is the maturation of GPI-APs, which takes place 
after the first process and includes the removal of EtNP and the acyl chain in the ER, 
and fatty acid remodeling in the Golgi (Fig. 2.2 and Table 2.2).

Fig. 2.2 A scheme for the full GPI-APs biosynthetic pathway and structural modification. GPI is 
synthesized in the ER from free PI through more than 10 steps and 20 genes, most of them are 
named PIG genes. Steps 1 and 2 take place on the cytoplasmic side of the ER, and then the GPI 
intermediate flips and subsequent steps occur on the luminal side. GPI intermediates with a red PI 
portion (steps 1–4) indicate that they are the diacyl-form, whereas a considerable amount of inter-
mediates in latter steps possess alkyl-acyl chains (symbolized in black) by an exchange of the lipid 
part (step 5). Synthesis of alkyl lipids in the peroxisome is required for the synthesis of the 1-alkyl- 
2-acyl form GPIs. A mannose donor is derived from dolichol-phosphate-mannose (DPM), which 
is synthesized by the DPM synthase complex composed of DPM1, DPM2, and DPM3. Mature GPI 
(H8) is transferred en bloc to the ω site of separately synthesized precursor proteins by a GPI- 
transamidase complex as a posttranslational modification. After proteins are linked with GPI, fur-
ther structural modification and remodeling occurs on the glycan and lipid portions of the GPI, 
which involves PGAP (post-GPI-attachment to proteins) genes. p24 family members function as 
cargo receptors for GPI-APs to sort to and exit them from ER exit sites. GPI-APs are then trans-
ported to the cell surface through the Golgi, where additional structural remodeling, namely, fatty 
acid remodeling, occurs. This remodeling enables GPI-APs to be enriched in lipid rafts, which 
endows GPI-APs unique characteristics for their behavior and signaling. Genes symbolized in red 
indicate the presence of inherited GPI deficiencies caused by defects within the genes
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2.3.1  (I) Biosynthesis of Precursor GPI

Precursor GPI is synthesized via more than ten steps on the ER membrane and 
transferred en bloc to processed proteins by the GPI-transamidase complex as a 
posttranslational modification. The biosynthetic steps include sequential addition of 
each component to PI, a flip of the intermediate from the cytosolic to luminal sides 
(step 3) and lipid remodeling to produce alkyl chain-containing GPI (step 5). 
Twenty-two genes involved in ten of the 12 steps have been identified, whereas 
genes for steps 3 and 5 are still unknown.

2.3.1.1  Step (1)

The first step is the transfer of N-acetylglucosamine (GlcNAc) to the 6 position of 
inositol in PI, which produces GlcNAc-PI. The reaction occurs on the cytosolic face 
of the ER membrane, and uridine diphosphate (UDP)-GlcNAc is used as the 
GlcNAc donor. Common species of PI are used as acceptors, because the PI moiety 
in GlcNAc-PI has a chain composition similar to cellular PI as shown by mass 
spectrometry, namely, both have stearic acid at the sn-1 position and an unsaturated 
acyl chain, such as arachidonic acid, at the sn-2 position [27, 40]. The enzyme that 
mediates this step PI-N-acetylglucosaminyltransferase (EC: 2.4.1.198), so-called 
GPI- GnT, is composed of seven proteins, PIG-A, PIG-C, PIG-H, PIG-P, PIG-Q, 
PIG-Y, and DPM2, and is one of the most complex glycosyltransferase enzymes 
[32, 35, 58, 64, 107, 109]. PIG-A, which belongs to the glycosyltransferase family 
(GT) 4 in CAZy classification, has a binding site for UDP-GlcNAc and a catalytic 
site. PIG- A, PIG-C, PIG-H, and PIG-P are all indispensable for GPI-GnT activity, 
and the loss of PIG-Q or PIG-Y causes a severe decrease in GPI-GnT activity, but 
their precise functions are still unclear. DPM2 is an essential component of the 
dolichol- phosphate mannose (DPM) synthase complex. Therefore, a defect in 
DPM2 causes a lack of the donor for all mannoses in GPI biosynthesis [50]. In addi-
tion, the loss of DPM2 decreases the GPI-GnT activity to one-third, indicating that 
synthesis of GPI and DPM may have a common regulation system [109].

2.3.1.2  Step (2)

The second step is de-N-acetylation of GlcNAc-PI, resulting in GlcN-PI. This reac-
tion is catalyzed by PIG-L, an N-acetylglucosaminyl-phosphatidylinositol  
de- N- acetylase (EC: 3.5.1.89) [68, 110]. PIG-L belongs to an enzyme family that 
includes N-acetyl-1-D-myo-inositol-2-amino-2-deoxy-α-D-glucopyranoside 
(GlcNAc- inositol) deacetylase, which is involved in the biosynthesis of mycothiol, 
an unusual thiol compound found in Actinobacteria [71]. PIG-L has a transmem-
brane domain in the amino-terminal region, and the other part faces to the cytosol. 
Therefore, the reaction occurs on the cytosolic face of the ER membrane. PIG-L has 
consensus sequences, (P/A)-H-(P/A)-DD and HxxH, conserved among this family, 
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which are critical for metal binding [19, 98]. PIG-L activity is enhanced by divalent 
metals, such as Zn2+ [110].

2.3.1.3  Step (3)

The third step is the flip of GlcN-PI from the cytosolic side to the ER luminal side. 
Since spontaneous flipping of GlcN-PI is considered to be slow, there is likely to be 
machinery that catalyzes this step. Nevertheless, any molecule involved in this pro-
cess has not been identified, irrespective of extensive efforts to establish flip- 
defective mutant cells. This suggests that the flip is catalyzed by multiple functionally 
redundant proteins or that the protein involved has functions more than solely flip-
ping GlcN-PI and the defect is lethal to cells.

2.3.1.4  Step (4)

The fourth step is the addition of an acyl chain from acyl-CoA, usually palmitoyl- 
CoA, to the C2 position of inositol, generating GlcN-(acyl)PI. From this step, the 
biosynthesis is executed on the luminal side. This reaction is catalyzed by PIG-W, 
the acyltransferase [65]. This acyl chain is removed in the ER immediately after 
transfer of GPI to proteins. Therefore, this acyl chain may be a hallmark of GPI 
intermediates that is recognized by key enzymes further downstream in the biosyn-
thetic pathway. Importantly, a defect in PIG-W allows the reactions of a few further 
steps, but eventually impairs the addition of GPI to proteins and severely decreases 
the surface expression of GPI-APs [65].

2.3.1.5  Step (5)

It is well known that GPI is synthesized from the diacyl form of PI, but a sizable 
fraction of the cell-surface mature GPI-APs have the 1-alkyl-2-acyl glycerol form 
of GPI [40]. A mass spectrometric analysis revealed that the 1-alkyl-2-acyl glycerol 
form of the GPI intermediate was high in GlcN-(acyl)PI [27]. Thus, this lipid 
remodeling is positioned as step 5; however, nothing is known about the molecular 
mechanisms of lipid remodeling. It was shown that remodeling of the diacyl form to 
1-alkyl-2-acyl requires the 1-alkyl-glycerone-phosphate synthesis pathway of the 
peroxisome [37, 38]. Thus, mutant CHO cells defective in either the first or second 
step in the peroxisome pathway generated only the diacyl form of GPI anchors. 
Although the exact mechanism is yet to be clarified, this GPI lipid remodeling 
appears to be a replacement of the entire lipid moiety, including the glycerol part, 
either diacyl glycerol or phosphatidic acid. 1-Alkyl-glycerone phosphate generated 
in the peroxisome may be converted to some phospholipid in the ER and thereby 
acts as a donor for GPI lipid remodeling. It should be noted that acyl chain composi-
tions of GlcN-PI and the diacyl-form GlcN-(acyl)PI are significantly different, indi-
cating that even diacyl GlcN-(acyl)PI is the product of lipid remodeling. We assume 
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that the donor phospholipid consists of 1-alkyl-2-acyl and diacyl forms. Based on 
the composition of fatty chains, we have proposed that phosphatidylethanolamine 
(PE) is a good lipid donor candidate [37]. Since no gene involved in the step is 
known and genetic manipulation is currently not possible, the precise biological 
significance is unclear, but it was reported that defects of the enzymes catalyzing the 
alkyl phospholipid in the peroxisome enhance the surface expression of certain 
GPI-APs, such as uPAR/CD87, indicating that this lipid remodeling may regulate 
GPI biosynthesis and/or the localization of GPI-APs by altering the physical nature 
of the lipid moiety in GPI-APs [38].

2.3.1.6  Step (6)

The sixth step, addition of the first mannose from DPM to GlcN of GlcN-(acyl)PI 
via the α1, 4 linkage, is catalyzed by a complex of PIG-M and PIG-X [4, 51, 78]. 
Both PIG-M and PIG-X are essential for GPI biosynthesis. PIG-M is a GPI man-
nosyltransferase 1 (GPI-MTI) that belongs to the GT50 family in CAZy classifica-
tion. All GPI-MTs (I–IV) are also classified into a GT-C superfamily of integral 
membrane glycosyltransferases with a modified DxD motif in the first luminal  
loop [47]. The superfamily includes N-glycosylation-related mannosyltransferase 
(ALG3, ALG9, and ALG12), glycosyltransferases (ALG6, ALG8, and ALG10), 
and protein O-mannosyltransferases (POMT1 and POMT2) [78]. They all use the 
dolichol-linked sugar as a donor in the ER lumen. It is not known whether the con-
served modified DxD motif, such as D/E-D/E and D/ExD/E, binds a divalent cation, 
similarly to nucleotide-diphosphosugar-dependent transferases of the GT-A super-
family whose conserved DxD motif binds a divalent cation. The replacement of D 
to A in the conserved DxD motif in PIG-M abolishes enzyme activity [51]. PIG-X 
stabilizes PIG-M, but the precise function of PIG-M is unclear [4].

2.3.1.7  Step (7)

Step 7 is the addition of the second mannose from donor DPM to Man of Man- 
GlcN-(acyl)PI, the product of step 6, via the α1, 6 linkage, generating Man-Man- 
GlcN-(acyl)PI. PIG-V, GPI mannosyltransferase 2 (GPI-MTII), catalyzes this step 
and belongs to the GT76 family in CAZy classification and the GT-C superfamily 
[36]. There is a WD motif close to the C-terminus of the first luminal loop, and the 
motif is conserved among various species. Mutation of the WD motif abolishes 
enzyme activity [36]. It has been demonstrated that PIG-V is a limiting enzyme 
among the three GPI mannosyltransferases (GPI-GTI-III) [21].

2.3.1.8  Step (8)

The eighth step is the addition of EtNP from PE to the C2 position of the first man-
nose of Man-Man-GlcN-(acyl)PI as a side branch. This reaction is catalyzed by 
PIG-N, GPI-EtNP transferase 1 (GPI-ETI) [25]. Three GPI-EtNP transferases, 
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GPI- ETI, II, and III (see below), form a family and have a type I phosphodiesterase 
domain in their N-terminal halves. YW3548/BE49385A, a terpenoid lactone that is 
obtained from Codinea simplex, inhibits PIG-N activity [25, 88]. Although the 
EtNP is a side branch, this modification is conserved among mammalian cells and 
is critical for GPI biosynthesis, and the loss of PIG-N leads to a reduction in surface 
expression of GPI-APs lacking this side branch. The basis for the reduced levels 
may be either a decrease in the generation of GPI-APs because of inefficient  
recognition by enzymes further down the biosynthetic pathway, especially the  
GPI- transamidase complex, or higher turnover of the side-branch-less GPI-APs, or 
both [100].

2.3.1.9  Step (9)

The third mannose from donor DPM is transferred to the second mannose of Man-
(EtNP)Man-GlcN-(acyl)PI, the product of step 8, via the α1, 2 linkage, generating 
Man-Man-(EtNP)Man-GlcN-(acyl)PI. PIG-B is a GPI mannosyltransferase 3 (GPI- 
MTIII), which belongs to the GT22 family in CAZy classification and the GT-C 
superfamily, and is essential for this step [91].

2.3.1.10  Step (10)

This step is an addition of EtNP from donor PE to the C6 position of the third man-
nose of Man-Man-(EtNP)Man-GlcN-(acyl)PI, which is catalyzed by the PIG-O/
PIG-F complex, GPI-EtNP transferase 3 (GPI-ETIII) [24, 31]. Because this EtNP 
links GPI covalently to the processed C-terminus of proteins, the modification is 
essential for the biosynthesis of GPI-APs. PIG-O belongs to the GPI-EtNP transfer-
ase family and is a catalytic subunit of the enzyme complex. PIG-F forms a complex 
either with PIG-O or PIG-G, a GPI-ETII (see below), and stabilizes the catalytic 
subunits. Since PIG-F binds to PIG-O and PIG-G through distinct molecular 
domains, PIG-O, PIG-G, and PIG-F may form a trimer to complete their modifica-
tions more efficiently, although a different possibility was proposed, in which PIG-O 
and PIG-G compete for binding to PIG-F [85, 87]. Truncated PIG-F that retains the 
ability to bind PIG-O and PIG-G cannot complement the defective phenotype of 
PIG-F mutants, suggesting that PIG-F has functions other than stabilizing enzyme 
complexes [87].

2.3.1.11  Step (11)

The final step to complete GPI biosynthesis is the addition of EtNP from donor PE 
to the C6 position of the second mannose of EtNP-Man-Man-(EtNP)Man-GlcN-
(acyl)PI, resulting in EtNP-Man-(EtNP)Man-(EtNP)Man-GlcN-(acyl)PI, a mature 
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GPI. This reaction is catalyzed by the PIG-G/PIG-F complex, a GPI-EtNP transfer-
ase 2 (GPI-ETII) [85]. An RNAi-mediated knockdown of PIG-G was found to cause 
accumulation of the intermediate product synthesized in step10, indicating that step 
11 follows step 10. Nevertheless, the surface expression levels of GPI-APs did not 
change, most likely due to the alternative use of the product synthesized in step 10 
to produce GPI-APs. The EtNP attached in this step is removed after linkage of the 
GPI with proteins (see 3.3.3.2 Step 2)

2.3.2  (II) Addition of GPI to Precursor Proteins

Finally, the mature GPI is transferred to precursor proteins by a GPI-transamidase 
complex. The C-terminal portion of the precursor protein, so-called GPI-attachment 
signal peptide, is removed, and the resultant new carboxyl amino acid whose posi-
tion is the ω site is covalently linked with an amino group of EtNP at the third man-
nose of the mature GPI.  The GPI-attachment signal peptide does not have a 
conserved consensus sequence but has the following characteristics: (1) small side 
chain amino acids are located at the ω and ω + 2 sites; (2) a stretch of 5 − 10 hydro-
philic amino acids start from the ω + 3 site; and (3) this is followed by a stretch of 
10 − 20 hydrophobic amino acids ending at the C-terminus [30, 96]. The precursor 
protein also has an amino-terminal signal peptide for ER translocation. It is believed 
that ER translocation occurs co-translationally in a signal recognition particle 
(SRP)-dependent manner. However, it was reported recently for yeast GPI-APs that 
some, but not all, precursor GPI-APs are entirely translated in the cytosol before 
entering the ER lumen. The translated precursor proteins are recognized by GET3 
(guided entry of tail-anchored proteins 3) along with Apj1 and Jjj3, both are Hsp40 
family members, and targeted to translocon machinery in the ER [5]. The GPI- 
attachment signal is cleaved by GPI transamidase after transversing into the ER 
lumen. It remains to be solved whether TRC40, a mammalian homologue of Get3, 
plays a similar role on GPI-APs. The GPI-transamidase complex is composed of 
five proteins, PIG-K, GPAA1, PIG-S, PIG-T, and PIG-U, and all of these proteins 
are indispensable for GPI-transamidase activity [7, 18, 22, 26, 75, 76]. PIG-K is a 
C13 cysteine protease with a predicted structure resembling those of gingipain R 
and caspases. PIG-K cleaves the GPI-attachment signal peptide of the precursor 
protein and forms an intermediate with the protein via a thioester bond between the 
catalytic cysteine residue and a carboxyl group of ω site amino acid [57]. GPAA1 
binds GPI at the carboxyl transmembrane region and was recently reported to be a 
M28 family metallo-peptide-synthetase that catalyzes the peptide bond formation 
between EtNP at the third mannose and the ω site amino acid [12, 99]. PIG-T cova-
lently binds PIG-K through a disulfide bond and the destruction of the disulfide 
bond impairs GPI-transamidase activity; although, the precise functions of PIG-T as 
well as PIG-S and PIG-U are not known [77].
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2.3.3  (III) Structural Modifications of the GPI Moiety 
of GPI-APs

GPI-APs synthesized in the ER by the addition of GPI to precursor proteins are 
transported to the cell surface through the Golgi apparatus. During transport, the 
GPI moiety is further modified in several steps. These modifications are executed by 
post-GPI-attachment to proteins (PGAP) proteins as described below. Removal of 
the acyl chain attached to inositol by PGAP1 (step 1) and removal of EtNP attached 
to the second mannose by PGAP5 (step 2) occur in the ER, whereas fatty acid 
remodeling catalyzed by PGAP3 and PGAP2 occurs in the Golgi apparatus. Unique 
characteristics in structural remodeling occurring in the ER are that the moieties to 
be removed by PGAP1 and PGAP5 have been added to GPI intermediates during 
GPI biosynthesis; therefore, the significance of these moieties should be evaluated.

2.3.3.1  Step (1)

An acyl chain, typically palmitic acid, is added to the C2 position of inositol by 
PIG-W during GPI biosynthesis, as mentioned above. This acyl chain is removed 
soon after GPI is attached to precursor proteins by PGAP1 [94]. PGAP1 is an 
 ER- resident multi-spanning membrane protein that has a lipase motif GxSxG on the 
luminal side. Bacillus PI-specific phospholipase C (PI-PLC) is very useful to exam-
ine whether a certain surface protein is anchored by GPI, because most GPI-APs are 
cleaved by PI-PLC and detached from the cell surface, which results in a clear 
decrease in surface expression of GPI-APs when examined by flow cytometry. As 
an exception, GPI-APs harboring an extra lipid chain at the inositol are resistant to 
PI-PLC, because the hydroxyl group at the C2 position is used to produce cyclic 
phosphoinositol in the process of PI-PLC cleavage [103]. Moreover, GPI-APs 
expressed on the surface of red blood cells, which harbor an extra inositol acyl chain 
due to the lack of deacylase activity, are resistant to PI-PLC [82]. It seems that the 
GPI anchor with three fatty chains is more advantageous than those with two chains 
in preventing spontaneous release of GPI-APs from the surface of very long-living 
red blood cells.

In cultured cells, a defect in PGAP1 causes accumulation of GPI-APs in the ER 
due to inefficient exit from the ER [17, 94]. The slowed ER exit is caused by 
impaired binding of GPI-APs to the p24 family cargo receptor complex, which is 
also observed in PGAP5-defective cells (see below) [9, 17, 93]. The defect in 
PGAP1 also prevents fatty acid remodeling in the Golgi by inhibiting PGAP3 activ-
ity (see Step 3 in this section) [49]. Therefore, GPI-APs with unusual GPI structures 
are expressed on the cell surface, but importantly the surface expression levels of 
various GPI-APs are comparable to those in normal cells [94]. Nevertheless, studies 
with Pgap1 knockout mice demonstrated the critical significance of the deacylation 
of inositol. These mice had developmental defects such as otocephaly or holopros-
encephaly accompanying impaired formation of the face and jaw, and most mice die 
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immediately after birth, most likely due to the failure of milk uptake [56, 97, 112]. 
The Pgap1 knockout males who survived the critical neonatal period demonstrated 
infertility caused by their sperm being incapable of climbing up the oviduct [97]. 
The inherited PGAP1 deficiency in humans was recently reported [66]. The affected 
individuals show intellectual disability as a main symptom in addition to develop-
mental abnormalities, yet somewhat different from those observed in mice. The 
basis for the defects is considered to be different from the bases in other inherited 
GPI deficiencies, which cause a decrease in the surface expression of GPI-APs. The 
precise mechanisms of abnormalities caused by PGAP1 deficiency remain unclear, 
but one possible explanation is that the regulated cleavages and releases of GPI-APs 
from the cell surface by GPI-cleaving enzymes, such as GPI-specific phospholipase 
D (GPI-PLD) [106], angiotensin-converting enzyme (ACE) [14, 41], and glycero-
phosphodiester phosphodiesterase (GDE) family [79], are inhibited in a similar 
manner to PI-PLC. Alternatively, the altered physical nature of GPI caused by the 
presence of an extra acyl chain and an sn2-linked unsaturated chain due to impaired 
fatty lipid remodeling in the Golgi may affect the behavior of and signal transduc-
tion by GPI-APs, similar to PGAP3 deficiency (see Step3).

2.3.3.2  Step (2)

This step is the removal of EtNP attached to the second mannose of GPI and is cata-
lyzed by PGAP5 [15]. PGAP5 has a phosphodiesterase motif and requires manga-
nese ion for activity. PGAP5 also has an ER-retention signal KxKxx and recycles 
between the ER and Golgi, but the removal of EtNP is considered to take place in 
the ER, because this process is required for the efficient binding to the p24 cargo 
receptor and therefore efficient exit from the ER [15]. This is supported by the finding 
that a defect in PGAP5 causes a delay in transport from the ER. PGAP5 seems to 
function after PGAP1, because PGAP1 is an ER-resident protein, whereas PGAP5 
is recycled. If surface GPI-APs in PGAP1-defective cells maintain EtNP on the 
second mannose, it would provide definitive evidence to show that PGAP5 func-
tions after PGAP1. The EtNP is added to the second mannose by GPI-ETII in the 
last step of GPI biosynthesis just before its transfer to precursor protein and is 
removed in the ER after production of GPI-APs. Interestingly, in cultured cells no 
defective phenotypes in surface expression and transport of GPI-APs are observed 
when PIG-G, a catalytic subunit of GPI-ETII, is defective. This is not surprising 
because the structure of the GPI in GPI-APs is normal in PIG-G defective cells. 
Therefore, the significance of EtNP added to the second mannose remains 
unresolved.

Yeast has two structural homologues of PGAP5, Ted1p and Cdc1p. Manzano- 
Lopez, et al. reported that Ted1p is required for removal of EtNP linked to the sec-
ond mannose and, therefore, is the functional homologue of PGAP5 [52]. EtNP 
linked to the first mannose remains in mammalian GPI-APs, whereas it is removed 
in yeast during GPI-AP maturation. Vazquez, et  al. demonstrated that Cdc1p is 
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involved in removal of EtNP from the first mannose, suggesting that Cdc1p is also 
a phosphodiesterase [102].

2.3.3.3  Step (3)

The sn-2-linked fatty acid of the GPI moiety in GPI-APs transported to the Golgi 
apparatus is remodeled in this step. As described above, the lipid part of GlcN-
(acyl)PI is remodeled in the ER and after this remodeling, GPI has an unsaturated 
lipid chain, such as arachidonic acid (C20:4) and docosapentaenoic acid (C22:5) at 
the sn-2 position of the glycerol backbone [27, 40]. Conversely, GPI expressed on 
the cell surface has a saturated lipid chain, mainly stearic acid (C18:0), at the sn-2 
position [49, 55]. This replacement termed “GPI-fatty acid remodeling” is carried 
out in the Golgi [49]. This step involves at least two proteins working consecutively, 
PGAP3 and PGAP2 [49, 95]. First, an unsaturated fatty acid is removed by PGAP3. 
PGAP3 is considered to be a phospholipase A2, because PGAP3 belongs to a super-
family of transmembrane hydrolases including an alkaline ceramidase. Additionally, 
mutagenesis of putative catalytic amino acids conserved among this superfamily 
members impaired PGAP3 activity, although there is no direct experimental evi-
dence [16, 81]. Defect of PGAP1 activity inhibits the cleavage catalyzed by PGAP3, 
leading to surface expression of un-remodeled GPI-APs with an extra acyl chain at 
inositol [49]. The defect of PGAP3 also causes the surface expression of un-remod-
eled GPI-APs, accompanying a decrease in the surface expression levels to various 
extents ranging from almost normal to one-third of the normal level. The variation 
in the observed levels may depend on proteins, cell types, and animal species [62, 
83, 105]. Although the precise mechanisms responsible for the decrease remains to 
be solved, fatty acid remodeling may render membrane-association of GPI-APs 
more stable either by enhancing the interaction of GPI with cholesterol and sphin-
golipids or by inducing GPI-dependent dimer/oligomer formation [89]. GPI facili-
tates the packing of GPI-APs into specialized microdomains, so-called lipid rafts, 
through the straight saturated lipid chains [86]. Defective GPI-fatty acid remodeling 
alters the physical nature and weakens the association of GPI-APs with lipid rafts 
due to the unsaturated lipid chains [33, 49, 83]. It may also enhance the sensitivity 
to lipases/GPIase, which leads to abnormal secretion and decrease of surface expres-
sion [41]. There are reports regarding Pgap3-knockout mice and inherited diseases 
defective in PGAP3 [28, 62, 105]. Pgap3-knockout mice show growth retardation 
and minor abnormalities such as kinked tail and short heads, and a significant num-
ber of aged Pgap3-knockout mice develop autoimmune-like symptoms [105]. 
PGAP3-deficient patients exhibit hyperphosphatasia, which is caused by secretion 
of GPI-anchored alkaline phosphatases, growth retardation, intellectual disability, 
and seizure, indicating the biological significance of GPI- fatty acid remodeling [28].

The second part of this step is the addition of a saturated fatty acid, mostly stearic 
acid to the hydrolyzed sn-2 position [49]. The acyl donor is most likely acyl-CoA 
because acyl-CoA is used in similar GPI-fatty acid remodeling in yeast [10]. PGAP2 
is essential for this step [95]. PGAP2 is a transmembrane protein and has no similar-
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ity to known acyltransferases. At present, it is unclear whether PGAP2 is an enzyme 
or a regulator. If PGAP2 functions as a regulator, then other unknown enzymes must 
be involved. If PGAP2 function is impaired, GPI-APs bearing the lyso-form GPI are 
transported to the cell surface and are promptly cleaved by unknown enzymes with 
phospholipase D activity on the cell surface or after spontaneous release from the 
membrane because of the weakened membrane-anchoring capacity of lyso- 
GPI. Thus, surface GPI-APs are significantly decreased (usually below one-tenth of 
the wild-type levels) in PGAP2-deficient cells.

2.4  PIGA and Its Somatic Mutation in PNH

2.4.1  PIGA Gene

PIGA was identified by expression cloning using a GPI-deficient cell line JY5 as a 
recipient of a cDNA library [58]. JY5 cells were derived from human 
B- lymphoblastoid JY cells as a GPI-AP-deficient mutant and were later shown to be 
deficient in the first step in GPI biosynthesis and belong to complementation group 
“class A” of GPI-deficient mutant cells. After stable transfection of a HeLa cell 
cDNA library, JY5 cells with restored cell-surface expression of CD59 were col-
lected by a flow cytometer, and this enrichment process was repeated three times 
before recovery of transfected plasmids. Cloned cDNAs were individually trans-
fected to JY5 cells to assess the ability to restore CD59 expression. In this way, 
PIGA cDNA was cloned.

PIGA encodes the PIG-A protein, a catalytic subunit of GPI-N-acetylglucosamine 
(GlcNAc) transferase (GPI-GnT) that mediates the first reaction of GPI biosynthe-
sis. The PIGA gene consists of six exons located in the short arm of the X-chromosome 
(Fig. 2.3) [29, 92]. It was initially reported that PIGA resides at Xp22.1 [92], but 
was later reported to reside at Xp22.2. PIGA is the only X-linked gene among the 
approximately 30 genes involved in biosynthesis, attachment to proteins, structural 
remodeling of GPI, and transport of GPI-APs (Table 2.2).

Fig. 2.3 Schematics of PIGA gene. PIGA consists of 6 exons. Coding regions (shaded) spans 
exons 2–6. 5′ untranslated region (UTR) spans exons 1 and 2. Black striped areas, region homolo-
gous to GlcNAc transferase; gray area, transmembrane domain (TM). Nucleotide numbers of 
mRNA with A in the initiation codon as 1 are shown above exons. Bars between exons indicate 
introns, and flanking exons 1 and 6 indicate intragenic regions
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2.4.2  PIG-A Protein

PIG-A is an ER-resident, single-pass transmembrane protein consisting of 484 
amino acids. PIG-A consists of an N-terminal large cytoplasmic region, a trans-
membrane domain, and a short C-terminal luminal domain [108]. The cytoplasmic 
domain contains a binding site for UDP-GlcNAc and has sequence homology to 
glycosyltransferases belonging to the glycosyltransferase family 4 [42]. PIG-A and 
six other proteins, PIG-C, PIG-H, PIG-P, PIG-Q, PIG-Y, and DPM2, form a com-
plex [107, 109]. The complex solubilized from cell lysates by 1 % digitonin and 
purified by affinity beads had GPI-GnT activity in vitro when incubated with bovine 
PI and UDP-GlcNAc [107]. GPI-GnT is the most complex glycosyltransferase 
known.

2.4.3  Outcome of PIGA Defect

Proteins that undergo GPI anchoring are translated as preproproteins bearing an 
N-terminal signal peptide for translocation across the ER membrane and a 
C- terminal signal peptide that directs GPI attachment [30, 96]. After translocation 
into the ER lumen, the N-terminal signal peptide is cleaved, generating a propro-
tein, which is thought to be transiently associated with the ER membrane via a 
hydrophobic part of the C-terminal signal peptide. GPI transamidase recognizes the 
C-terminal GPI-attachment signal peptide, cleaves it, and replaces the peptide with 
preassembled GPI, generating an immature, ER-form, GPI-anchored protein. 
Complete loss of PIGA function by mutation causes complete loss of GPI-GnT 
activity and a lack of the GPI precursor. In the absence of any GPI intermediate, GPI 
transamidase does not cleave or cleaves only very inefficiently the C-terminal signal 
peptide, and the proprotein accumulates and is eventually degraded presumably by 
ER-associated degradation (ERAD) [63]. This results in complete deficiency of the 
cell-surface GPI-APs. If a PIGA mutation causes a partial loss of PIG-A activity, an 
amount of the GPI precursor decreases, and a fraction of the proproteins that nor-
mally receive GPI attachment may decrease. Those proproteins that do not receive 
GPI are subjected to ERAD, resulting in a partial deficiency of the cell-surface 
expression of GPI-APs. Different proproteins have different C-terminal GPI- 
attachment signal sequences. The efficiencies of recognition by GPI transamidase 
are thought to be different among various signal sequences. Under partial loss of 
GPI, various proproteins compete with each other for the limited amounts of 
GPI. Proteins with weaker C-terminal signal sequences may be less likely to be 
GPI-anchored and, thus, more likely to be degraded by ERAD and lost from the 
cell surface.

All cell-surface GPI-APs, including two complement regulatory proteins DAF 
and CD59, are completely deficient in type III PNH cells, in which PIG-A activity 
is null. GPI-APs are partially deficient on type II PNH cells, in which PIG-A activ-
ity is partially lost [13]. On type II erythrocytes, CD59 is sometimes nearly com-

Y. Maeda et al.



41

pletely lost, whereas DAF is only weakly reduced, suggesting that the C-terminal 
signal sequence of DAF is stronger than that of CD59.

2.4.4  Somatic Mutations of PIGA in PNH

Somatic mutation of PIGA was first found in a CD59- and DAF-deficient 
B- lymphoblastoid cell line established from a patient with PNH [92]. This mutation 
was a single-base deletion in a splice donor site in intron 3, causing deletion of the 
exon 3  in mRNA.  This mutation was not found in a CD59- and DAF-positive 
B-lymphoblastoid cell line from the same patient, indicating a somatic origin of the 
mutation. The patient was female and the mutation was found in one of the two X 
chromosomes. Only the abnormally spliced PIGA mRNA was found in the affected 
cells; therefore, the mutation existed in the active X-chromosome. The same muta-
tion was found in granulocytes and lymphocytes from the same patient, suggesting 
that the somatic mutation occurred in the hematopoietic stem cell that gave rise to 
both affected granulocytes and lymphocytes [92].

Analyses of PIGA in B-lymphoblastoid cell lines and/or granulocytes from 
approximately 20 patients with PNH demonstrated PIGA somatic mutations in each 
patient [8, 59]. Therefore, it was established that GPI deficiency in PNH is caused 
by somatic mutations in the PIGA gene.

As described above, only PIGA is X-linked and all other genes involved in GPI- 
anchored biosynthesis and protein attachment are autosomal. For X-linked PIGA, 
one hit of loss-of-function mutation to the active allele in females or to one allele in 
males causes GPI-deficiency, whereas for autosomal genes, such as PIGB and 
PIGC, hits to two alleles are required to generate a GPI-deficient cell. The fre-
quency of two somatic mutations of the same gene in a cell is so low that there is no 
such case found to date, and all patients with PNH analyzed in these studies were 
due to PIGA mutations.

As of 2000, data on 174 somatic PIGA mutations had been accumulated and their 
spectrum summarized [67]. PIGA somatic mutations were predominantly small 
mutations, and only three were deletions of the entire or a large part of PIGA. Most 
of the mutations were unique to respective patients, and only 16 of them were found 
in more than one patient. They were widely distributed in all coding exons and 
splice sites. There is no obvious mutation hot spot in PIGA [48]. Approximately 
one-third of the somatic mutations were base substitutions, including nonsense 
mutations, splice site mutations, and missense mutations causing amino acid 
changes. Another one-third was single-base deletions, causing primarily frame 
shifts or less frequently splice abnormalities. The rest of the mutations include 
single- base insertions, deletions or insertions of several bases, and combinations of 
small deletions and insertions [67]. A similar spectrum of PIGA somatic mutations 
was found by recent whole exome sequencing of PNH cells, although somewhat 
higher frequency of large deletions was found [84].
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At least 25–30% of the patients with PNH had more than two independent PIGA 
mutants. There is a report of a patient bearing four PNH clones [13, 73]. A recent 
whole exome sequence study demonstrated six somatic mutations in a patient [84]. 
In many cases with multiple clones, one is predominant and the others are minor. 
Therefore, finding oligo clones is not rare.

2.4.5  Clinical Manifestation of PIGA Somatic Mutations

At least 150 different proteins are anchored at the cell surface via GPI (Table 2.1). 
Complete or severe partial loss of PIG-A function results in complete or partial lack 
of many, if not all, GPI-APs from the cell surface. In fact, multiple GPI-APs such as 
CD16, DAF, and CD59 are reduced or lost from blood granulocytes bearing PIGA 
mutations. GPI-AP deficiency affects only a fraction of hematopoietic cells because 
PIGA somatic mutations occur in hematopoietic stem cells. One would expect that 
a wide range of clinical symptoms would result because of PIGA mutations; how-
ever, it is remarkable that complement-mediated intravascular hemolysis is by far 
the most prominent symptom [80]. Host cells are protected from membrane- 
destructive action of complement by cell-surface complement regulatory proteins. 
In particular, DAF and CD59, GPI-anchored complement regulators, are critical for 
red blood cell protection. Patients with PNH have clonally expanded affected red 
blood cells characterized by an absence of DAF and CD59. Those affected red 
blood cells are highly sensitive to complement-mediated membrane damage, caus-
ing hemolytic attack after or during infection or other events that systemically acti-
vate complement. Venous thrombosis is another common clinical symptom, which 
is also triggered by complement activation [80].

2.4.6  PIGA Somatic Mutations in Healthy Individuals 
and Patients with Idiopathic Aplastic Anemia (AA)

It should be noted that PIGA somatic mutations are not unique to PNH. The major-
ity of healthy individuals have small numbers of CD59-deficient granulocytes in 
their peripheral blood (about 0.002 % of the granulocytes were CD59 negative) [3]. 
PIGA somatic mutations similar to those found in PNH were found in the CD59- 
negative granulocytes concentrated by a cell sorter. In one case, the same mutation 
was found again 65 days later but disappeared 174 days later, suggesting that the 
mutation existed in myeloid progenitor cells. Nakao and his group demonstrated the 
presence of hematopoietic stem cells with a PIGA somatic mutation in bone marrow 
from a healthy donor by analyzing a case of bone marrow transplantation to a patient 
with AA, in whom donor-derived GPI-AP-negative granulocytes appeared after 
transplantation [60].
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Many of the patients with idiopathic AA have significantly higher numbers of 
CD59-/DAF-negative granulocytes. It was reported that greater than 0.03 % of 
granulocytes from 88 % of patients with untreated AA were CD59/DAF negative 
[104]. These CD59-/DAF-negative granulocytes were usually of clonal origin (bear-
ing one kind of mutation), suggesting that the mutant granulocytes have clonally 
expanded to some extent.

2.5  PIGT and Its Mutations in PNH (PIGT-PNH)

If one allele of a particular autosomal PIG gene is congenitally inactive because of 
a mutation, the situation of that PIG gene in that particular individual is like PIGA, 
i.e., one hit of loss-of-function somatic mutation in hematopoietic stem cells causes 
a GPI-AP-deficient stem cell clone. A case of PNH occurring in such a way was 
found recently [43]. Analysis of PIGA in blood cells from a female patient with 
PNH did not find a somatic mutation, and accordingly ultra-deep sequencing of all 
exons of all known genes involved in GPI-anchored synthesis was carried out. Germ 
line and somatic mutations were identified in the PIGT gene, which is located on 
chromosome 20. The germ line mutation, confirmed by its presence in blood cells 
and buccal epithelial cells, was a single-base substitution in the splice acceptor site 
of intron 10. The somatic mutation, confirmed by the presence in granulocytes and 
the absence in T-lymphocytes, was an 8.2-Mb deletion, including the entire PIGT 
gene. The two mutations resided in different alleles, indicating that PIGT activity in 
the mutant cells should be very low, if not negative, and consistent with GPI-AP 
deficiency.

PIG-T is a component of GPI transamidase that attaches preassembled GPI to 
proteins [75]. GPI transamidase consists of five subunits, PIG-K, GPAA1, PIG-S, 
PIG-T, and PIG-U. Within the complex, PIG-T acts to stabilize the complex and is 
covalently linked by a disulfide bond to PIG-K, a cysteine protease-like subunit, 
which cleaves the C-terminal GPI-attachment signal peptide [77]. In PIGT-defective 
cells, in which GPI-transamidase activity is reduced, the C-terminal GPI-attachment 
signal peptide is not cleaved, resulting in the degradation of proproteins in the ER 
[63]. GPI is assembled but is not transferred to proteins and accumulates [75]. The 
accumulation of preassembled GPI is a unique condition of PIGT-defective cells, 
which does not occur in PIGA-defective cells.

The patient with PIGT-PNH had urticaria before the onset of PNH and devel-
oped ulcerative colitis after the onset of PNH and initiation of eculizumab therapy 
[43]. Whether the PIGT mutation and its consequences, such as accumulation of 
GPI, are causally related to these immune-related symptoms not usually seen in 
PIGA-PNH is currently not clear.
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2.6  CD59 Deficiency

A male Japanese patient with CD59 deficiency showing intravascular hemolysis 
similar to PNH was reported in 1990 [111]. CD59 on his erythrocytes was absent, 
whereas the DAF level was normal, indicating that CD59 is critical for protection of 
erythrocytes from complement. CD59 was deficient not only in blood cells but also 
in skin fibroblasts. His parents were cousins and both had a partial decrease in CD59 
levels. The patient had a homozygous mutation in CD59 and his parents were het-
erozygous for the mutation [61].

The second case of CD59 deficiency was found in a familial chronic hemolysis 
in infants of Northern-African Jewish origin in four unrelated families [70]. The 
affected individuals had a homozygous mutation in the CD59 gene different from 
the mutation found in the Japanese patient.

The third case of CD59 deficiency was found in Germany, and this patient had 
yet another homozygous mutation in the CD59 gene [23]. Although only 
complement- mediated intravascular hemolysis was reported for the Japanese 
patient, relapsing immune-mediated polyneuropathy was seen in the second set of 
patients [70], and progressive neurological impairment was observed in the third 
patient [23], in addition to PNH-like intravascular hemolysis. This set of results 
indicates that complement activation can occur on the surface of neuronal cells and 
that their protection is dependent upon CD59.

2.7  Inherited GPI Deficiency (IGD)

Male Piga knockout mice were lethal in the early stage of embryogenesis [74]. 
Heterozygous Piga knockout female mice, in which tissues become mosaic in 
expression of Pig-a protein due to X-chromosomal localization of the Piga gene, 
developed to near term but were not born, showing abnormal development of the 
head [74]. Therefore, GPI biosynthesis is essential for embryonic development, and 
systemic complete deficiency in GPI biosynthesis would not be compatible with 
birth. In PNH, where most of the PIGA mutations caused complete GPI deficiency, 
the mutations occur after birth and affect only hematopoietic cells, leading to mani-
festation as an acquired hemolytic disorder. In contrast, individuals with GPI defi-
ciency caused by mutations in germ line PIG and PGAP genes have been recently 
found. In these individuals, mutations are of hypomorphic nature and consequently 
GPI deficiency is partial. Currently, individuals with mutations in 12 genes involved 
in GPI biosynthesis and remodeling have been reported [2, 11, 20, 28, 34, 44–46, 
53, 54, 66, 72]. Expression of GPI-AP on blood cells from patients is decreased 
only in granulocytes and that on red blood cells is almost normal, so IGD patients 
do not exhibit hemolytic attack. The major symptoms of IGDs include intellectual 
disability, epilepsy, coarse facial features, and multiple organ anomalies. These 
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symptoms vary in severity depending upon the degree of the defect and/or position 
in the pathway of the affected gene.

2.7.1  Inherited PIGA Deficiency

The first cases of inherited PIGA deficiency were reported by Johnston and col-
leagues in 2012 [34]. There have been five reports, which include seven families of 
PIGA deficiency [6, 39, 90, 101]. Johnston analyzed a family with an X-linked 
lethal disorder involving cleft palate, neonatal seizures, contractures, central ner-
vous system (CNS) structural malformations (a thin corpus callosum, white-matter 
immaturity, no septum pellucidum, a dilated left lateral ventricle, and a small cere-
bellum), and other anomalies. By an X-chromosome exome sequencing screen of 
an affected boy, they identified a single nonsense PIGA mutation, c.1234C > T, 
which predicts p.Arg412*. Transfection of a mutant p.Arg412* PIG-A construct 
into PIGA-null cells showed partial restoration of GPI-APs, suggesting that this 
mutant PIGA has residual function. Another affected boy had the same mutation. 
This mutation was derived from their mother. Although the mother was expected to 
be a mosaic for PIG-A expression, GPI-AP levels of her blood cells determined by 
FACS analysis were normal and she had no clinical abnormalities. It is most likely 
that GPI-AP-deficient cells generated by inactivation of the X-chromosome bearing 
the intact PIGA allele may be eliminated during development.

We found five individuals from four families of PIGA deficiency among 172 
patients with early onset epileptic encephalopathy, including early myoclonic 
encephalopathy, Ohtahara syndrome, and West syndrome, in Japan [39]. Severe 
forms involved myoclonus and asymmetrical suppression bursts on electroencepha-
logram (EEG), organ anomalies with a dysmorphic face, and delayed myelination 
with restricted diffusion patterns in specific areas of brain stem. One patient showed 
severe hydronephrosis caused by the vesicoureteral reflux and hepatoblastoma with 
facial dysmorphism, which resembled Schinzel-Giedion syndrome. The less severe 
form presented with intellectual disability and treatable seizures without facial 
dysmorphism.

Suwoboda and colleagues reported three male patients from a single family of 
PIGA deficiency (a single amino acid deletion, p.Leu110del) [90]. Affected boys 
were born without anomalies and were neurologically normal prior to onset of sei-
zures at around 6 months of age. One died at 7 years, the other died at 16 years and 
one remains alive. All boys had ichthyosis or seborrheic dermatitis to varying 
degrees, progressive neurologic abnormalities, oral abnormalities including micro-
dontia, widely spaced and pointed teeth, and gingival overgrowth. They also devel-
oped progressive hepatosplenomegaly and systemic iron overload. The authors 
suggested that those disorders should be designated as the Ferro-Cerebro-Cutaneous 
syndrome. Those symptoms may be due to reduced expression of a GPI-AP, hemo-
juvelin, which regulates iron levels. Van der Crabben and colleagues reported a 
Caucasian boy with a missense mutation (c.278C > T, p.Pro93Leu) in the PIGA 
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gene [101]. The patient had accelerated linear growth, obesity, central hypotonia, 
severe refractory epilepsy, cardiac anomalies (Atrial septal defect), and mild facial 
dysmorphic features. He had no teeth and showed deepened plantar creases. He 
showed mildly elevated alkaline phosphatase levels and CNS anomalies consisting 
of progressive cerebral atrophy, insufficient myelination, and cortical MRI signal 
abnormalities. Belet and colleagues reported a large Belgian family diagnosed with 
X-linked infantile spasm syndrome in five affected males suffering from profound 
retardation, axial hypotonia, epileptic seizures, and hypsarrhythmia [6]. Sequence 
analysis resulted in a frameshift that generates a stop codon after amino acid 28 
(p.Y26Lfs*3) in the PIGA gene. In these patients, the second methionine at position 
37 may be used for the translation of a 36 residue shorter PIG-A, which had partial 
activity.

Expression of various GPI-APs is reduced to various levels according to the 
degree of decreased activities of the mutant PIG-A proteins. Additionally, patients’ 
symptoms are more variable because of their genetic background. Thus, inherited 
GPI deficiencies show a broad spectrum of symptoms.

2.7.2  IGD Other Than PIGA Deficiency

The first cases of inherited GPI deficiency were identified by homozygosity map-
ping analysis of two familial cases with venous thrombosis and seizures that were 
inherited in an autosomal recessive manner in two independent consanguineous 
families [2]. Three young affected individuals had exactly the same homozygous 
base substitution in the promoter region of the PIGM gene that disrupted an Sp1 
binding site, resulting in decreased transcription of PIGM. PIG-M is an 
α4-mannosyltransferase involved in transfer of the second mannose. Reduction in 
PIGM transcription caused a partial decrease in this essential mannosyltransferase 
and resulted in a partial decrease in the cell-surface expression of GPI-APs. These 
individuals did not have abnormality in organogenesis, suggesting that PIGM 
expression during embryogenesis was sufficiently high and the decrease in tran-
scription affected GPI-AP levels after completion of embryogenesis. Cell-surface 
levels of GPI-APs, such as CD59 and DAF, were only slightly reduced in blood 
granulocytes, but were not affected in red blood cells, and the individuals showed 
no signs of hemolysis. Two had hepatic vein thrombosis, which is often seen in 
patients with PNH, suggesting some common basis of the prominent symptoms 
associated with GPI deficiency.

The decreased transcription of PIGM due to disruption of an Sp1 site was par-
tially restored by incubation of B-lymphoblastoid cells from the affected individu-
als with sodium butyrate at 10 mM for 3 days [1]. The surface expression of GPI-APs 
was also partially restored. Because one of the individuals had intractable seizures, 
she was administered sodium butyrate, and after a few months of treatment, a sig-
nificant increase in the surface expression of GPI-APs on granulocytes was observed, 
and this treatment ameliorated her conditions immensely with the patient being able 
to walk and eat by herself.
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The second case and most of the later cases of inherited GPI deficiency were 
identified by whole exome sequencing of individuals with rare inherited diseases 
[45]. Mutations in PIGV and PIGO genes were found in individuals with a rare 
autosomal recessive disease termed Mabry syndrome or hyperphosphatasia with 
mental retardation syndrome (HPMRS), characterized by elevated serum alkaline 
phosphatase levels usually associated with intellectual disability, developmental 
delay, seizures and characteristic facial dysmorphism, and sometimes brain tissue 
atrophy, brachytelephalangy, Hirschsprung’s megacolon, anal stenosis, and other 
anomalies. Partial decreases in the level of one or a few GPI-APs were found in 
blood granulocytes [44, 45]. Among them, CD16 is the most sensitive GPI-AP 
marker to diagnose GPI deficiency. CD59 and DAF on red blood cells are not 
affected, consistent with a lack of hemolysis among these individuals. Elevated 
serum alkaline phosphatase is due to a release of tissue-nonspecific alkaline phos-
phatase (TNAP) from cells. In PIGV- and PIGO-defective cells, the amounts of 
complete GPI decrease due to a reduction in GPI biosynthesis, and a fraction of 
TNAP precursors do not receive GPI. Under such conditions with PIGV or PIGO 
deficiency, GPI transamidase cleaves the C-terminal GPI-attachment signal peptide 
and generates a substrate-enzyme intermediate linked by a thioester bond. The 
intermediate is attacked by water instead of GPI, and the soluble TNAP thus gener-
ated is then secreted [63]. TNAP precursors that are not attacked by GPI transami-
dase are subjected to ER-associated degradation. The fraction of TNAP precursor 
secreted or degraded appears to be dependent on which step in the biosynthetic 
pathway is defective. In individuals with PIGA mutations, hyperphosphatasia is not 
seen or occurs only mildly [34, 39, 101]. Hyperphosphatasia has also not been 
reported for patients with PNH.  It appears that ER-associated degradation domi-
nates in PIGA defective cells, in which no GPI intermediate accumulates. In con-
trast, GPI intermediates are accumulated in PIGV and PIGO defective cells. It 
seems that GPI transamidase more actively attacks proprotein and generates soluble 
TNAP when some GPI intermediates accumulate than when no GPI intermediate 
accumulates. It is noteworthy that in two cases of inherited PIGT deficiency, hypo-
phosphatasia, rather than hyperphosphatasia, was reported [46, 69], consistent with 
GPI-transamidase-mediated removal of the GPI-attachment signal peptide and  
generation of soluble TNAP. In PIGT-deficient individuals bone abnormality due to 
hypophosphatasia was reported.
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Chapter 3
Animal Models of Paroxysmal Nocturnal 
Hemoglobinuria

Yoshiko Murakami and Taroh Kinoshita

Abstract Paroxysmal nocturnal hemoglobinuria (PNH) is caused by the somatic 
mutation of the PIGA gene of one or several hematopoietic stem cells, but how these 
stem cells acquire dominance to full expansion is not clearly elucidated. We and 
other groups have generated and studied several animal models to clarify this 
unknown. The first-generation models were simple Piga knockout mice that were 
shown to be lethal. The second-generation models were conditional Piga knockout 
mice using the Cre/loxP system, which indicated that a Piga mutation alone does 
not account for the dominance of the mutant stem cells and that other factors are 
involved in pathogenesis of PNH. From the observation of PNH clones in aplastic 
anemia patients, we hypothesize that immunological selection and additional abnor-
mality, leading to benign tumorlike proliferation, would be necessary for clonal 
expansion of GPI-negative cells in addition to the PIGA mutation. Immunological 
selection was experimentally proven by our model mice in combination with bone 
marrow chimera. From the analysis of the PNH patients with a chromosome 12 
abnormality, we identified the candidate gene, HMGA2, for the benign tumorlike 
proliferation. HMGA2-expressing hematopoietic stem cells showed increased pro-
liferation in mice. Although the expression of HMGA2  in pluripotent stem cells 
requires testing, HMGA2 expression was found to increase in peripheral blood cells 
for 75 % of PNH patients examined.
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3.1  Introduction

PNH is generally caused by somatic mutation of the X-linked PIGA gene in one or 
some hematopoietic stem cells. Recently, an atypical case of PNH caused by the 
combination of germline and somatic mutations of the autosomal PIGT gene was 
found. The affected stem cells were deficient in the biosynthesis of glycosylphos-
phatidylinositol (GPI) because of the mutations and cell surface expression of GPI- 
anchored proteins (GPI-APs), such as CD59 and DAF, were lost or very low. 
Because of the reduced levels of complement regulators, namely, CD59 and DAF, 
affected erythrocytes are highly sensitive to autologous complement. For clinical 
manifestation of PNH, the dominance of hematopoiesis by a GPI-negative clone is 
required. Deficiency of GPI caused by a PIGA mutation would be necessary for 
clonal expansion, but several lines of evidence suggest that this mutation alone is 
insufficient. Araten and colleagues reported that PNH clones were present in normal 
individuals, but they never expanded [2]. It is well known that aplastic anemia (AA) 
is often associated with PNH, and there are many AA cases in which PNH clones 
become noticeable. It has been reported that the existence of PNH clones in patients 
with AA is a good indicator of the effectiveness of immunosuppressive therapy [27]. 
Thus, from the observation of PNH clones in AA patients, it appears that GPI- 
negative clones are less sensitive to cytotoxic cells, which has been experimentally 
proven by animal models described in this chapter. Selective killing of normal stem 
cells results in survival and expansion of GPI-negative clones. However, most PNH 
clones in AA do not fully expand to develop PNH, which indicates that some addi-
tional genetic abnormalities are necessary for full expansion of GPI-negative clones 
during vigorous amplification within a bone marrow suppressive environment. 
Ectopic expression of HMGA2 is a possible cause of a benign tumorlike character 
[11, 19]. Thus, three steps, a somatic mutation of the PIGA gene, immunological 
selection, and additional abnormalities leading to benign tumorlike proliferation, 
are necessary for clonal expansion of GPI-negative clones.

3.2  First-Generation Piga KO Mouse

To investigate whether a PIGA mutation alone is sufficient or whether other factors 
are also required for the clonal dominance of GPI-deficient cells seen in PNH, 
Kawagoe et al. generated chimeric mice using GPI-deficient embryonic stem (ES) 
cells [13]. For this, they first cloned Piga, the murine homologue of PIGA, con-
firmed that it was functionally and structurally similar to PIGA, and mapped it to 
XF3/4, a region syntenic to human Xp22.2 where PIGA is localized (PIGA localiza-
tion was first reported to be Xp22.1 and is now known to be Xp22.2). Because of the 
X-chromosomal location of Piga and male origin of ES cells, the Piga-disrupted ES 
cells are defective in the biosynthesis of GPI and the surface expression of GPI- 
anchored proteins (GPI-APs). The researchers then generated chimeric mice using 
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the Piga-disrupted ES cells and obtained mice only with less than 5 % chimerism. 
Mice with high chimerism were likely to be lethal. Six chimeric mice, which had a 
GPI-negative population in multiple hematopoietic lineages, were used to investi-
gate whether a GPI-negative population increased with time. The percentage of 
GPI-negative cells in each peripheral blood cell lineage at different time points was 
determined by flow cytometric analysis. Among the six mice, five did not show any 
increase in a GPI-negative population for several months to 1 year, whereas one 
mouse showed a significant increase, indicating that GPI-deficient hematopoietic 
cells do not have the ability of immediate expansion. The result also suggested that 
one mouse may have acquired some additional factor for expansion [13].

Rosti et al. reported similar experiments showing that Piga inactivation does not 
confer a proliferative advantage to the hematopoietic stem cell [24].

These mice models have several drawbacks. First, the GPI-deficient and suffi-
cient hematopoietic cell populations derived from different strains were compared 
in these chimeric mice because ES cells were derived from 129 strains, whereas 
recipient mice were of the ICR or C57Bl/6 strain. Second, these chimeric mice had 
GPI-negative cells not only in hematopoietic cells but also cells from other organs. 
They are not precise models of PNH, in which only the hematopoietic cells have a 
GPI-deficient population. Third, most mice died during the perinatal period and suf-
ficient numbers of mice could not be obtained for analysis. For these reasons, 
second- generation mouse PNH models were prepared.

3.3  Second-Generation Piga Knockout: The Cre/loxP System

Both our group and Monica Bessler’s group generated the Pigafloxed mice, in 
which two loxP sites flank either exon 6 [28] or a part of exon 2 [15, 31]. Taking 
advantage of the Pigaflox mice, we generated bone marrow chimeric mice, in which 
GPI-anchor negative cells are present only in the hematopoietic system [20]. For 
this, we first crossed Pigaflox/− male mice with female transgenic mice bearing human 
cytomegalovirus promoter-driven Cre (hCMV-Cre) and obtained female offspring 
mice bearing the Cre transgene. Due to the systemic expression of Cre, their cells 
were heterozygous for the Piga-deleted allele body–widely and the mice became 
mosaic for GPI-AP expression at the cell level, because of X-chromosome inactiva-
tion. The mice were lethal before delivery but were alive up to 13–14 days post 
coitum and a significant fraction of the hematopoietic stem cells in fetal liver were 
GPI-anchor negative at that stage. We transplanted lethally irradiated mice with 
fetal liver cells from these female mice (Fig. 3.1). In the transplanted mice, cells of 
all hematopoietic lineages contained GPI-AP-negative cells. The proportions of 
GPI-AP-negative cells in various blood cell lineages were stable over a period of 42 
weeks, indicating that the Piga mutation alone does not account for the dominance 
of the mutant stem cells and that other phenotypic changes either in bone marrow 
environments or in mutant stem cells are involved in pathogenesis of PNH [20].
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Bessler’s group crossed hemizygous Pigafloxed male mice with homozygous 
adenovirus promoter-driven EIIa-Cre female mice [15, 31]. As expression of Ella- 
Cre was transient in the relatively undifferentiated stages of oocytes and preimplan-
tation embryos, the female offspring mice receiving the Pigafloxed allele showed 
varied efficiency of Cre-mediated Piga recombination owing to slight differences in 
the timing of Cre expression. When Piga-deleted cells were limited, mice were born 
alive. This situation was different from our experiments where hCMV promoter- 
driven Cre protein expression was present in all tissues. Additionally, these partially 
recombined female mice became mosaic because of X-inactivation. Analysis of 
highly recombined female mice showed that in the heart, lung, kidney, brain, and 
liver, mainly wild-type Piga was active, suggesting that these tissues require GPI- 
APs. In contrast, spleen, thymus, and red blood cells had almost equal numbers of 
cells expressing the wild type or the deleted allele, implying that GPI-APs are not 
essential for the derivation of these tissues. The observed percentage of GPI-negative 
populations in peripheral blood cells from mice with lower recombination extent for 
12 months and the GPI-negative population did not show significant increase. 

Fig. 3.1 Generation of PNH model mice. Pigafloxed male mice were crossed with heterozygous 
or homozygous hCMV-driven Cre transgenic female mice. Piga-targeted female embryos were 
heterozygous for the Piga defect and became mosaic for Piga-deficient and Piga-sufficient cells, 
because of random X-chromosome inactivation. Fetal liver cells of 14 days post coitum, which 
contained GPI-negative (white) and GPI-positive (gray) cells, were transplanted to the lethally 
irradiated C57BL/6 mice. To distinguish donor-derived cells from host-derived cells, mice with the 
Ly5.1 allele were used as donors and those with Ly5.2 were used as hosts. Peripheral blood cells 
from transplanted mice were analyzed by FACS
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Although this model still contained GPI-negative cells in non-hematopoietic cells, 
it clearly showed that a Piga gene defect is not sufficient to cause expansion of GPI- 
AP- negative cells, as seen in PNH.

Both groups showed that GPI-negative red blood cells from Piga-defective mice 
were more sensitive to complement containing human serum than wild-type cells 
[20, 31].

Bessler’s group generated human c-fes promoter-driven Cre transgenic mice 
(Fes-Cre) [14]. Human c-fes encodes a 92-kDa non-receptor protein tyrosine kinase 
(FES) that is preferentially expressed in hematopoietic progenitor cells in bone mar-
row and during myeloid differentiation. FES is also expressed in endothelial cells of 
blood vessels. Male mice in which hematopoietic cells were all GPI negative by 
crossing with Pigafloxed mice were generated. These mice had long-term bone mar-
row repopulating cells that lacked GPI-APs, as shown by bone marrow reconstitu-
tion experiments. GATA-1 promoter-driven Cre transgenic mice (GATA-1 Cre) were 
also generated, and the researchers succeeded in making mice that have almost 
100 % of the red blood cells deficient in GPI-AP by crossing with Pigafloxed mice 
and testing complement sensitivity [12].

We also found that Tie2 promoter-driven Cre (Tie2-Cre) transgenic mice [16] 
crossed with Pigafloxed mice had GPI-negative cells in hematopoietic cells, and the 
population did not increase during a 1-year observation (unpublished data).

3.4  PNH Model Mice Showing Clonal Expansion

As mentioned above, it was proven unequivocally that a Piga mutation alone does 
not account for the dominance of the mutant stem cells and that other phenotypic 
changes are involved in the pathogenesis of PNH. Bone marrow failure is one of the 
three major clinical symptoms of PNH. PNH is often preceded by aplastic anemia. 
The mechanism of bone marrow failure in PNH is thought to be common with idio-
pathic aplastic anemia, i.e., autoimmune-mediated reduction in hematopoiesis. One 
hypothetical mechanism for the clonal expansion of GPI-negative cells in PNH is 
that the mutant cells escape attacks by autoreactive cytotoxic cells that are thought 
to be responsible for aplastic anemia [25, 34]. We investigated this hypothesis using 
our model mice of PNH. For this, we took advantage of a pancytopenia model in 
which transplanted alloreactive CD4(+) T cells derived from bm12 mice suppress 
hematopoiesis in C57BL/6 mice. We transplanted lethally irradiated C57BL/6 mice 
with female C57BL/6 fetal liver cells bearing one disrupted allele of Piga with or 
without alloreactive CD4(+) T cells from bm12 mice. After several months, the 
contribution of GPI-negative cells in peripheral blood cells was clearly higher when 
bm12 CD4(+) T cells were cotransplanted, suggesting that GPI-positive hematopoi-
etic cells were preferentially suppressed. It seems very likely that certain GPI-APs 
on target cells are important for recognition by alloreactive CD4(+) T cells. We also 
showed in an in vitro study that if a putative autoantigen recognized by cytotoxic 
cells is a GPI-AP, GPI-negative cells are less sensitive to cytotoxic cells. These 
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results provide the first experimental evidence with mice for the hypothesis that 
GPI-negative cells expand by escaping immunologic attack [21].

3.5  High-Mobility Group AT-Hook 2 (HMGA2)-Transgenic 
Mice and PNH

We reported two patients with PNH whose GPI-negative cells had a concurrent, 
acquired rearrangement of chromosome 12. In both cases, der(12) had a break 
within the 3′ untranslated region (UTR) of HMGA2 that caused ectopic expression 
of HMGA2 in bone marrow [11]. HMGA2 is an architectural transcription factor 
gene deregulated in many benign mesenchymal tumors. The 3′ UTR of HMGA2 
contains seven binding sites for let-7 miRNA, which regulates expression of this 
gene. Thus, truncation of the 3′ UTR leads to deregulated expression of HMGA2 
[18]. These observations suggest that aberrant HMGA2 expression, in concert with 
mutant PIGA, accounts for clonal hematopoiesis in these two patients and the con-
cept of PNH as a benign tumor of the bone marrow (BM) was proposed.

Consistent with this observation are the reports that ectopic activation of HMGA2 
in BM cells causes clonal expansion. In a successful case of gene therapy for 
β-thalassemia, bone marrow cells was inserted with the lentiviral vector bearing 
β-globin gene into intron 3 of HMGA2. This caused activation of the HMGA2 gene 
and led to expansion of the clone, resulting in a contribution of approximately 10 % 
of the erythroblasts [5]. Expansion of clonal BM cells with insertion of the viral 
vector into HMGA2 was also documented in a few other examples of gene therapy 
[33].

The HMGA2 protein is a member of the HMGA family of non-histone chromatin- 
binding proteins, which also includes HMGA1a, HMGA1b, and HMGA1c [26]. 
Exons 1 to 3 of the HMGA2 gene encode DNA-binding AT-hook motifs. These 
motifs facilitate the preferential binding of the protein to AT-rich sequences in 
B-form DNA and induce conformational changes to promote the recruitment of 
transcription factors. Exon 4 acts as a linker and exon 5 encodes the acidic C-terminal 
domain of the protein and the 3′ UTR of the mRNA [23]. The HMGA2 protein is 
important in various biologic processes, including cell proliferation, cell-cycle pro-
gression [9], apoptosis, and senescence and plays a crucial role in self-renewal and 
control of differentiation of various stem cells [22].

Hmga2 null mice showed reduction of body size and are called “pigmy mice” 
and are resistant to diet-induced obesity because of a reduction in the total number 
of cells in the fat pads [1, 36]. In contrast, transgenic mice expressing a truncated 
form of HMGA2 (T-HMGA2) showed enhanced adipogenesis, a high prevalence of 
lipomas and significant weight gain in young mice [3]. Adipocyte-specific promoter- 
driven T-HMGA2-tg mice showed fibroadenomas of the breast, salivary gland 
hyperplasia, or endometrial hyperplasia [35]. Transgenic mice expressing the full- 
length HMGA2 transcript under the control of the CMV promoter showed high 
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frequency of pituitary adenomas, sporadic breast carcinomas, and lung and large 
cell lymphomas [7].

We have generated CAG-driven HMGA2-transgenic mice to analyze their hema-
topoietic phenotype. These mice expressed a truncated form of HMGA2 (contain-
ing the first three exons). We transplanted BM cells derived from HMGA2-transgenic 
mice (Ly-5.2) together with those from wild-type mice (Ly-5.1) to observe the pro-
liferative phenotype of HMGA2-expressing hematopoietic stem cells. However, no 
increase of the population of HMGA2-expressing cells against wild-type cells was 
observed. Additionally we crossed Tie2-Cre mice [16] expressing a truncated form 
of HMGA2 with Pigafloxed mice to test the proliferative phenotype of GPI-negative 
cells with a HMGA2-expressing background, but the GPI-negative population did 
not increase (our unpublished result). We speculate that the expression level of 
HMGA2 in the hematopoietic stem cells is insufficient in these mice because the 
fatty phenotype of these mice became less apparent after several generations.

Then, we generated another system to test whether high expression of HMGA2 in 
bone marrow stem cells causes clonal expansion. The retrovirus expressing a trun-
cated form of HMGA2 (containing the first three exons) and GFP was transduced to 
lineage marker-negative BM cells from mice (Ly-5.1), and those BM cells were 
intravenously injected into lethally irradiated recipient mice (Ly-5.2). After trans-
plantation, the mice that were transplanted with HMGA2-transduced BM cells 
showed expansion of GFP-positive cells in all lineages (Fig. 3.2). Additionally, we 
investigated HMGA2 expression in PNH patients without chromosomal abnormali-
ties. The expression of short HMGA2 mRNA with a latent exon was significantly 
high in peripheral blood cells from 18 of the 24 patients (Fig. 3.3). Although the 

Fig. 3.2 Expansion of HMGA2-expressing cells in all hematopoietic lineages of bone marrow 
(BM) reconstituted mice. A. Lineage marker-negative BM cells from Ly-5.1 mice were transduced 
with a retrovirus vector bearing a truncated human HMGA2 and GFP, or GFP only as a control, 
and were transplanted to lethally irradiated Ly-5.2 mice. Peripheral blood cells from transplanted 
cells were analyzed by FACS. B. Mean percentages of GFP-expressing Ly-5.1 cells in each lineage 
of peripheral blood cells from BM-reconstituted mice (Reproduced from Murakami et al. [19])
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expression of HMGA2 in pluripotent stem cells of PNH patients requires testing, 
these results support the concept that deregulated expression of HMGA2 causes 
expansion of PNH cells [19].

Ikeda and colleagues succeeded to show the proliferative phenotype of hemato-
poietic cells expressing HMGA2 [10]. PGK-driven Hmga2 transgenic mice were 
generated that contained the full coding region of the Hmga2 cDNA, but lacked 
most of the 3′ UTR. These mice showed proliferative hematopoiesis with increased 
numbers in all lineages of peripheral blood cells, hypercellular BM, splenomegaly 

Fig. 3.3 Schematics of the HMGA2 gene and various HMGA2 mRNAs and their levels in blood 
cells of PNH patients. A. Structure of the HMGA2 gene and its full transcript (HMGA2a) and short 
variants (HMGA2b). Black arrowheads, the primer pair for amplification of the total transcripts; 
gray arrowheads, the primer pair for amplification of the full-length transcript; long arrows, break 
points in two PNH patients with chromosome 12 rearrangements; and small arrow heads, binding 
sites of let-7. B. Relative HMGA2 mRNA expression in the peripheral blood cells from patients 
with PNH in comparison with normal volunteers (Normal) and patients with aplastic anemia or 
with aplastic anemia and a small PNH clone (AA). White bars, full-length transcript; gray bars, 
short transcripts; *, the patient with a chromosome 12 rearrangement. Relative mRNA expression, 
a ratio of normalized HMGA2 mRNA levels in each sample to that in one normal volunteer are 
indicated by **. Data are the mean + SD from triplicate measurements (Reproduced from 
Murakami et al. [19])
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with extramedullary erythropoiesis, and erythropoietin-independent erythroid col-
ony formation. The BM cells of the mice had a growth advantage over wild-type 
cells in competitive repopulation and serial transplantation experiments.

The molecular targets of HMGA2 are not clearly known but appear to include 
cyclin A [29], E2F1 transcription factor [8], the AP1 complex [32], and NF-κB [23]. 
As for the transcriptional regulation of HMGA2, TGF-β signaling was reported to 
regulate its expression [30], and growth factors, such as PDGF and EGF-1, were 
reported to strongly induce HMGA2 expression in pre-adipocyte cells via the phos-
phatidylinositol 3-kinase and mitogen-activated protein kinase pathways [4]. 
Recently, there is a report showing that Hmga2 is a direct target of RUNX1 [17]. 
They performed RUNX1 chromatin immunoprecipitation with high-throughput 
sequencing (Chip-seq) and identified Hmga2 as a direct target of RUNX. RUNX1 is 
a master transcription factor in hematopoiesis and mediates the specification and 
homeostasis of hematopoietic stem and progenitor cells (HSCs). Hmga2 was 
strongly upregulated in RUNX1-deficient HSCs, which exhibited expansion of 
HSPCs and myeloid progenitors, which is canceled by knocking out both factors. It 
was concluded that Hmga2 is a transcriptional target of RUNX1 and a critical regu-
lator of myeloid progenitor expansion.

Lin28b has been known to regulate let-7 expression, which regulates HMGA2 
expression. A recent report showed that overexpression of Lin28  in adult HSCs 
elevates their self-renewal activity in transplanted irradiated hosts through upregu-
lation of Hmga2 [6]. Lin28b acts as a master regulator of developmentally timed 
changes in HSC programs with Hmga2 serving as its specific downstream modula-
tor of HSC self-renewal potential. Based on this evidence, it is clear that HMGA2 
has an important role in expansion of hematopoietic progenitors especially in 
myeloid progenitors, which fits with the observation that dominance of GPI-negative 
cells can be seen more strongly in myeloid lineage in PNH patients. Our observation 
that the expression of short HMGA2 with a latent exon was significantly high in 
peripheral blood cells for 75 % of PNH patients (Fig. 3.3) may suggest that some 
additional abnormality enhances HMGA2 expression leading to clonal expansion in 
these patients [19]. However, a significant population of PNH patients did not show 
high expression of HMGA2, suggesting that there are yet other mechanisms that 
lead to clonal expansion.
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Chapter 4
Complement and PNH

Charles J. Parker

Abstract The intravascular hemolysis that is the defining clinical feature of PNH 
is complement-mediated. PNH erythrocytes undergo spontaneous lysis in  vivo 
because they lack decay-accelerating factor (DAF, CD55) and membrane inhibitor 
of reactive lysis (MIRL, CD59), glycosylphosphatidylinositol-anchored proteins, 
that regulate complement at two different steps in the cascade. DAF controls the 
formation and stability of the alternative pathway C3 and C5 convertases, whereas 
CD59 inhibits the terminal pathway by blocking the formation of the cytolytic 
membrane attack complex. Investigation into the mechanisms underlying the hemo-
lysis of PNH has produced a remarkable number of important discoveries about the 
workings of the human complement system, including confirmation of the existence 
of the alternative pathway, characterization of the function of DAF, and discovery of 
CD59. Insightful analysis of complement sensitivity assays identified the pheno-
typic mosaicism characteristic of the PNH, revealed the clonal nature of the disease, 
and demonstrated its origin in the hematopoietic stem cell. Ultimately, research into 
the basis of the complement-mediated hemolysis of PNH led to development of 
symptomatically effective therapy for the disease.

Keywords Complement • PNH • Alternative pathway of complement • Hemolysis

4.1  Introduction

The defining clinical feature of PNH, chronic intravascular hemolysis, is a conse-
quence of the combined deficiency of two proteins, CD55 (also known as decay- 
accelerating factor (DAF)) and CD59 (also known as membrane inhibitor of reactive 
lysis (MIRL)). The function of these two proteins is to protect the erythrocyte from 
complement-mediated destruction. As a result of the absence (or marked deficiency) 
of both DAF and CD59, PNH erythrocytes undergo spontaneous intravascular 
hemolysis. The hemolysis of PNH is mediated by the alternative pathway of 

C.J. Parker, M.D. (*) 
Division of Hematology and Hematologic Malignancies, University of Utah School of 
Medicine, 30 N 1900 E RM 5C402, Salt Lake City, UT 84132-2101, USA
e-mail: Charles.Parker@hsc.utah.edu

mailto:Charles.Parker@hsc.utah.edu


68

complement (APC), and processes such as infection, trauma, or surgery that gener-
ate an inflammatory response, and thereby stimulate APC activation, account for the 
exacerbations of hemolysis that give the disease an episodic nature.

Almost from the discovery by Jules Bordet in 1895 of the system that “comple-
mented” the activity of the antibody-dependent humoral immune system, participa-
tion of complement in the hemolysis of PNH has been investigated. Researchers 
working in the early part of the twentieth century, however, concluded that the 
hemolysis of PNH was not complement-mediated. Although the lytic activity in 
plasma that mediated the hemolysis of PNH erythrocytes in vitro could be inacti-
vated by heating (a hallmark of complement-mediated processes), the activity could 
not be restored by the addition, to the heat-inactivated serum, of a small amount of 
unheated serum (another feature that, at the time, was thought to be a fundamental 
property of complement-mediated processes). Interest in the role of complement in 
PNH hemolysis was revived by the work of Thomas Hale Ham. His seminal studies, 
published in the late 1930s, built on the results of earlier experiments by others that 
showed that PNH erythrocytes underwent hemolysis in serum that was mildly acidi-
fied [45]. After rigorously dissecting the abnormal hemolysis of PNH erythrocytes, 
he concluded (along with his coauthor, John Dingle) that “The serum factor essen-
tial for hemolysis was closely associated with, if not indistinguishable from comple-
ment or alexin (the name used by Bordet for what came to be know as complement) 
of human serum” [45]. Ham and Dingle had to equivocate about the role of comple-
ment in the lysis of PNH erythrocytes in acidified serum because their experiments 
demonstrated that the process was antibody independent. While their findings chal-
lenged the existing dogma that complement activation was an antibody-dependent 
process, the rigorous design of their experiments and the compelling nature of their 
results made it difficult to dismiss their conclusions as artifactual. Other investiga-
tors confirmed and extended the observations of Ham and Dingle, and while evi-
dence continued to build in favor of complement as the mechanism that mediated 
PNH hemolysis, it was not until the discovery of the antibody-independent “proper-
din pathway” (now known as the APC) by Louis Pillemer in 1954 that Ham’s obser-
vations were explained [94]. In addition to their impact on the understanding of the 
pathophysiology of PNH, Ham’s studies lead to implementation of the first clinical 
diagnostic test for PNH, the acidified serum test (or as it came to be known infor-
mally, Ham’s Test). This simple but highly specific assay stood for 50 years as the 
standard diagnostic test for PNH until it was supplanted by flow cytometric analysis 
in the early 1990s.

4.2  The Complement System

The Classical Pathway and the Lectin Pathway There are three pathways that initi-
ate activation of the complement system, the classical pathway, the lectin pathway, 
and the APC. All three of these initiation pathways activate the terminal pathway 
that mediates formation of the cytolytic membrane attack complex (MAC). Although 
the hemolysis of PNH erythrocytes is a consequence of lack of the capacity to con-
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trol APC activation, an overview of the classical pathway is included in this review 
to provide readers with a perspective on the differences between the two pathways. 
The lectin pathway is similar to the classical pathway. It has no direct role in the 
pathophysiology of PNH, however, and therefore is mentioned only briefly in rela-
tionship to its similarity to the classical pathway.

The complement system discovered by Bordet is now known as the classical 
pathway (Fig. 4.1). The classical pathway is activated when IgG or IgM antibodies 
bind to antigen, exposing binding sites for C1, the first component of complement 
[18]. C1 is composed of three subunits, C1q, C1r, and C1s, in a stoichiometry of 
1:2:2, respectively. C1q is a distinctive molecule with six globular heads extending 
from a collagen-like stem (under electron microscopy, the side view of the molecule 
looks remarkably similar to a bouquet of tulips). Each of the six globular heads of 
C1q has a binding site that is specific for the Fc region of the immunoglobulin mol-
ecule (Fig. 4.1). Both C1r and C1s are serine proteases that exist in their native state 
as zymogens (inactive proenzymes). C1 enzymatic activity is expressed following 
autoactivation of the two C1r zymogens that is initiated by a conformational change 
that occurs in C1q upon binding to immunoglobulin. The two C1s zymogens are 
converted to active enzymes by the proteolytic action of the activated C1r mole-
cules. The natural substrates for the enzymatic component of C1 (C1s2) are C2 and 
C4. Enzymatic cleavage of C4 into C4a and C4b fragments by C1s2 exposes an 
internal thioester bond in the C4b moiety through which, via acyl transfer, the mol-
ecule binds covalently by forming an ester or imidoester bond with the antigen- 
bound immunoglobulin molecule or with a nearby membrane protein or glycoprotein 
(e.g., glycophorin A on human erythrocytes) [56, 61]. The covalent attachment of 
C4b serves as the nidus for formation of the C3 convertase of the classical pathway 
by providing a binding site for C2, another zymogen belonging to the family of 
serine proteases [58]. Upon enzymatic cleavage by C1s2, activated C2 (C2a) remains 
bound to C4b and functions as the enzymatic subunit of the classical pathway C3 

C1* C4  
C2 

C4a C2b 

C4b•C2a* C3 
C3a 

C4b•C2a* C3b 
C5 

C5a 

C5b Terminal Pathway 

cell membrane 

antigen 

antibody 

Fig. 4.1 The classical pathway of complement. The classical pathway is activated when C1 binds 
to a site in the Fc region of IgG or IgM antibodies that are antigen bound. C1 is composed of three 
subunits. C1q is the binding subunit, while C1r and C1s have enzymatic activity. The structural 
integrity of C1 is calcium dependent. Activation of C4 and C2 by C1s generates the classical path-
way C3 convertase. C2a is the enzymatic subunit of the C3 and C5 convertases. Activation of C4 
and C3 induces a conformational change that exposes an internal thioester that can form a covalent 
bond with the immunoglobulin molecule or with a protein or glycoprotein on the cell surface. 
Activation of C5 by the C2a component of the C5 convertase initiates formation of the terminal 
pathway of complement that generates the cytolytic MAC. Complement activation products C4a, 
C3a, and C5a are anaphylatoxins. * indicates enzymatic activity; • indicates magnesium-dependent 
binding
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convertase (Fig. 4.1). The classical pathway C5 convertase is formed when C2a 
cleaves C3. As with C4, enzymatic cleavage of C3 exposes an internal thioester 
bond that results in covalent binding of activated C3 (C3b) to immunoglobulin or to 
a nearby cell surface protein or glycoprotein [16, 39, 62]. Covalently bound C3b 
serves as the binding site for C5 and positions it for cleavage by C2a (Fig. 4.1). 
Unlike C4b and C3b, activated C5b does not contain an internal thioester bond and 
thus does not bind covalently to the cell membrane [61]. Rather C5b serves as the 
nidus for the formation of the terminal pathway of complement, leading to genera-
tion of the MAC that inserts into the lipid bilayer, disrupting the integrity of the cell 
membrane and consequently inducing complement-mediated cytolysis.

The activity of the classical pathway is inhibited by both plasma- and membrane- 
associated proteins. C1 inhibitor, a plasma protein belonging to the serpin family of 
protease inhibitors, binds to activated C1r and C1s, dissociating these enzymes from 
the C1 molecular complex, leaving the C1q component bound to immunoglobulin 
[18]. The plasma constituent, C4b-binding protein regulates the formation and sta-
bility of the classical pathway C3 convertase by inhibiting binding of C2 to C4b and 
by accelerating the decay of the C4bC2a complex [41, 118, 138]. C4b-binding pro-
tein also serves as a cofactor for the enzymatic degradation of C4b by the serine 
protease, factor I. The activity of the classical pathway C3 convertase is also regu-
lated by two erythrocyte membrane proteins, DAF and complement receptor type 1 
(CR1, CD35). CR1 regulates the convertase activity in much the same way as C4b- 
binding protein (i.e., it binds to C4b preventing formation of the complex, accelerat-
ing the decay of the C4b2b complex, and serving as a factor I cofactor) [55, 69, 
107]. In contrast, DAF lacks factor I cofactor activity, and it does not appear to 
block convertase formation. Rather (as its name suggests), DAF restricts convertase 
activity by accelerating the decay of the C4b2b complex [76]. Membrane cofactor 
protein (MCP, CD46) is another cellular protein that inhibits complement activation 
[5]. As does CR1, MCP (CD46) serves as a cofactor for the factor I-mediated cleav-
age of C4b (and C3b). MCP (CD46), however, is not an inhibitor of immune hemo-
lysis because it is not expressed on erythrocytes.

The Lectin Pathway This ancient pathway that is a component of the innate immune 
system differs from the classical pathway only at the beginning of the initiation 
process [137]. Whereas activation of the classical pathway is initiated by binding of 
C1q to antibody, the lectin pathway is activated when mannose-binding lectin rec-
ognizes mannose, glucose, or other molecularly similar carbohydrate-based ligands 
on the surface of microorganisms. Structurally, mannose-binding lectin closely 
resembles C1q. In the lectin pathway, mannose-associated serine protease-1 and 
mannose-associated serine protease-2 serve a function comparable to that of C1r 
and C1s of the classical pathway, respectively, cleaving C2 and C4 to generate the 
C3 convertase. The structure of mannose-associated serine protease-1 and mannose- 
associated serine protease-2 is also analogous to that of C1r and C1s, and these 
proteins appear to have arisen as a consequence of gene duplication. Formation of 
the C5 convertase and activation of the terminal pathway proceed in the same fash-
ion as described above for the classical pathway. C1 inhibitor controls the activation 
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of the lectin pathway in a manner that parallels the mechanism by which it controls 
activation of the classical pathway. In the case of the lectin pathway, C1 inhibitor 
binds to mannose-associated serine protease-1 and mannose-associated serine pro-
tease- 2, thereby dissociating the enzymatic subunits from the mannose-binding lec-
tin complex.

The APC The classical pathway is a component of the system of acquired immu-
nity that evolved to support (complement) antibody-mediated destruction of invad-
ing microorganisms in the immune host. Under normal physiologic conditions, host 
cells do not require protection against the classical pathway because antibodies 
against self-antigens are eliminated in the process of immune homeostasis. In con-
trast, the APC is a component of the innate immune system that evolved to protect 
the nonimmune host from microbial pathogens. Thus, the APC lacks the antibody- 
determined specificity of the classical pathway. Rather, the APC is activated by 
certain microorganisms because the biochemical properties of the potential patho-
gen promote the formation and stability of the APC C3 convertase [32, 33]. On such 
APC activators, the binding of the catalytic subunit, factor B, of the APC C3 conver-
tase is favored over binding of the convertase inhibitory plasma protein, factor 
H. Human erythrocytes are exposed to the same plasma factors as invading organ-
isms, and yet normal red cells are completely resistant to injury mediated by the 
APC. The resistance is mediated by a combination of mechanisms including the 
biochemical properties of the cell that favors binding of factor H over binding of 
factor B to cell-bound C3b and by expression of cell surface proteins that inhibit the 
formation and stability of the C3 convertase of the APC. That normal erythrocytes 
never undergo immune destruction mediated by the APC is a testament to the effec-
tiveness of these inhibitors. On the other hand, the hemolysis of PNH is a conse-
quence of deficiency of two of these regulatory proteins, DAF and CD59, confirming 
the essential role that cell surface inhibitors play in protecting erythrocytes from 
APC-mediated cytolysis in vivo.

In plasma, the APC is in a state of continuous, low-grade activation. Thus, the 
system is primed for attack at all times (as would be expected for a physiologically 
relevant component of innate immunity). Activation of the APC is initiated when the 
internal thioester bond of C3 undergoes spontaneous hydrolysis to form C3(H2O) 
[84] (Fig. 4.2). Nascent C3(H2O) undergoes a conformational change that tran-
siently exposes a magnesium-dependent binding site for factor B [84] (Fig. 4.2). 
The catalytic subunit (Bb) of the APC C3 convertase [C3(H2O)Bb] is generated 
when factor B that is bound to C3(H2O) is cleaved by factor D into Ba and Bb frag-
ments. Factor D, a trace plasma protein, is a serine protease that is activated from its 
zymogen form by MASP-3 of the lectin pathway. Factor B is both structurally and 
functionally homologous to C2 of the classical pathway. Like C2, factor B is a ser-
ine protease that exists in its native state as a zymogen with enzymatic cleavage 
being required for activation. Further, activated C2 (C2a) and factor B (Bb) have the 
same natural substrates (i.e., C3 and C5). Although factor B and C2 share only mod-
est amino acid sequence homology (37 %), the genes that encode these two proteins 
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are structurally similar and closely associated in the MHC region of chromosome 6, 
suggesting that the C2 and factor B arose by gene duplication. Spontaneous fluid- 
phase activation of the APC is restricted by factor H that inhibits the formation and 
stability of the C3(H2O)Bb complex.

Activation of the APC on erythrocytes is initiated when C3 binds to C3(H2O)Bb 
(Fig. 4.2). The subsequent enzymatic cleavage of C3a from C3 bound to C3(H2O) 
in the C3(H2O)Bb complex by Bb induces a conformational change in the resulting 
C3b molecule such that the internal thioester becomes exposed. By acyl transfer, 
nascent C3b binds covalently to glycophorin A, the major erythrocyte sialoglyco-
protein [90] (Fig. 4.3). Although both ester and imidoester bonds can form, the 
majority of C3b on erythrocytes is bound via an ester bond to the carbohydrate 
moiety of glycophorin A [91]. The cell surface C3 convertase is formed when factor 
B binds to C3b in a magnesium-dependent reaction (Fig. 4.2). Factor B is activated 
by factor D, and the amplification C3 convertase (C3bBb) is stabilized by factor P 
(properdin) [31] (Fig. 4.2).

Both plasma factors and membrane proteins control the formation and stability 
of the APC C3 convertase (Fig. 4.3). Factor H regulates the formation and stability 
of the convertase in the following three ways: first, by binding to C3b, it inhibits 
factor B binding; second, by binding to C3b in the C3bBb complex, it displaces Bb 
from the complex; third, by binding to C3b, it acts as a cofactor for the enzymatic 
degradation of C3b to iC3b by factor I [73, 83, 132] (Fig. 4.3). DAF is the erythro-
cyte membrane constituent that is primarily responsible for regulating the activity of 
the APC C3 convertase (Fig. 4.3). It binds to C3b in the C3bBb complex causing the 
enzymatic subunit to dissociate [76]. CR1 also controls C3 convertase activity (Fig. 
4.3). Using isolated complement components, purified CR1 has been shown to 

C3(H2O)•B        C3(H2O)•Bb*        C3b•Bb*P        C3b•Bb*C3bP        C5b       

Factor D*

C3
C3a

C5
C5a

cell membrane
Fluid Phase

Terminal Pathway

Ba

Fig. 4.2 The alternative pathway of complement (APC). The APC is constitutively active due to 
the “tick-over” phenomenon. Hydrolysis of the internal thioester bond of C3 forms C3(H2O), a 
process that induces a conformational change that exposes a magnesium-dependent binding site 
for factor B. C3(H2O)-bound factor B is activated enzymatically by factor D, forming the C3 con-
vertase in the fluid phase (i.e., in the plasma). Subsequent activation of C3 to C3b by Bb induces a 
conformational change that exposes the internal thioester bond resulting in covalent binding of 
C3b to a protein or glycoprotein on the membrane surface of the cell. Binding of C3b serves as the 
nidus for formation of the C3 convertase (C3bBbP). Binding of factor B to C3b is magnesium 
dependent. Factor P (formerly properdin) stabilizes the C3 convertase. The APC C5 convertase is 
formed when a second molecule of C3b binds in close proximity to the C3 convertase. The second 
molecule of C3b serves as the binding site for C5. Activation of C5 by the Bb component of the C5 
convertase initiates formation of the terminal pathway of complement that generates the cytolytic 
MAC. C3a and C5a are anaphylatoxins. * indicates enzymatic activity; • indicates magnesium- 
dependent binding
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accelerate the decay of the APC C3 convertase in vitro [29]. In vivo, however, it 
appears likely that erythrocyte CR1 functions primarily as a factor I cofactor rather 
than as a regulator of the C3 convertase because blocking CR1 function does not 
enhance APC C3 convertase activity when serum is used as the complement source 
[133] (Fig. 4.3). Further, available evidence suggests that CR1 exerts its activity 
intercellularly (binding to C3b on neighboring cells), while DAF functions as an 
intracellular regulator of the convertase (binding to C3bBb on the same cell) [68].

Once covalently bound to the erythrocyte surface, C3b is rapidly degraded to 
iC3b and then to C3dg by the concert actions of factor H, CR1, and factor I (Fig. 
4.3). These activation and degradation products of C3 are recognized by specific 
complement receptors (CR1, CR2, and CR3) expressed by cells of the reticuloendo-
thelial system. Binding to reticuloendothelial cells induces phagocytosis of 
complement- opsonized erythrocytes resulting in extravascular hemolysis. 
Extravascular hemolysis is not observed in patients with PNH (unless they are 
treated with eculizumab) because the cells are destroyed intravascularly by 
complement- mediated cytolysis (see below, eculizumab and treatment of the hemo-
lysis of PNH).

The C5 convertase of the APC consists of C3bBbC3bP, with one of the C3b 
molecules acting as the binding site for Bb and the other molecule serving to posi-
tion C5 for cleavage by Bb [20] (Fig. 4.2). As is the case for the C3 convertase, the 
C5 convertase is stabilized by factor P, and the same plasma and membrane 
 constituents that regulate the C3 convertase control the activity of the C5 convertase 

C3b BbP C3 C3b

C3a

factor I

CR1

iC3b C3dg

GPA

factor H

C3 Convertase C3 opsonins

DAF (CD55)

erythrocyte membrane

Fig. 4.3 Regulation of the APC on human erythrocytes. Activated C3 (C3b) binds covalently via 
an ester bond to sialic acid residues on glycophorin A. Membrane bound C3b serves as the nidus 
for formation of the C3 convertase (C3bBbP) of the APC. The formation and stability of the C3 
convertase is regulated by DAF (CD55), a glycosylphosphatidylinositol-anchored protein that is 
deficient in PNH. Enzymatic cleavage of C3 by Bb generates C3a and C3b. Activated C3b binds 
covalently to glycophorin A. Glycophorin A is the primary sialoglycoprotein of human erythro-
cytes and serves as the binding site for factor H, the primary plasma inhibitor of the APC. Like 
DAF, factor H has decay-accelerating activity for the APC C3 convertase, and it also serves as a 
cofactor for the enzymatic cleavage of C3b by factor I, generating an inactive form of C3b called 
iC3b. Further degradation of iC3b by factor I requires binding of complement receptor 1 (CR1) to 
C3b or iC3b, resulting in generation of C3dg through enzymatic cleavage by factor I. C3b, iC3b, 
and C3dg are opsonins. Opsonized erythrocytes are phagocytosed by reticuloendothelial cells 
bearing specific receptors for C3b, iC3b, and C3dg
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(Fig. 4.3). Generation of C5b as a result of enzymatic cleavage of C5 by Bb releases 
C5a and activates the terminal pathway of complement (Fig. 4.2).

As an aside, the properties of the APC explain some interesting observations 
about the relationship between complement and the hemolysis of PNH. Lysis of 
PNH erythrocytes in acidified serum is explained by the fact that both the formation 
and activity of the APC C3 and C5 convertases are enhanced at pH 6.4 [35]. Thus, 
the greater activity of the APC under mildly acidic conditions explains the seminal 
observations of Ham and others. As noted in the Introduction section, early investi-
gators dismissed the role of complement in the hemolysis of PNH in acidified serum 
because, although the hemolytic activity was inactivated by heating, it could not be 
restored by adding a small amount of unheated serum to the heat-inactivated sam-
ple. As is the case with C2, factor B is a thermolabile protein, thus explaining the 
loss of APC hemolytic activity when heat-treated serum is used as the complement 
source. However, unlike classical pathway-mediated lysis that is sustained despite 
using serum (as the complement source) at high dilutions (dilutions of >1:100), a 
characteristic feature of APC-mediated lysis is that activity is no longer observed 
following modest dilutions (1:4 or 1:8) of serum. This difference explains why heat- 
inactivated serum repleted with amounts of serum known to support classical 
pathway- mediated lysis did not restore the hemolytic activity of acidified serum.

The Complement Anaphylatoxins Enzymatic cleavage of C4, C3, and C5 by their 
respective convertases (Figs. 4.1 and 4.2) generates small peptides of approximately 
10 kDa (C4a, C3a, and C5a, respectively) that are biologically active [34, 38, 43, 
54]. When produced in large amounts (in animal model systems), they induce a 
generalized circulatory collapse, producing a shock-like syndrome similar to that 
seen in a systemic allergic reaction involving IgE antibodies. Such a reaction is 
termed anaphylactic shock, and these small complement fragments are therefore 
referred to as anaphylatoxins. The complement anaphylatoxins C3a and C5a medi-
ate their activity by binding to specific G-protein-coupled receptors [2, 42]. All 
three anaphylatoxins induce smooth muscle contraction and vascular permeability. 
In addition to being potent anaphylatoxins, C5a and to a lesser extent C3a mediate 
a variety of pro-inflammatory events [53]. Both C3a and C5a act on the endothelial 
cells lining blood vessels to induce expression of adhesion molecules for inflamma-
tory cells. In addition, C3a and C5a activate mast cells populating submucosal tis-
sues to release inflammatory mediators including histamine and TNF-α. C5a also 
acts directly on neutrophils and monocytes to increase the expression of comple-
ment receptors 1 and 3 (CR1 and CR3) on the cell surface and to enhance their 
adherence to vessel walls, their migration toward sites of antigen deposition, and 
their capacity to ingest particulate matter [44].

The Terminal Pathway of Complement After the generation of C5b, no further 
enzymatic activity is involved in either the formation or the cytolytic activity of the 
MAC of complement that consists of C5b, C6, C7, C8, and C9 (C5b-9) (Fig. 4.4). 
Components C6, C7, and C9 are single-chain polypeptides [12, 13, 17, 24–26, 98]. 
C5b is a disulfide-linked heterodimer that is the product of a single gene. C8 con-
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sists of three nonidentical peptide chains [122]. The α and γ chains comprise a 
disulfide-linked unit that is noncovalently associated with the β chain. The three 
polypeptide chains that comprise C8 are the products of separate genes [75]. There 
are structural and antigenic similarities among four of the components (C6, C7, C8, 
and C9), and at the nucleotide level, modest homology is observed for C7, C8α, 
C8β, and C9 [73].

Formation of the MAC is initiated when nascent C5b (i.e., still complexed with 
C3b) binds specifically to C6, forming a stable, hydrophilic complex [99, 135]. 
Binding to the C5b6 complex induces a conformational change in C7 that exposes 
a labile membrane-binding site and causes the molecule to undergo a hydrophilic- 
amphiphilic transition [23, 101]. This process allows the trimolecular C5b67 com-
plex to integrate into the lipid bilayer of the erythrocyte (Fig. 4.4). Once inserted 
into the cell, the complex is stable. Binding of C8 to the C5b67 complex is mediated 
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Fig. 4.4 The terminal pathway of complement. Formation of the cytolytic MAC is initiated when 
C5 is cleaved by the C5 convertase of the classical lectin or APC. Nascent C5b binds specifically 
to C6, forming a stable, hydrophilic complex. Binding to the C5b6 complex induces a conforma-
tional change in C7 that exposes a labile membrane-binding site and causes the molecule to 
undergo a hydrophilic-amphiphilic transition. This process allows the trimolecular C5b67 complex 
to integrate into the lipid bilayer of the erythrocyte (top, left). Once inserted into the cell, the com-
plex is stable. Binding of C8 to the C5b67 complex induces a conformational rearrangement that 
allows the α-chain of C8 to insert into the hydrophobic core of the lipid bilayer and exposes a 
single binding site for C9 (top, left). Binding to C8α within the C5b-8 complex causes C9 to 
unfold. This conformational change exposes hydrophobic regions that allow the molecule to insert 
into membrane and exposes a binding site for an additional C9 molecule. Binding to C5b-91 causes 
the second C9 molecule to undergo the same conformational change as the first C9 molecule, and 
in this way, multiple molecules of C9 become incorporated into the MAC (C5b-9n) (top, left). The 
C9 molecules undergo polymerization, and this process forms the ring-like structure that appears 
as the classical torous (doughnut) lesion visualized by electron microscopy (top, right). Disruption 
of the integrity of the lipid bilayer of the erythrocyte by the MAC creates an osmotic gradient 
because small ions can traverse the damaged membrane, but large cytoplasmic components such 
as hemoglobin cannot (top, right). The consequent inflow of water causes the cell to expand rap-
idly. If damage is great enough, the cell ruptures, releasing hemoglobin into the plasma (a process 
called colloid osmotic lysis). The glycosylphosphytidylinositol-anchored protein, CD59, inhibits 
formation of the MAC by binding to C8, blocking C9 binding, and limiting C9 multiplicity 
(bottom)
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through the β chain that has a specific recognition site for C5b [125, 126]. Binding 
to C5b67 induces a conformational rearrangement that allows the α-chain of C8 to 
insert into the hydrophobic core of the lipid bilayer and exposes a single binding site 
for C9 (Fig. 4.4). Binding to C8α within the C5b-8 complex causes C9 to unfold 
[126]. This conformational change exposes hydrophobic regions that allow the mol-
ecule to insert into the membrane and exposes a binding site for an additional C9 
molecule. Binding to C5b-91 causes the second C9 molecule to undergo the same 
conformational change as the first C9 molecule, and in this way, multiple molecules 
of C9 become incorporated into the MAC (C5b-9n) [73] (Fig. 4.4). The C9 mole-
cules undergo polymerization, and this process forms the ring-like structure that 
appears as the classic torus (doughnut) lesion visualized by electron microscopy [8, 
15]. Individual MACs are heterogeneous in size due to differences in C9 composi-
tion [7, 9, 97]. Thus, the stoichiometry of the MAC is C5b1, C61, C71, C81, and C9n 
where n ranges from 2–18 depending upon the experimental conditions. On normal 
human erythrocytes that have undergone hemolysis, the average C8:C9 ratio is 1:3, 
whereas on PNH erythrocytes that have undergone lysis, the average C8:C9 ratio is 
1:6 [92]. These results predicted that PNH erythrocytes are deficient in a membrane 
constituent that regulates the formation of the MAC (see below).

Disruption of the integrity of the lipid bilayer of the erythrocyte by the MAC 
creates an osmotic gradient because small ions can traverse the damaged mem-
brane, but large cytoplasmic components such as hemoglobin cannot (Fig. 4.4). The 
consequent inflow of water causes the cell to expand rapidly. If damage is great 
enough, the cell ruptures, releasing hemoglobin into the plasma (a process called 
colloid osmotic lysis). The mechanism by which the MAC produces cell lysis is 
debated. According to the “leaky patch” hypothesis, insertion of the hydrophobic 
elements of the MAC causes local disruption of the integrity of the phospholipid 
bilayer [28]. The proponents of the competing “pore” hypothesis argue that the 
polar surfaces of the MAC components aggregate, forming a hydrophilic channel 
through the membrane [10]. Data in support of both hypotheses has been presented, 
suggesting that both processes may be operative depending upon the experimental 
conditions.

Plasma proteins including vitronectin [99] and apolipoproteins (particularly 
clusterin) have been shown to inhibit the activity of the MAC in vitro [57, 99, 100, 
106, 130, 131]. The importance of these plasma constituents in regulating the lytic 
actions of complement in vivo, however, has not been established unequivocally. 
Erythrocytes are protected from lytic action of the MAC by CD59 [49]. This 
glycosylphosphatidylinositol- anchored protein inhibits MAC formation primarily 
by binding to C8, thereby restricting the subsequent binding and polymerization of 
C9 [64, 70, 105].
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4.3  Differences in Complement Sensitivity Identified 
the Phenotypic Mosaicism of PNH

In discussing the acidified serum lysis test, Professor John Dacie commented in his 
1963 review of PNH that “Even if the serum is changed several times there appear 
to be always some cells which resist hemolysis”[19]. As had Ham and Dingle, Dacie 
observed that PNH erythrocytes were abnormally sensitive to lysis when comple-
ment was activated by antibody in vitro, but again, complete hemolysis was never 
observed. These observations suggested the existence either of one population of 
cells that varied in sensitivity to lysis or of two populations, one more sensitive to 
complement than the other.

Based in a large part on a biphasic red cell survival pattern for transfused PNH 
erythrocytes (the curve showed a steep slope early suggesting a population with a 
very short life span and a less steep slope subsequently that approximated that 
observed for normal erythrocytes), Dacie favored the hypothesis that the erythro-
cytes of PNH consisted of two discrete populations [19]. Compared to normal 
erythrocytes, Dacie also hypothesized that the greater sensitivity of PNH erythro-
cytes to antibody-initiated lysis was due to aberrant interactions with complement. 
In the early 1960s, the pioneering work of Manfred Mayer made possible quantita-
tive analysis of complement activity. Working with Dacie, Rosse modified the tech-
nique that Mayer had developed in order to quantify the complement sensitivity of 
PNH erythrocytes [113]. The results of those studies demonstrated for the first time 
the magnitude of the difference in sensitivity between PNH and normal erythrocytes 
and clearly separated the erythrocytes of patients with PNH into two quantitatively 
definable populations.

In the complement lysis sensitivity (CLS) assay of Rosse and Dacie, erythrocytes 
were incubated with an excess of sensitizing antibody and with incremental concen-
trations of serum as the complement source [113]. Subsequently, lysis was quanti-
tated based on hemoglobin released (determined spectrophotometrically). When the 
results were plotted as the logarithm of the fraction of cells lysed/fraction of cells 
unlysed vs. the logarithm of the complement concentration, a straight line was 
observed for normal erythrocytes [113]. In contrast, when erythrocytes from patients 
with PNH were analyzed, the plot showed two connected, nearly parallel straight 
lines. These findings were interpreted to mean that the peripheral blood of patients 
with PNH consisted of two populations of cells that differed in susceptibility to 
complement-mediated lysis with the complement-sensitive population requiring ~4 % 
as much serum for an equal degree of lysis as normal cells.

The seminal studies of Rosse and Dacie demonstrated conclusively for the first 
time that the erythrocytes of PNH are a mosaic [113]. Rosse and Dacie also inter-
preted their results as establishing unequivocally that abnormal sensitivity to com-
plement underlies the greater hemolysis of PNH erythrocytes “regardless of the 
factors responsible for the initiation of the immune reaction.” This conclusion was 
strongly supported by the observation that the cells that underwent hemolysis in the 
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acidified serum lysis test (Ham’s test) were the same as the sensitive population 
defined by the complement lysis sensitivity assay [113].

By examining the erythrocytes from 11 patients, the variation in the proportion 
of complement-sensitive cells was also demonstrated (the range was from 4 to 
80 %) [113]. This observation provided a plausible explanation for the variability 
among patients in the severity of the hemolytic component of the disease, illuminat-
ing another important characteristic feature of the disease.

The studies of Rosse and Dacie represented a major conceptual advance and 
defined many of the fundamental characteristics of PNH. These studies also greatly 
influenced future investigation. In particular, the recognition that the basic defect 
underlying the disease was represented in the complement-sensitive population pro-
vided a means for assessing whether a particular observation was fundamentally 
related to PNH. According to this paradigm, if a process is specific for PNH eryth-
rocytes, it should be observed in the complement-sensitive population but not in the 
complement-insensitive population. By separating cell populations into complement- 
sensitive and complement-insensitive groups, the importance of the deficiency of 
erythrocyte acetylcholinesterase in PNH was firmly established [4, 60]. Although 
25 years past between the time the acetylcholinesterase deficiency in PNH was 
identified and the time the basis of the deficiency became apparent, the association 
between erythrocyte acetylcholinesterase deficiency and PNH led ultimately to an 
understanding of the fundamental abnormality of the disease (i.e., that all of the 
proteins deficient in PNH are glycosylphosphatidylinositol anchored) [22]. Studies 
indicating that the complement-sensitive erythrocytes were monoclonal while the 
complement-insensitive cells were polyclonal provided critically important experi-
mental support for the hypothesis that somatic mutations account for the phenotypic 
mosaicism characteristic of PNH [19, 81]. In 1969, Aster and Enright demonstrated 
that platelets and neutrophils from PNH patients are abnormally sensitive to 
complement- mediated lysis [3]. These studies were consistent with the hypotheses 
that the somatic mutation occurs in a primitive hematopoietic stem cell. (Inasmuch 
as the existence of a pluripotent stem cell was still an issue of active debate at that 
time, these studies also supported those who hypothesized the existence of a bone 
marrow cell that could differentiate along erythrocytic, myelocytic, and megakaryo-
cytic lines.) By using a modification of the complement lysis sensitivity assay, Stern 
and Rosse confirmed that like the erythrocytes, the granulocytes of PNH are also a 
mosaic [124].

As noted above, the red cells of patients with PNH were initially divided into two 
groups (sensitive and insensitive) based on susceptibility to hemolysis by comple-
ment. According to this classification, the insensitive population was on average 
approximately twice as sensitive to complement-induced hemolysis as normal 
erythrocytes. However, with more experience using the assay, it became apparent 
that the complement-insensitive population was heterogeneous [110]. Careful anal-
ysis of the data generated by the complement lysis sensitivity assay showed that 
three populations of erythrocytes could be identified in some patients with 
PNH. Based on these observations, Rosse, in 1974, proposed the following pheno-
typic classification: type I, normal complement sensitivity; type II, moderate 
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 complement sensitivity (3–4 times more sensitive than normal); and type III, marked 
complement sensitivity (15–20 time more sensitive than normal) [112]. In the 
majority of patients, a population of cells with complement sensitivity equivalent to 
that of normal cells was observed along with a variable proportion of abnormally 
sensitive cells. Erythrocytes of intermediate sensitivity (the PNH II phenotype) 
could be identified coexisting with cells of normal sensitive (the PNH I phenotype), 
marked sensitivity (the PNH III phenotype), or both [109–112]. The finding that 
three different red cell phenotypes could be identified in the peripheral blood of 
patients challenged the hypothesis that PNH arose by monoclonal expansion [110]. 
The functional basis of the variability in complement sensitivity of PNH erythro-
cytes was delineated in 1989, and in 1996, the molecular basis of the phenotypic 
mosaicism was defined [27, 52]. The pathophysiological pressure that selects for the 
abnormal stem cells, however, remains enigmatic. Any hypothesis that attempts to 
explain PNH must account for this remarkable feature of the disease that was 
defined originally by careful analysis of complement sensitivity of the 
erythrocytes.

4.4  Functional Basis of the Abnormal Sensitivity 
of the Erythrocytes of PNH to Complement-Mediated 
Lysis

Overview In a pivotal paper published in 1973, Logue et  al. reported that PNH 
erythrocytes bound more C3 than normal erythrocytes when complement was acti-
vated by either the classical or the APC [66]. Those investigators also observed that, 
for a given amount of C3 bound, PNH erythrocytes lysed to a much greater degree 
than normal cells. These results suggested that both quantitative and qualitative dif-
ferences in complement interactions with PNH erythrocytes mediated the greater 
lytic sensitivity. The interpretation of these elegant experiments provided the con-
ceptual framework for subsequent studies aimed at delineating the aberrant interac-
tions of complement with PNH red cells. By analyzing the relationship between the 
extent of lysis and the amount of C3 bound, Rosse and colleagues demonstrated 
differences between PNH II and PNH III erythrocytes [112]. They found that while 
both phenotypes bound equivalent, supernormal amounts of C3, the type III cells 
underwent more lysis per C3 molecule bound when compared with type II cells. 
These results suggested that either PNH III cells had an additional defect that was 
not shared by PNH II cells or that the abnormality was the same for both types but 
that the type III cells were more severely affected than the type II cells.

Rouault and colleagues presented compelling evidence in 1978 that, compared to 
normal erythrocytes, the MAC is more efficient at inducing lysis of PNH III [116]. 
Those investigators subjected normal and PNH III erythrocytes (PNH II cells were 
not analyzed in this study) to hemolysis induced by the classical pathway. By vary-
ing the concentration of antibody, conditions were designed so that the normal and 
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PNH III cells lysed to the same extent. Next, the number of MAC lesions formed on 
the lysed cells was counted using electron microscopy to identify the characteristic 
lesion. For the same extent of lysis, approximately ten times more MAC lesions 
were observed on normal erythrocytes compared to PNH III erythrocytes. These 
studies demonstrated that greater lytic efficiency of the terminal complement path-
way when activated on PNH III cells contributes to their abnormal susceptibility to 
complement-mediated lysis. The efficacy of the MAC on PNH erythrocytes was 
also investigated by Packman et al., who reported that type III cells were abnor-
mally susceptible to reactive lysis, whereas type II cells were not [82]. In reactive 
lysis systems (also known as passive or bystander lysis), the entire complement 
cascade is not activated directly on the surface of the erythrocyte as it is when hemo-
lysis is induced either by the classical pathway (e.g., in the complement lysis sensi-
tivity assay) or by the APC (e.g., in the acidified serum lysis test). Rather, the C3 
convertase step is bypassed in reactive lysis systems, and the terminal complement 
pathway is activated in the fluid phase, thereby generating the MAC directly on the 
cell surface (Fig. 4.4). Thus, in reactive lysis systems, the effects of the MAC are 
examined directly. The studies of Packman and colleagues provided additional evi-
dence of aberrant regulation of terminal complement pathway on PNH erythrocytes 
and suggested that the greater lytic susceptibility of PNH III erythrocytes compared 
to PNH II cells was due primarily to the greater efficiency with which the MAC 
induced lysis of the type III cells. The basis of this difference between the type II 
and type III cells and the nature of the abnormal regulation of the terminal pathway 
on type III cells, however, remained enigmatic.

Identification of Erythrocyte Membrane Proteins that Regulate the C3 
Convertase The studies of Logue et al., Rosse et al., and Packman and colleagues 
demonstrated that both PNH II and PNH III erythrocytes bound more C3b than 
normal erythrocytes when complement was activated by either the classical or the 
APC [66, 82, 112]. These results suggested that regulation of the C3 convertases of 
both pathways might be abnormal on PNH erythrocytes. During the 1970s methods 
for purifying components of the complement cascade became available, and by 
1980, it was possible to assemble the entire C3 convertase of the APC using isolated 
components. The switch from using whole serum as the complement source to 
using the purified components allowed a more precise view of the influence of the 
cell surface on the assembly and stability of the convertase complex. Using isolated 
components of the APC C3 convertase, Parker et al. and Pangburn et al. demon-
strated that the activity, formation, and stability of the convertase are enhanced on 
PNH cells [86, 89]. Those findings provided a clear explanation for the greater bind-
ing of activated C3 to PNH erythrocytes but did not define the molecular basis of the 
abnormal convertase activity.

In 1979, Fearon reported the isolation of a protein from normal human erythro-
cytes that inhibited the activity of the C3 convertase of the APC [29]. By binding to 
cell-associated C3b, the protein prevented the formation of the amplification con-
vertase. This regulatory factor also accelerated the decay of formed convertases 
(C3bBb) by binding to C3b and thereby dissociating the enzymatic subunit (Bb). In 
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addition, the isolated erythrocyte membrane protein was shown to act as a cofactor 
for factor I in the enzymatic degradation of C3b (Fig. 4.3). Subsequent studies by 
Fearon demonstrated that the inhibitory factor was the membrane receptor for C3b 
known as complement receptor type I (CR1) [30].

The functional properties of CR1 (CD35) suggested that its absence from eryth-
rocytes could result in greater binding of C3b to cells because the formation and 
stability of the C3 convertase would be enhanced. Accordingly, studies designed to 
characterize CR1 on PNH erythrocytes were undertaken. The functional activity of 
CR1 on PNH erythrocytes was found to be normal, and blocking CR1 activity on 
normal erythrocytes by using specific antibodies did not enhance the susceptibility 
of the cells to complement-mediated lysis [104]. Studies that quantitated CR1 
showed that PNH erythrocytes expressed subnormal amounts of the protein [91, 
108]. The deficiency, however, appeared to be an epiphenomenon resulting from 
exposure of the erythrocytes to complement activation in vivo and was not specific 
for PNH cells [91, 108].

A decade earlier (1969), Hoffmann published the results of a series of rigorous 
experiments showing that an n-butanol extract prepared from human erythrocyte 
stroma contained a factor or factors that inhibited complement-mediated hemolysis 
[46, 47]. He also showed that a portion (~20 %) of the active material possessed the 
capacity to bind to the indicator cell and remained functionally active. Subsequently, 
Hoffmann used the name “decay-accelerating factor” (DAF) to describe the func-
tional property of the extract because the material enhanced the rate at which the 
activity of the classical pathway C3 convertase diminished over time [48].

In 1982, one of the complement regulatory proteins contained in the n-butanol 
extract described by Hoffmann was purified to homogeneity by Nicholson-Weller 
and colleagues [76]. This protein was named decay-accelerating factor of stroma 
(DAF-S). The term DAF-S was introduced to distinguish the membrane-derived 
factor from plasma-derived factors with decay-accelerating activity (e.g., factor H) 
that were being characterized at the same time by others. The DAF-S designation 
did not endure, however, and the protein isolated by Nicholson-Weller and col-
leagues quickly became known simply as DAF. In addition to its capacity to restrict 
the activity of the classical pathway C3 convertase, DAF was found to inhibit the 
activity of the APC C3 convertase. Thus, the functional properties of DAF sug-
gested that its absence from erythrocytes would lead to greater C3 convertase activ-
ity and hence to greater C3b deposition on the cell surface whether complement was 
activated by the classical or the APC. The absence of DAF could therefore account 
for the observed differences between PNH and normal erythrocytes. That PNH 
erythrocytes were deficient in DAF was reported by Nicholson-Weller and col-
leagues in 1983 [77]. Those investigators also presented data suggesting that PNH 
II cells were partially deficient, while PNH III cells were completely DAF deficient. 
Almost simultaneously, Pangburn et  al. presented both functional and immuno-
chemical evidence of DAF deficiency in PNH [85]. The discovery of this deficiency 
was a milestone in the journey toward understanding the basis of the hemolysis of 
PNH that began with the observations of Strübing, Hijmans van den Berg, and Ham 
in the late nineteenth and early twentieth century.
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DAF is a 70 kDa single-chain glycoprotein. DAF contains four short consensus 
repeat units that are homologous to domains found in other complement regulatory 
proteins (e.g., CR1-, CR2-, C4b-binding proteins, factor H, and membrane cofactor 
protein). The DAF gene maps to chromosome 1 (band q32) and forms part of the 
regulators of complement activation locus that includes the genes that encode CR1, 
CR2, C4b-binding proteins, factor H, and membrane cofactor protein. DAF destabi-
lizes the C3 convertases of both the classical and APCs. It does not inhibit either 
binding of C2 to C4b or binding of factor B to C3b. Rather, once the convertase is 
formed (Fig. 4.3), DAF causes the catalytic subunit (C2b in the case of the classical 
pathway and Bb in the case of the APC) to dissociate [40] (Fig. 4.3).

The deficiency of DAF provided a logical explanation for the greater binding of 
C3b to PNH erythrocytes when complement was activated either by antibody (clas-
sical pathway) or by acidification of serum (APC), and a causal role for DAF in the 
pathophysiology of PNH was readily accepted. But could DAF deficiency explain 
all of the aberrant interactions of complement with PNH erythrocytes? As noted 
above, compelling evidence indicated that regulation of the terminal complement 
pathway was abnormal on PNH erythrocytes. Thus, if DAF deficiency alone were 
sufficient to account for the lytic sensitivity of PNH erythrocytes, DAF would have 
to play a role (direct or indirect) in the regulation of the MAC. Detailed studies, 
however, demonstrated that DAF had no inhibitory activity in the process of reactive 
lysis [67, 119]. These results implied that another protein that functioned as a regu-
lator of the terminal complement pathway must also be deficient in PNH.

The idea that more than one protein was deficient in PNH was supported by pre-
vious work that had shown that erythrocyte acetylcholinesterase was also expressed 
abnormally in PNH and that the acetylcholinesterase deficiency correlated with the 
proportion of complement-sensitive cells [4, 60]. Earlier studies had also shown that 
neutrophils from patients with PNH were deficient in alkaline phosphatase, and 
again, the severity of the deficiency appeared to be concordant with the severity of 
the disease (based on the proportion of complement-sensitive erythrocytes) [6, 65].

That multiple proteins were deficient in PNH made remote the probability that 
discrete mutations affecting each gene individually accounted for the abnormality. 
Conceivably, a large deletion could affect the loss of multiple proteins if the genes 
were in relatively close proximity on the same chromosome. Arguing against this 
mechanism, however, was the absence of consistent karyotypic abnormalities in 
PNH. A more feasible explanation for the deficiency of multiple proteins in PNH 
was that the affected membrane constituents shared a common posttranslational 
modification and that some step in the processing of this modification was abnor-
mal. A tenet of this hypothesis was that the genes that encode the deficient proteins 
in PNH are structurally and functionally normal. As anticipated, that neither muta-
tions nor abnormalities in DAF gene expression are found in PNH was reported in 
1988 [121]. Meanwhile, the posttranslational modification (the glycosylphosphati-
dylinositol anchor) that is shared by all of the proteins that are deficient in PNH was 
identified in 1986 [22].

Identification of Erythrocyte Membrane Proteins that Inhibit the MAC Inasmuch as 
DAF deficiency could not account for the abnormal regulation of the MAC on PNH 
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erythrocytes, attention was focused on identifying an erythrocyte membrane protein 
that inhibited the lytic activity of the terminal complement pathway (C5b-9). Using 
a reactive lysis system in which whole serum complement was activated by cobra 
venom factor (CVF), Parker et al. demonstrated in 1985 that PNH III erythrocytes 
bound much greater amounts of C9 than either PNH II or normal cells [92]. These 
findings confirmed that PNH erythrocytes lacked a membrane factor or factors that 
regulated assembly of the MAC.

In 1989, Holguin et al. reported the isolation of a protein from normal human 
erythrocytes that inhibited CVF-initiated lysis of PNH erythrocytes [49]. This pro-
tein, that they named membrane inhibitor of reactive lysis (MIRL), was shown by 
immunohistochemical studies to be deficient on PNH III erythrocytes. MIRL was 
observed to incorporate into the membrane of PNH III erythrocytes and protect 
them from reactive lysis. The capacity of the isolated protein to reincorporate into 
the cell suggested that, like other proteins that are deficient in PNH, MIRL was 
glycosylphosphatidylinositol anchored. Finally, by blocking MIRL function with 
antibody, normal erythrocytes could be made susceptible to reactive lysis. Together, 
the studies of Holguin et al. provided compelling evidence that MIRL deficiency is 
an important component of the pathophysiology of PNH.

Nearly simultaneously, the protein was identified independently by several 
groups, although none of those investigators were attempting to identify the factor 
that accounted for the abnormal sensitivity of PNH erythrocytes to reactive lysis 
[21, 78, 80, 123]. A number of different names have been proposed for the protein 
(e.g., CD59, protectin, MACIF, HRF 20, MEM-43, H19). The International 
Complement Society recognizes CD59 as the official term for this protein that regu-
lates the terminal pathway of complement. CD59 is an 18 kDa 
glycosylphosphatidylinositol- anchored protein with wide tissue distribution [51]. It 
inhibits the lytic activity of the MAC primarily by binding to the C8 component of 
the C5b-8 complex and to the C9 component of the C5b-9 complex (Fig. 4.4). 
Binding to C5b-8 inhibits C9 binding, and binding to C9 within the C5b-9 complex 
restricts C9 multiplicity [64, 70, 105]. Normal human erythrocytes express 25,000–
30,000 copies of CD59/RBC (there are approximately ten times more copies of 
CD59 than DAF per RBC).

In the case of DAF, determination of the primary sequence provided insight into 
the functional properties of the protein because DAF was found to share a common 
structural motif (the short consensus repeat unit) with other proteins that bind to 
activated C3 and C4. In the case of CD59, however, delineation of the primary 
structure revealed no significant homology with any other complement regulatory 
factors. CD59 shares modest homology with a number of other proteins, including 
members of the murine Ly-6 multigene family, a squid protein, the receptor for 
urokinase plasminogen activator, and snake α-neurotoxins [21, 79, 93, 95, 96, 123, 
127, 134]. Obviously these proteins are functionally diverse. The common feature 
that ties these proteins together is the conservation of the Cys residues. CD59 is a 
prototypic example, containing ten Cys that are paired to form five intrachain disul-
fide bonds. As a result of these disulfides, the locked loop structures that are charac-
teristic of this group of proteins are generated. By using NMR, the three-dimensional 
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structure of CD59 has been determined [36, 37, 59, 127]. The molecule appears 
disc-shaped and flat. It consists of two antiparallel β-sheet regions, a short helical 
region, and a carboxy-terminal region devoid of secondary structure. CD59 contains 
a single, large N-linked carbohydrate moiety that accounts for approximately one- 
third of the mass of the molecule. The structure of the N-linked sugar is heteroge-
neous and complex, but it is not required for the terminal pathway regulatory activity 
of CD59 [185–188] [1, 14, 115, 117]. The gene that encodes CD59 [177, 189] is 
located on the short arm of chromosome 11 (p14-p13) [11, 93].

4.5  Molecular Basis of the Erythrocyte Phenotypes of PNH

As discussed above, PNH III erythrocytes had been shown to be susceptible to reac-
tive lysis, whereas PNH II erythrocytes were resistance to this process. Either of two 
hypotheses seemed plausible as explanations for the molecular basis of the differ-
ences between the PNH II and the PNH III phenotypes. According to the first 
hypothesis, the two phenotypes have the same basic defect with the PNH III cells 
being more severely affected. According to the second hypothesis, PNH III erythro-
cytes have two independent defects. One deficiency (that of DAF) accounts for the 
intermediate complement sensitivity resulting from the greater activity of the C3/C5 
convertase, and this defect is shared by both PNH II and PNH III cells. The absence 
of a second complement regulatory factor (i.e., CD59) is responsible for the greater 
susceptibility of PNH III cells to reactive lysis, and that factor is normal on PNH II 
cells, accounting for their resistance to that process. Compelling data showed that 
the first hypothesis is correct [52]. Using immunochemical techniques, DAF and 
CD59 were quantitated on PNH II and PNH III erythrocytes. As anticipated, the 
PNH III cells were almost completely deficient in both regulatory proteins. PNH II 
erythrocytes were also shown to be markedly deficient in both regulatory proteins, 
but the deficiency was less severe in comparison with PNH III cells. Thus, these 
results demonstrate that the erythrocytes that are classified as PNH II have an 
amount of CD59 that is abnormally low but still above the threshold that provides 
protection against reactive lysis (Fig. 4.5). On PNH erythrocytes, the deficiency of 
DAF and CD59 are concordant (Fig. 4.5). In general, PNH II cells have approxi-
mately 10 % of the amount of DAF and CD59 expressed by normal erythrocytes 
(Fig. 4.5). Thus, PNH II cells express about 250–300 copies of DAF and about 
2500–3000 copies of CD59. This amount of CD59 is sufficient to inhibit the lytic 
activity of the MAC in reactive lysis systems, but this amount of DAF is insufficient 
to control the activity of the C3 convertase when complement is activated by either 
the classical or the APC. Currently, the erythrocyte phenotypes of PNH are defined 
by flow cytometric analysis using anti-CD59 as the primary antibody [114] (Fig. 
4.5). This technique is particularly informative because it clearly separates the dif-
ferent phenotypes and depicts the mosaicism that is characteristic of PNH (Fig. 4.5).
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Isolated Deficiencies of CD55 and CD59 Of the two complement regulatory pro-
teins, CD59 is more important than DAF in protecting cells from complement- 
mediated lysis in vivo. Antigens of the Cromer-related blood group complex are 
located on DAF, and rare cases of a null phenotype called Inab have been reported 
[50, 71, 120, 128, 129]. Like PNH cells, Inab erythrocytes are deficient in DAF, but 
unlike PNH erythrocytes, CD59 expression is normal on Inab red cells [50]. 
Although Inab erythrocytes bind more activated C3 when exposed to acidified 

Fig. 4.5 Phenotypic mosaicism of PNH based on flow cytometric analysis. The phenotypic mosa-
icism of PNH was first recognized by Rosse and Dacie who demonstrated that the peripheral blood 
of patients with PNH was composed of a population of complement-sensitive (type III) and 
complement- insensitive (type I) cells. Rosse subsequently found that some PNH patients had a 
population of erythrocytes that were intermediately sensitive to complement-mediated lysis (type 
II cells). Discovery of the basis of the complement sensitivity of PNH erythrocytes showed that the 
type III cells were completely deficient in the complement regulatory proteins DAF and CD59, 
while the erythrocytes of intermediate sensitivity (type II) were partially deficient in DAF and 
CD59 (top). The type III and the type II cells are derived from different stem cells with discrete 
PIGA gene mutations. The type I cells express normal amounts of DAF and CD59 (top panels 
compared to bottom panels) and are the product of hematopoietic stem cells without mutant PIGA 
(i.e., the residual normal stem cells). In this example, the peripheral blood erythrocytes of a patient 
with PNH (top) were incubated with fluorescently labeled anti-DAF (top, left) or anti-MIRL 
(CD59) (top, right) and analyzed by flow cytometry. Normal (NL) erythrocytes (bottom) were 
analyzed simultaneous to demonstrate, for comparison, normal expression of DAF (bottom, left) 
and MIRL (CD59) (bottom, right)
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serum, they undergo little or no hemolysis [50]. Further, subjects with the Inab phe-
notype have no clinical hematological abnormalities, and in particular, they have no 
laboratory evidence of hemolysis [71, 128]. These observations show that isolated 
deficiency of DAF does not produce the PNH syndrome.

In contrast, a patient with an inherited, isolated deficiency of CD59 had a syn-
drome that was indistinguishable from PNH [72, 136]. Clinically, the patient expe-
rienced recurrent episodes of hemoglobinuria, suggesting that CD59 is essential for 
protecting erythrocytes against complement-mediated lysis in  vivo. Recurrent 
thromboembolic events were also observed in this patient. That patient had normal 
DAF expression, but in vitro, his cells were susceptible to hemolysis in acidified 
serum, implying that CD59 deficiency accounts primarily for the positive Ham’s 
test in PNH [133].

More recently, Nevo and colleagues reported on five patients, from four unre-
lated families, who presented in infancy with symmetric muscle weakness accom-
panied by hypotonia and absent deep tendon reflexes involving the legs more than 
the arms [74]. The neurological disease was classified as chronic inflammatory 
demyelinating polyneuropathy. Symptomatic episodes were accompanied by hemo-
lytic anemia characterized by reticulocytosis, negative direct antiglobulin test, ele-
vated serum lactate dehydrogenase concentration, and low serum haptoglobin 
concentration. There was no report of thrombotic complications, although the oldest 
of the patients in the study was 5 years old. Whole exome sequencing of DNA from 
one of the patients identified a homozygous missense mutation in the gene that 
encodes CD59. Subsequent studies identified the same mutation in the other four 
patients. The mutation segregated with the disease in the families and had a carrier 
rate of 1:66 among Jewish subjects of North African origin. Cell surface expression 
of CD59 was absent from the erythrocytes of patients, while expression of CD55 
was normal. Together, these studies confirm the importance of CD59 in the patho-
physiology of the complement-mediated hemolysis of PNH and suggest an impor-
tant pathological role for aberrant regulation of the cytolytic MAC in chronic 
inflammatory demyelinating polyneuropathy and perhaps other diseases character-
ized by loss of myelin and axonal integrity.

While the above studies provide interesting insights into the individual function 
of DAF and CD59 in vivo, it is important to remember that, in PNH, both proteins 
are deficient. Therefore, it is the combined deficiency of DAF and CD59 that results 
in the markedly abnormal susceptibility of the red cells of PNH to complement- 
mediated lysis.

4.6  Eculizumab and Treatment of the Hemolysis of PNH

Eculizumab is a humanized monoclonal antibody that binds to C5 and thereby pre-
vents proteolytic conversion of C5 into C5a and C5b fragments by the C5 conver-
tase of the APC [87] (Fig. 4.6). Consequently activation of the terminal pathway of 
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complement is inhibited, and there is no generation of the C5a anaphylatoxin. 
Eculizumab is a highly effective inhibitor of the intravascular hemolysis of PNH, 
but it does not prevent the formation of the APC C3 convertase that readily forms on 
PNH erythrocytes because of DAF deficiency (Fig. 4.6). PNH erythrocytes that are 
protected by terminal pathway-mediated lysis by eculizumab become opsonized by 
activation and degradation fragments of C3 (Fig. 4.6) and consequently undergo 
extravascular hemolysis mediated by reticuloendothelial cells that express receptors 
for C3b, iC3b, and C3dg [102]. In some patients, the rate of extravascular hemolysis 
is clinically significant [103]. Interestingly, unlike the erythrocytes of patients with 
PNH treated with eculizumab, the erythrocytes of patients with an isolated defi-
ciency of DAF [the Inab (null) phenotype of the Cromer blood group] do not become 
opsonized with C3 activation and degradation products [50]. This observation sug-
gests that CD59 deficiency in addition to DAF deficiency is necessary for in vivo 
complement opsonization to occur. Support for this hypothesis was reported by 
Holguin and colleagues who showed that blocking CD59 expression on Inab eryth-
rocytes resulted in an approximately 200-fold increase in the amount of membrane- 
bound C3 products when the APC was activated by acidification of serum [50].

Based on the success of eculizumab in treating complement-mediated diseases 
(particularly PNH and atypical hemolytic uremic syndrome), new drug develop-
ment targeting C5 (C5 antibodies recognizing various epitopes, small molecule 
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Fig. 4.6 Effects of treatment with eculizumab. Binding of eculizumab to C5 blocks activation of 
the terminal pathway by the APC C5 convertase thereby protecting PNH erythrocytes against 
complement-mediated intravascular hemolysis (top). Eculizumab has no inhibitory effect against 
the activity of the APC C3 convertase; however, due to deficiency of DAF and CD59, convertase 
activity is relatively unrestricted. Consequently, PNH erythrocytes become opsonized with activa-
tion and degradation products of C3 (bottom), resulting in extravascular hemolysis mediated by 
reticuloendothelial cells that express receptors for C3b, iC3b, and C3dg
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inhibitors of C5, naturally occurring inhibitors of C5, and siRNA technology target-
ing hepatic C5 RNA) and components of the APC (including an orally available 
small molecule inhibitor of factor D and small peptide inhibitors of C3) are under-
way with some of these reagents now being tested in phase I–II clinical trial in 
humans. If proven safe and effective, therapeutic options may soon be available for 
treatment of patients who respond suboptimally to eculizumab.

4.7  Conclusions

Investigation of the hemolysis of PNH has provided numerous insights into the 
basic physiology of the complement system, especially in relationship to regulation 
of both the APC and the terminal pathway on human erythrocytes. A detailed under-
standing of the pathophysiologic basis of intravascular hemolysis of PNH leads 
directly to development of an effective therapy, and by altering the hemolytic phe-
notype, the treatment itself provided a greater understanding of APC C3 convertase 
regulation in vivo. Much of the current complement research as it relates to PNH is 
focused on developing new approaches to inhibiting both intravascular and extra-
vascular hemolysis. In addition to benefiting patients with PNH, this research has 
the potential to ameliorate the clinical manifestation of other complement-mediated 
diseases [63, 88].
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Chapter 5
Epidemiology in PNH: The PNH Global 
Registry

Robert A. Brodsky

Abstract Advances in the clinical and scientific underpinnings of paroxysmal noc-
turnal hemoglobinuria (PNH) have had a profound impact on the natural history of 
PNH. Over the past 25 years, novel diagnostics and therapeutic agents have refined 
the definition of the disease and improved clinical outcomes. These achievements 
have set the stage for developing an International PNH Registry that is an ongoing 
worldwide, noninterventional study collecting safety, effectiveness, and quality-of- 
life data from patients with a confirmed PNH diagnosis or a detectable PNH clone 
(≥0.01 %). This registry is the first PNH Registry to collect data on the disease 
burden from the patient’s perspective and is the first to collect data on the natural 
history of PNH patients treated with eculizumab.

Keywords Paroxysmal nocturnal hemoglobinuria • Natural history • Epidemiology 
• Registry • Eculizumab

5.1  Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) is a rare clonal hematopoietic stem 
cell disorder that manifests with hemolytic anemia, bone marrow failure, and throm-
bosis [3, 4, 23]. The epidemiology and natural history of PNH has evolved, espe-
cially over the last three decades, because of improved diagnostic reagents, better 
understanding of the cellular and molecular underpinnings of PNH, and, most 
recently, development of effective drug therapy in the form of terminal complement 
inhibition.

One of the earliest descriptions of PNH was by Dr. Paul Strübing in the late 
1800s, but it was Enneking, in 1925, who introduced the term paroxysmal nocturnal 
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hemoglobinuria [10]. In 1937, Thomas Ham reported that PNH erythrocytes were 
hemolyzed when incubated with normal, acidified serum [11]. This seminal discov-
ery resulted in the first diagnostic test for PNH, the acidified serum (Ham) test. In 
the 1980s it was discovered that PNH cells display a global deficiency of glyco-
sylphosphatidylinositol (GPI)-anchored proteins (GPI-AP). In the 1990s, red cell 
assays for PNH like the sugar water test [13] and the Ham test were replaced by flow 
cytometric assays using reagents like monoclonal antibodies that bind the protein 
portion of individual GPI-APs (e.g., CD55 and CD59) [28, 31] and eventually fluo-
rescent proaerolysin variants (FLAER) that binds to the glycan portion of the GPI 
anchor of all GPI-APs [5, 6]. These newer assays were more sensitive and specific 
than the red cell-based assays and also made it possible to measure the percentage 
of cells from different hematopoietic cells (red cells, granulocytes, monocytes, etc.) 
that were GPI-AP deficient. Before flow cytometric-based assays, fewer than 15 % 
of patients with aplastic anemia had a positive assay (Ham or sugar water test) at 
diagnosis. After the development of more sensitive flow cytometry-based assays, it 
became clear that more than 50 % of patients with newly diagnosed acquired, but 
not inherited, aplastic anemia have an expanded PNH clone at diagnosis [21, 33]. 
Also in the 1990s, a genetic mutation (PIGA) responsible for the GPI-anchored 
protein deficiency was discovered [1, 18, 19, 30], and about a decade ago, a human-
ized monoclonal antibody, eculizumab, that inhibits terminal complement activa-
tion was shown to ameliorate hemolysis and thrombosis (heretofore the leading 
cause of death) and improve quality of life in PNH patients [25]. This abbreviated 
timeline of the history of PNH (Fig. 5.1) is important to keep in mind when studying 
the epidemiology/natural history of PNH several reasons. First, accuracy of diagno-
sis in patients diagnosed before the 1990s cannot be assured. Second, the impact of 
PNH clone size on natural history could not be assessed with red cell-based assays. 
Third, before the 1990s, patients tended to present later in the course of disease due 
to delay in diagnosis and failure to detect small PNH clones in most patients with 
acquired SAA. Finally, the development of eculizumab has increased awareness of 
PNH and appears to have changed the natural history of the disease by practically 

Fig. 5.1 Abbreviated timeline of key discoveries that influence epidemiologic and natural history 
studies of PNH
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eliminating the thrombosis risk. Before eculizumab, thrombosis was the leading 
cause of death from PNH. These tremendous advances in the diagnosis and treat-
ment of PNH highlight the importance of the PNH global registry. While it is impor-
tant to understand the historical impact of the disease, it is even more important to 
understand the epidemiology and natural history in the era of modern diagnostics 
and therapeutics.

5.2  Epidemiology Before Modern Diagnostic Assays

In 1995, Hillmen et al. published a large retrospective study of 80 PNH patients who 
were referred to the Hammersmith Hospital in London between the years 1940 and 
1970 [14]. The diagnosis of PNH was established using Ham’s test, and the patients 
were managed with supportive care that included blood transfusions and anticoagu-
lation as indicated. The median age was 42 (range, 16–75) years and the median 
survival was 10 years with a wide range; however, the onset of symptoms often 
preceded the diagnosis by several years in most cases. A diagnosis of aplastic ane-
mia preceded the diagnosis of PNH in 29 % of the cases. At the time of publication, 
60 patients had died. In 12 cases, the cause of death was unknown; in 28 of the 
remaining 48 patients, death was attributable to either venous thrombosis (leading 
cause of death) or hemorrhage. Interestingly, 12 patients (15 % overall) reportedly 
achieved spontaneous recovery, but given that the PNH diagnosis was based on 
Ham’s tests, this high percentage may be an overestimate.

In 1996, Socie et al. performed a retrospective study of 220 French PNH patients 
who were diagnosed with Ham’s test between 1950 and 1995 [29]. Like the English 
study above, therapy was largely supportive with blood transfusions, anticoagula-
tion, steroids, and androgens; four patients were managed with bone marrow trans-
plantation. The median survival was 14.6 years and the 8-year cumulative incidence 
of thrombosis, pancytopenia, MDS, and AML was 28 %, 15 %, 5 %, and 1 %, respec-
tively. Poor survival was associated with thrombosis, pancytopenia, evolution to 
MDS/AML, age greater than 55 at diagnosis, thrombocytopenia at diagnosis, and 
need for additional treatment. Patients who presented with thrombosis had a 40 % 
survival rate at 4 years.

PNH is rare in children and when it occurs, it is often in the setting of acquired 
aplastic anemia. While rare cases of PNH in the setting of inherited bone marrow 
failure have been reported [32], the finding of a PNH in clone in the setting of aplas-
tic anemia virtually assures that the bone marrow failure is acquired rather than 
inherited [9, 16]. Ware et  al. published a retrospective study of pediatric PNH 
patients seen at Duke University between 1966 and 1990 [34]. The median survival 
was 13.5 years and 15 (58 %) of the patients had bone marrow failure at diagnosis.

5 Epidemiology in PNH: The PNH Global Registry
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5.3  Epidemiology After Modern Diagnostic Assays

Before 1990, the diagnosis of PNH was established using complement-based red 
cell assays such as the Ham’s test and the sugar water test. Complement-based 
assays cannot detect small PNH populations and may be falsely negative in patients 
requiring frequent red cell transfusions. Thus, PNH natural history studies where 
patients were diagnosed before 1990 were likely to have excluded patients with 
small to moderate PNH clones. Another advantage of flow cytometric assays is that 
they can measure the percentage of cells from different lineages that are GPI- 
anchored protein deficient. In the late 1990s, Brodsky et al. demonstrated that the 
GPI anchor is the receptor for the bacterial pore-forming toxin proaerolysin [6]. In 
collaboration with J. Thomas Buckley, he developed a novel diagnostic flow cyto-
metric assay using a fluorescein-labeled inactive proaerolysin variant known as 
FLAER [5]. FLAER binds with high affinity and specificity to the glycan portion of 
all GPI anchors and in conjunction with fluorescein-labeled monoclonal antibodies 
is used routinely for the diagnosis of PNH [2].

In 2004, Moyo performed the first natural history study of PNH using modern 
diagnostic assays [20]. In this study of 49 PNH patients, the diagnosis was based on 
FLAER in 44 cases and monoclonal antibodies in 5. The median age was 34.2 
(range, 6.3–80.7) years and the median duration of disease was 2 years. There were 
nine deaths – six from thrombosis, one from ovarian cancer, one from leukemia, and 
one from sepsis. The authors found that patients with large PNH granulocyte clones 
(>60 % PNH cells) were more likely to develop complications such as thrombosis, 
abdominal pain, hemoglobinuria, esophageal spasm, and male erectile dysfunction. 
At the time of publication, 12/22 (54.5 %) of patients with >60 % PNH granulocytes 
developed a thrombus; no patient with fewer than 60 % PNH granulocytes devel-
oped a thrombus. There was no increased incidence of other PNH symptoms (head-
ache and fatigue) in patients with large PNH granulocyte clones compared to 
patients with small PNH clones.

The French updated their previous retrospective series in 2008 [7]. This time 
they included 460 PNH patients from 58 French hematology centers from 1950 to 
2008 and stratified them into two groups on the basis of peripheral blood counts or 
whether they experienced a thrombosis at presentation. The diagnosis was estab-
lished by Ham’s test or flow cytometry. Obviously, most of the more recent patients 
(after ~1990) were diagnosed using flow cytometry. Patients with thrombosis at 
presentation and not cytopenias other than anemia were classified as classical PNH 
(n = 113), patients without thrombosis and with evidence of multilineage cytopenias 
(n = 224) were classified as AA-PNH, and those that did not fit in either of the cat-
egory (n = 93) were classified as intermediate. The median follow-up was 6.8 years. 
Median survival for the entire group was 22 years but just 16 years for the 113 
patients with classical PNH. MDS developed in 5.2 % of patients and acute leuke-
mia developed in 2.4 %. The improved overall survival in this study was likely a 
function of more sensitive diagnostic assays as the earlier French study and the 
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English study relied on Ham’s test for diagnosis. Ham’s tests are not as sensitive in 
detecting smaller PNH clones, especially in heavily transfused patients. This may 
have resulted in lead time bias.

Nishimura et al. reported on the clinical course and flow cytometric data of PNH 
patients in the United States and Japan [22]. There were 164 PNH patients seen at 
Duke University with complete flow cytometry data and 233 Japanese patients 
included in this retrospective analysis. The diagnosis of PNH was established or 
confirmed using at least one of the following: Ham’s test, sugar water test, comple-
ment lysis sensitivity test, or flow cytometry. In both cohorts, a larger PNH clone 
was associated with classical PNH symptoms, while a smaller clone was associated 
with marrow aplasia. Thrombosis was significantly prevalent in white patients than 
Asian patients. Japanese patients had a longer mean survival time (32  years vs 
19 years). A PNH granulocyte clone greater than 50 % was associated with a greater 
risk for thrombosis. Significantly more Duke patients had classical PNH symptoms, 
while Japanese patients had more evidence of bone marrow aplasia. The most strik-
ing difference between the two cohorts related to thrombosis rates. The Duke 
patients accounted for 46 % of the patients but 76 % of those with thrombosis. It’s 
hard to know whether this is due to genetic or environmental factors or whether the 
differences in referral patterns and diagnostic methods contributed may have con-
tributed to these differences.

5.4  Epidemiology and Natural History of Small PNH Clones

PNH and aplastic anemia are closely related disorders. Indeed, the autoimmune 
attack that accompanies most forms of acquired aplastic anemia seems to provide a 
conditional survival advantage to PIGA mutant stem cells [12]. This explains why 
small PNH clones are found in most cases of acquired but not inherited forms of 
aplastic anemia [9, 16]. This may also explain why AA-PNH had a better prognosis 
in the recent French series than classical PNH. Most forms of acquired aplastic ane-
mia can be successfully treated with BMT or immunosuppressive therapy. BMT will 
cure the disease and eradicate the PNH clone. Immunosuppressive therapy does not 
usually eliminate the PNH clone; however, it may take over a decade for the PNH 
clone to expand enough to cause severe hemolysis and life-threatening problems 
such as thrombosis. Several groups have now reported that the presence of a PNH 
clone in the setting of aplastic anemia is associated with low morbidity and mortality 
[24, 26]. Pu et al. found that an erythrocyte clone of 3–5 % and a granulocyte clone 
of 23 % were the thresholds to predict intravascular hemolysis as measured by an 
elevated LDH. In addition, AA patients with <15 % PNH granulocytes at diagnosis 
were less likely to develop signs and symptoms of intravascular hemolysis. At a 
median follow-up of almost 6  years after treatment, the PNH clone expanded in 
roughly 50 % of patients and remained stable or decreased in the other 50 %.
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5.5  Epidemiology of PNH in the Era of Terminal 
Complement Inhibition

There is a paucity of long-term follow-up data of PNH patients treated with eculi-
zumab at this time. Hillmen et al. evaluated the “long-term” safety and efficacy of 
eculizumab in 195 clinical trial patients over 66 months [15]. All patients experi-
enced a reduction in LDH levels that was sustained over the course of treatment 
(median reduction 87 % at 36 months), and 96.4 % of the patients have remained 
free of thromboembolic events. Stabilization or improvement in renal function at 
36  months was observed in 93 % of patients, and transfusion independence was 
increased by 90 % from baseline with the number or red cell transfusions decreasing 
by 54.7 %. There was no evidence of cumulative drug toxicity. Investigators from 
Leeds, England, reported long-term outcomes of 79 consecutive patients treated 
with eculizumab between May 2002 and July 2010 and reported that survival was 
similar to age-matched controls [17]. Transfusion independence was achieved by 40 
of 61 (66 %) patients who were on eculizumab for greater than 12 months. A more 
recent study from the United States performed a single center, retrospective study of 
30 PNH patients treated with eculizumab and categorized them with respect to 
hemoglobin response [8]. A complete response (CR) was defined as transfusion 
independence with normal hemoglobin for age and sex, no PNH symptoms, and an 
LDH < 1.5× the upper limit of normal. A good partial response (GPR) was defined 
as decreased transfusions from pretreatment and lactate dehydrogenase <1.5 upper 
limit of normal, and a suboptimal response was defined as unchanged transfusion 
needs and persistent PNH symptoms. Four patients achieved a CR, 16 achieved a 
GPR, and ten had a suboptimal response over 863 patient-months of treatment. 
Complete responders had a decrease in red cell clone size, while good partial 
responders had an increase. The authors demonstrated that eculizumab responses 
can vary in PNH and may depend on underlying marrow failure, underlying inflam-
matory conditions and red cell clone size following treatment. Normalization of 
hemoglobin with decrease in red cell clone size seems to predict for CR.

5.6  The PNH Global Registry

The International PNH Registry is an ongoing worldwide, noninterventional study 
collecting safety, effectiveness, and quality-of-life data from patients with a con-
firmed PNH diagnosis or a detectable PNH clone (≥0.01 %). This is the first PNH 
Registry that is collecting data on the disease burden of PNH from the patient’s 
perspective. In addition, it will be the first and largest registry to collect data on the 
natural history of PNH patients treated with eculizumab. The first publication on 
this data set reported on patients from 273 centers in 25 countries although more 
than 90 % were from North America or Europe and more than 87 % of patients were 
Caucasian [27]. Data in this inaugural manuscript is through June 30, 2012. Median 
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age is 42 (range, 3–99) years and median disease duration is 4.6 years; 53.2 % of the 
patients are female. Median granulocyte clone was 68.1 (range, 0.01–100) percent. 
At enrollment, 43.5 % had a history of aplastic anemia or hypoplastic anemia, 
15.5 % had experienced a thrombotic event, and 13 % had a history of impaired 
renal function. The most commonly administered therapies have been anticoagula-
tion (31 %), eculizumab (25 %), and immunosuppressive therapy (19 %). The most 
common reported symptoms include fatigue (80 %), dyspnea (64 %), hemoglobin-
uria (62 %), abdominal pain (44 %), and chest pain (33 %). Hospitalization due to 
PNH-related complications was reported by 23 % of the patients and 17 % of 
patients attributed PNH as the reason they were unable to work. This large, global 
registry will continue to prospectively collect data to evaluate disease burden and 
long-term natural history of PNH and treatment outcomes. Some of the more impor-
tant clinical questions to be addressed by the global registry will relate to pregnancy 
outcomes, thrombosis risk, long-term survival, risk for Neisserial infections, and 
impact of underlying bone marrow failure in PNH patients in the era of terminal 
complement inhibition.
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Chapter 6
Epidemiology in PNH: Clinical 
Epidemiological Studies in Korea

Jong Wook Lee

Abstract A retrospective analysis was performed on 301 PNH patients from the 
South Korean National PNH Registry to describe disease burden and identify the 
associated risk factors for thromboembolism (TE) and mortality. A multivariate 
analysis showed that PNH patients with elevated hemolysis (LDH levels ≥1.5 times 
the upper limit of normal [ULN]) at diagnosis were at significantly higher risk for 
TE than patients with LDH <1.5 × ULN (odds ratio [OR] 7.0; P = 0.013). The com-
bination of LDH ≥1.5 × ULN at diagnosis with the clinical symptoms of abdominal 
pain, chest pain, dyspnea, or hemoglobinuria was associated with a greater increased 
risk for TE than elevated hemolysis or clinical symptoms alone. TE (OR 7.11; 95 % 
confidence interval [CI] (3.052–16.562), impaired renal function (OR 2.953; 95 % 
CI 1.116–7.818), and PNH-cytopenia (OR 2.547;95 % CI 1.159–5.597) are inde-
pendent risk factors for mortality, with mortality rates 14-fold (P < 0.001), 8-fold (P 
< 0.001), and 6.2-fold (P < 0.001) greater than that of the age- and sex-matched 
general population, respectively.

Early identification of risk factors related to TE and mortality is crucial for the 
management of high-risk PNH patients.

Keywords Disease burden • Thrombosis • Mortality • Risk factor • PNH

6.1  Disease Burden

The Aplastic Anemia (AA) Working Party of the Korean Society of Hematology has 
established a web-based nationwide registry of PNH patients. Patient data included 
in the Korean PNH Registry were captured using an electronic case reporting form 
(eCRF) registered by the responsible physician of each institution. This registry is a 
resource for long-term PNH disease observation, and it includes recently collected 
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Table 6.1 Patient 
demographics and disease 
burden from Korean National 
PNH Registry

Patient demographics and disease 
characteristics N = 301

Age, years
  Median (range) 37 (8–88)
  Mean (SD) 39.3 (15.4)
Patients <40 years, n (%) 172 (57.1)
Gender, female, n (%) 149 (49.5)
Additional bone marrow disorder, n (%)
  Aplastic anemia 121 (40.2)
  Myelodysplastic syndrome 19 (6.3)
PNH granulocyte clone size, % (n = 195)
  Median (range) 48.8 (0–100)
  Mean (SD) 49.5 (30.8)
PNH RBC clone size, % (n = 199)
  Median 28.1 (0–99.8)
  Mean (SD) 33.2 (27.8)
LDH, fold above ULN (n = 224)
  Median (range) 4.10 (0.2–36.3)
  Mean (SD) 5.6 (5.5)
  ≥1.5 × ULN, n (%) 171 (76.3)
Follow-up since diagnosis, years
  Median (range) 6.6 (0–28.8)
  Mean (SD) 7.8 (6.0)
Symptoms and signs, n (%)
  TE 54 (17.9)
  Venous 37 (68.5a)
  Arterial 17 (31.5a)
  Impaired renal function 51 (17)
  Hemoglobinuria 169 (56.1)
  Abdominal pain 141 (46.8)
  Dyspnea 111 (36.9)
  Chest pain 39 (13.0)
  Pain 169 (56.1)
Treatment, n (%)
  Corticosteroids 233 (77.4)
  RBC transfusions 178 (59.1)
  NSAIDs 66 (21.9)
  Immunosuppressive treatment 62 (20.6)
  Anticoagulation 44 (14.6)
  Opioids 39 (13.0)
  Bone marrow transplant 37 (12.3)

a% of patients with TE.
LDH lactate dehydrogenase, NSAID nonsteroidal anti- 
inflammatory drugs, PNH paroxysmal nocturnal hemoglobin-
uria, RBC red blood cell, SD standard deviation, TE 
thromboembolism, ULN upper limit of normal
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laboratory and clinical parameters. Data from this registry provided a representative 
profile of PNH disease course and outcomes.

Three hundred-one patients were enrolled in the Korean PNH Registry. The 
median age at diagnosis was 37 years (range: 8–88 years), median follow-up time 
from diagnosis was 6.6 years (range: 0–28.8 years), and there was an approximately 
equal number of male and female patients. Forty percent of patients had a history of 
AA and 6.3 % a history of myelodysplastic syndrome (MDS). Overall, 47.2 % of 
patients (n = 142) were categorized as having PNH-cytopenia.

The median granulocyte and erythrocyte clone sizes were 48.8 % and 28.1 %, 
respectively (Table 6.1). At diagnosis, 171 of 224 patients (76.3 %) with recorded 
LDH levels had values ≥1.5 times the upper limit of normal (ULN). The most fre-
quently reported clinical symptoms were hemoglobinuria (56 %), pain (56 %), and 
abdominal pain (47 %) (Table 6.1) [1, 2]. The reports of hemoglobinuria were most 
likely self-reported macroscopic hemoglobinuria, as this symptom was not objec-
tively assessed.

Thromboembolism (TE) was reported in 54 patients (18 %), of whom 19 
(35.2 %) had multiple TE events. Similar percentages of patients reported TE irre-
spective of if they had underlying AA (16.8 %) or not (18.8 %). Fifty-one patients 
(17 %) reported impaired renal function (IRF), defined as a history of acute renal 
failure (ARF) requiring dialysis or estimated glomerular filtration rate (eGFR) of 
<60 mL/min/1.73 m2 captured before or after diagnosis of PNH. Forty-four patients 
(14.6 %) had a recorded history of ARF, and 8.6 % (n = 26) had chronic eGFR 
<60 mL/min/1.73 m2. One-third of patients who reported IRF had both history of 
ARF at diagnosis and eGFR <60 mL/min/1.73 m2.

Corticosteroids (77.4 %), transfusions (59.1 %), and nonsteroidal anti- 
inflammatory drugs (NSAIDs) (21.9 %) represented the most common supportive 
care provided. Anticoagulation therapy was administered to 14.6 % of patients and 
immunosuppressive therapy (IST) to 20.6 % (Table 6.1) [1, 2]. Medical intervention 
was required in 66 of 169 of patients (39.1 %) reporting pain; the most common 
interventions were NSAIDs, administered to 37 of these 66 patients (56.1 %), and 
opioids to 22 of them (33.3 %). Twelve percent (n = 37) received bone marrow 
transplant (BMT) from related or unrelated donors. No patient received treatment 
with the terminal complement inhibitor eculizumab.

6.2  PNH with Bone Marrow Failure

Although PNH clone may be detected in patients with MDS, AA is the most fre-
quently associated BM failure disorder in the patients with PNH. Although eculi-
zumab, a monoclonal antibody to complement 5a, can be effective in controlling 
intravascular hemolysis in both classic PNH and PNH-cytopenia, it does not 
improve underlying cytopenia related with BM failure. Especially, the risk of seri-
ous infection and/or bleeding is very high in patients with compatible hematologic 
values to severe aplastic anemia (SAA). Therefore, the patients with PNH-cytopenia 
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should be further subdivided into PNH patients with concomitant severe aplastic 
anemia (PNH/SAA) and PNH with non-SAA (PNH/AA) according to the severity 
of cytopenia because patients with PNH/SAA require treatment such as IST or allo-
geneic BMT.

Therefore, we analyzed to identify the clinical characteristics of patients with 
PNH-cytopenia according to the severity of cytopenia. Among the 282 patients with 
hematological values at diagnosis, there were 24 patients with PNH/SAA (at least 
two of the following three criteria: hemoglobin ≤8 g/dL, absolute neutrophil count 
(ANC) <0.5 × 109/L, platelet count <20 × 109/L), 96 patients with PNH/AA (at least 
two of the following three criteria: hemoglobin 8–10 g/dL, ANC 0.5–1.5 × 109/L, 
platelet count 20–100 × 109/L) and 162 classic PNH patients with hemolytic sign 
and not categorized into PNH/SAA or PNH/AA [3].

Median granulocyte PNH clone sizes were 26.7 % in PNH/SAA, 39.0 % in PNH/
AA, and 50.8 % in classic PNH patients. Post hoc analyses showed that the median 
clone size was significantly lower in the PNH/SAA subgroup compared with the 
classic PNH subgroup (P = 0.021, Fig. 6.1a). The percentage of the patients with a 
high granulocyte PNH clone size (>50 %) was reported in 4 patients with PNH/
SAA (22.2 %), 33 patients with PNH/AA (42.9 %), and 60 patients with classic 
PNH (50.4 %) with the differences between subgroups being statistically significant 
for the PNH/SAA versus the classic PNH subgroups (P = 0.039) but not between 
the PNH/SAA versus the PNH/AA subgroups (P = 0.165) and the PNH/AA versus 
the classic PNH subgroups (P = 0.578). At diagnosis, LDH levels were significantly 
lower in the PNH/SAA subgroup compared with the classic PNH subgroup  (1.8- fold 

Fig. 6.1 Clinical characteristics in three subgroups. (a) The median PNH clone sizes of granulo-
cyte, (b) incidence of elevated hemolysis (LDH levels ≥ 1.5 times ULN), and (c) incidence of the 
first TE per patient
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versus 4.5-fold greater than ULN; P = 0.008) but was not statistically significant in 
any of the other subgroup comparisons [3, 4]. The percentages of patients with 
elevated levels of hemolysis (LDH levels ≥ 1.5 times ULN) at diagnosis were also 
significantly lower in the PNH/SAA subgroup than in the classic PNH subgroup (P 
= 0.049, Fig. 6.1b). TE events were reported in 12.5 % of patients with PNH/SAA 
(n = 3), 14.6 % of patients with PNH/AA (n = 14), and 22.2 % of patients with clas-
sic PNH (n = 36) with no significant differences between the subgroups (Fig. 6.1c) 
[3].

Among 282 patients, 39 patients (13.8 %) died during the median follow-up time 
from diagnosis of 6.6 years (range 0–28.8 years). Six patients (25.0 %) with PNH/
SAA, 12 (12.5 %) with PNH/AA, and 21 (13.0 %) with classic PNH died. The over-
all survival rate was not different between the three subgroups of PNH (P = 0.096). 
However, the overall survival was significantly lower in the PNH/SAA subgroup 
than in the classic PNH subgroup (P = 0.033). The hazard ratio comparing the PNH/
SAA subgroup to the classic PNH subgroup was 2.6 (95 % confidence interval [CI] 
1.048–6.473, Fig. 6.2). The most common cause of death was infection or critical 
bleeding related with underlying cytopenia in the PNH/SAA subgroup (5/6, 83.3 %) 
and the PNH/AA subgroup (6/12, 50.0 %). Two patients with PNH/SAA died from 
bleeding complications (one intracerebral hemorrhage and one pulmonary hemor-
rhage). However, TE was the most common cause of death in the classic PNH sub-
group (5/21, 23.8 %) [3].

Therefore, the identification of the PNH/SAA subgroup among the patients with 
PNH-cytopenia should be required because the PNH/SAA subgroup showed 

PNH/SAA vs. PNH/AA  (p=0.087)

PNH/AA vs. Classic PNH (p=0.675) 

PNH/SAA vs. Classic PNH: HR 2.6 (95% CI; 1.048, 6.473) (p=0.033) 

P=0.096

PNH/AA

PNH/SAA Classic PNH

Fig. 6.2 Kaplan-Meier survival curves in three PNH subgroups
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 different clinical manifestations and poor outcome [3]. Treatment strategy should be 
individualized in patients with PNH-cytopenia based on severity of cytopenia, age, 
availability of transplant donor, comorbidities, etc. Our suggested criteria for PNH/
SAA or PNH/AA can be used as a tool to select appropriate PNH patients who may 
benefit from BMT or IST.  However, an individualization of treatment strategies 
using these criteria still requires more robust investigations.

6.3  Clinical Symptoms and Sign Associated with Risk 
of Thrombosis

6.3.1  Characteristics of TE

TE occurred at both venous (69.1 %) and arterial (30.9 %) sites. TE was found in 
typical sites, including deep vein, pulmonary vein, and renal vein, as well as in 
atypical sites, including cerebral vein and renal artery. Fifty-three percent of the TE 
events were reported in patients with classic PNH and 47 % in patients with PNH- 
cytopenia (P = 0.981). In patients with a reported TE and granulocyte clone (n = 
37), TE was recorded in all three clone size categories assessed (<20, 20–50, and 
>50 %), with the prevalence of TE being 16, 19, and 20 %, respectively; there was 
no evidence of any association between clone size category and the risk of experi-
encing a TE (P = 0.843) (Fig. 6.3) [1].

Five of 16 patients receiving prophylactic anticoagulant therapy (31.3 %) expe-
rienced a first thrombosis, and 12 of 21 patients receiving therapeutic anticoagulant 
treatment (57.1 %) experienced subsequent TE events during anticoagulant 
treatment.

Fig. 6.3 Incidence of TE 
in PNH granulocyte clone 
size categories. Overall test 
of association between 
clone size and TE (P = 
0.843)
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6.3.2  Risk Factors Associated with TE

6.3.2.1  Elevated LDH

Median LDH at diagnosis was higher in patients with TE than in those without TE, 
the difference between the two groups bordering on statistical significance (P = 
0.05). Age, history of bone marrow disorders, PNH granulocyte clone size, platelet 
count, and hemoglobin did not differ significantly in patients with or without TE.

Univariate analysis showed patients with LDH ≥1.5 × ULN at diagnosis had a 
significantly increased incidence of TE (43 of 171 [25.1 %]) compared with patients 
with LDH <1.5 × ULN (2 of 53 [3.8 %]; OR 8.57; 95 % CI 2.00–36.68; P < 0.001) 
[1, 6]. Adjusting for age, gender, and bone marrow failure (BMF), multivariate anal-
yses confirmed that elevated LDH ≥1.5 × ULN at diagnosis was independently 
associated with increased odds of experiencing TE (OR 7.0; 95 % CI 1.5–32; P = 
0.013; Fig. 6.4) [1, 2, 4].

A receiver operating characteristic (ROC) analysis was performed to determine 
which LDH value would represent the most sensitive threshold to detect TE 
(Fig. 6.5). This analysis demonstrated that LDH ≥1.5 × ULN as a threshold detected 
96 % of the patients with TE and also showed that an LDH threshold of ≥3.0 × ULN 
or ≥5.0 × ULN at diagnosis detected only 67 or 47 % of the population with TE, 
respectively. Furthermore, logistic regression analysis demonstrated that neither 
LDH ≥3.0 × ULN nor LDH ≥5.0 × ULN were independently associated with risk 
of TE (≥3.0 × ULN: OR 1.5, 95 % CI 0.78–3.07, P = 0.208; ≥5.0 × ULN: OR 1.3, 
95 % CI 0.66–2.45, P = 0.476) [1, 7].

Fig. 6.4 Multivariate analysis of the effect of LDH ≥1.5 × ULN and clinical symptoms on associ-
ated risk of TE
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6.3.2.2  Clinical Symptoms

The incidences of abdominal pain, chest pain, and dyspnea were significantly 
increased in patients with TE compared with those without TE (Fig. 6.6) [1, 2, 6]. 
Multivariate analysis demonstrated that patients with abdominal pain, chest pain, 
and dyspnea had significantly increased odds of experiencing a TE compared with 
patients with no symptom (Fig. 6.4) [1, 2, 4]. Patients with LDH ≥1.5 × ULN at 
diagnosis were at increased risk of experiencing TE; the odds of a TE were further 
increased when patients presented with LDH ≥1.5 × ULN at diagnosis and any of 
the clinical symptoms of abdominal pain, chest pain, dyspnea, or hemoglobinuria 

Fig. 6.5 Receiver operating characteristic (ROC) curve of LDH cutoff for detecting TE

Fig. 6.6 Incidence of clinical symptoms in the overall patient population and in patients with or 
without TE
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(Fig. 6.4). This was particularly pronounced for abdominal pain (OR 17.79; 95 % 
CI 2.33–36.01) and chest pain (OR 19.04; 95 % CI 3.74–96.99) (P ≤ 0.006), but it 
was also seen in patients with dyspnea (OR 10.35; 95 % CI 2.31–46.45) and hemo-
globinuria (OR 10.28; 95 % CI 1.34–79.02) (P ≤ 0.025) [1].

6.4  Predictive Factors for Mortality

During the median follow-up of 6.6 years (range 0–28.8), 43 of the 301 patients 
(14.3 %) had died. There were significantly more patient deaths reported in PNH 
patients with LDH ≥1.5 × ULN at diagnosis (n = 28; 16.4 %) compared with 
patients with LDH <1.5 × ULN (n = 2; 3.7 %; p = 0.009) [2, 6].

Twenty-three out of 54 patients with a history of TE died after the median time 
of 8 months (range 1 day −17 years) from the occurrence of TE. Multiple TE events 
were reported in ten deceased patients (43.4 %), and 13 patients experienced one TE 
event during the disease course before dying. Patients with multiple TE events were 
significantly associated with poor survival (HR 6.3; 95 % CI 2.96–13.55; p < 0.001), 
and one TE event also had a significantly increased risk of mortality (HR 4.5; 95 % 
CI 2.3–9.1; p < 0.001) compared with patients without TE [5].

Univariate analyses showed that significant predictors of mortality were TE (p < 
0.001), IRF (p = 0.001), LDH ≥1.5 × ULN (p = 0.009), PNH-cytopenia (p = 0.023), 
abdominal pain (p = 0.026), and dyspnea/chest pain (p = 0.026) (Table 6.2). 
Multivariate analyses indicated that TE, IRF, and PNH-cytopenia were signifi-
cantly associated with an increased risk of mortality (p < 0.001, p = 0.029 and p = 
0.020, respectively) (Table 6.2) [8, 9]. Elevated levels of LDH were not an indepen-
dent risk factor for mortality in the multivariate regression analysis (p = 0.159; 
Table 6.2).

Table 6.2 Univariate and multivariate analysis of risk factors of mortality

Risk factor for mortality

Univariate analysis Multivariate analysis

p value
Odds ratio  
(95 % CI) p value

Odds ratio  
(95 % CI)

TE <0.001 8.42 (4.15–17.08) <0.001 7.110 (3.052–16.562)
IRF 0.001 3.41 (1.66–7.02) 0.029 2.953 (1.116–7.818)
PNH-cytopenia 0.023 2.17 ( 1.11–4.21) 0.020 2.547 (1.159–5.597)
LDH ≥1.5 × ULN 0.009 4.99 (1.15–21.70) 0.159 3.204 (0.633–16.230)
Abdominal pain 0.026 2.10 (1.08–4.08) 0.162 1.828 (0.785–4.256)
Dyspnea/chest pain 0.026 2.09 (1.086–4.024) 0.855 1.077 (0.487–2.381)
Hemoglobinuria 0.636 0.86 (0.45–1.63) 0.073 0.449 (0.187–1.077)
Clone size 0.391 1.01 (0.99–1.02) 0.744 0.995 (0.967–1.024)

CI confidence interval, IRF impaired renal function, LDH lactate dehydrogenase, TE thromboem-
bolism, ULN upper limit of normal
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6.5  Prognostic Factors for Survival

Table 6.3 presents the calculated standard mortality ratio (SMR) for this population 
of PNH patients. SMR is the ratio of the observed mortality rate in the PNH popula-
tion to the expected mortality rate of the age-sex-matched cohort from the Korean 
population.

Overall, a diagnosis of PNH increased the risk of mortality by 3.9-fold (p < 
0.001). The greatest risk factor for mortality was a TE, which increased mortality by 
13.9-fold compared with the general population (p < 0.001, Fig. 6.7a). Other signifi-
cant risk factors, compared with an age- and gender-matched population (p < 
0.001  in each case), included IRF (7.8-fold increase), PNH-cytopenia (6.2-fold 
increase), classic PNH (4.4-fold increase), and LDH ≥1.5 × ULN (4.8-fold increase) 
(Fig. 6.7b–d). Patients without evidence of elevated hemolysis (LDH <1.5 × ULN) 
were the only subset of patients with a mortality rate similar to that of the age- and 
gender-matched population (SMR = 1.17; p = 0.824). Symptomatic risk factors for 
higher mortality rates compared with the general population included abdominal 
pain (SMR = 4.92; p < 0.001), dyspnea (SMR = 4.48; p < 0.001), and chest pain 
(SMR = 4.29; p < 0.001). Patients with both of these symptoms and LDH ≥1.5 × 
ULN at diagnosis had SMR values that were approximately 25 % (dyspnea) or 33 % 

Table 6.3 Standard mortality ratio according to risk factors

Patient population

SMR vs age- and sex-matched general 
population
SMR (95 % CI) p value

Total PNH patients (n = 301) 3.89 (2.73–5.05) <0.001
No TE (n = 247) 2.13 (1.19–3.06) <0.001
TE (n = 54) 13.92 (8.23–19.61) <0.001
LDH <1.5× ULN (n = 53) 1.17 (0.00–2.79) 0.824
LDH ≥1.5 × ULN (n = 171) 4.81 (3.03–6.59) <0.001
No IRF(n = 251) 3.06 (1.93–4.20) <0.001
IRF (n = 50) 7.81 (3.86–11.77) <0.001
Classic PNH (n = 157) 4.4 (2.72–6.23) <0.001
PNH-cytopenia (n = 107) 6.2 (4.71–9.34). <0.001
No abdominal pain (n = 159) 2.87 (1.46–4.28) <0.001
Abdominal pain (n = 142) 4.92 (3.06–6.77) <0.001
LDH ≥1.5 × ULN + abdominal pain (n = 92) 6.55 (3.60–9.49) <0.001
No dyspnea (n = 189) 3.42 (1.95–4.88) <0.001
Dyspnea (n = 112) 4.48 (2.61–6.35) <0.001
LDH ≥1.5× ULN + dyspnea (n = 58) 5.58 (2.85–8.32) <0.001
No chest pain (n = 263) 3.82 (2.57–5.06) <0.001
Chest pain (n = 38) 4.29 (1.11–7.47) <0.001
LDH ≥1.5 × ULN + chest pain (n = 24) 5.72 (0.71–10.73) <0.001

SMR standard mortality ratio, CI confidence interval, PNH paroxysmal nocturnal hemoglobinuria, 
LDH lactate dehydrogenase, ULN upper limit of normal, TE thromboembolism, IRF impaired 
renal function
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Fig. 6.7 Kaplan-Meier 
survival of PNH patients 
compared with age- and 
gender-matched general 
population. (a) Patients 
with TE had a 14-fold 
higher mortality rate 
compared with the general 
population (standard 
mortality ratio [SMR] = 
13.9; 95 % confidence 
interval [CI], 8.2-19.6; P < 
0.001). (b) Patients with 
cytopenia had a mortality 
rate 6.2-fold greater than 
the age- and gender- 
matched general 
population (SMR = 6.2; 95 
% CI, 4.7–9.3; P < 0.001). 
(c) Patients with impaired 
renal function (IRF) had a 
mortality rate 7.8-fold 
greater than the age- and 
gender-matched general 
population (SMR = 7.8; 95 
% CI, 3.9–11.8; P < 
0.001). (d) PNH patients 
with lactate dehydrogenase 
(LDH) ≥1.5 times the 
upper limit of normal 
(ULN) had a 5.0-fold 
greater risk for mortality 
compared with patients 
with LDH <1.5 × ULN (95 
% CI, 1.15–21.70; P = 
0.009). PNH patients with 
LDH ≥1.5 × ULN had a 
4.8-fold higher mortality 
rate compared with the 
general population (SMR = 
4.8; 95 % CI, 3.0–6.6; P < 
0.001)
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(abdominal pain and chest pain) higher than for the overall subset of patients with 
these individual symptoms alone (Table 6.3) [9].
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Chapter 7
Haemolysis in PNH: Depletion of Nitric Oxide

Anita Hill

Abstract The lack of complement regulation on paroxysmal nocturnal hemoglo-
binuria (PNH) red cells renders these cells extremely sensitive to complement- 
mediated lysis resulting in free haemoglobin release. Nitric oxide induces a 
coordinated programme of cellular events that promote blood flow and maintain 
smooth muscle tone. Nitric oxide reacts with haem groups quickly and irreversibly. 
In situations of intravascular haemolysis, as seen in PNH, nitric oxide will be rap-
idly depleted leading to systemic symptoms and complications. These include 
symptoms of smooth muscle dystonia such as abdominal pain, dysphagia and erec-
tile dysfunction. It is also likely to contribute to significant fatigue. Complications 
such as thrombosis and pulmonary hypertension can also occur due to the contribu-
tion of depletion of nitric oxide.

Keywords PNH • Haemolysis • Nitric oxide • LDH • Pulmonary hypertension

7.1  The Relationship of Free Haemoglobin with Nitric Oxide 
Depletion (Fig. 7.1)

The lack of complement regulation on the paroxysmal nocturnal hemoglobinuria 
(PNH) red cell surface renders these cells extremely sensitive to complement- 
mediated lysis resulting in systemic haemoglobin release [39].

Nitric oxide (NO) is a soluble diatomic gas molecule, much like carbon monox-
ide. Because of its unpaired electron, NO is a free radical, providing it with unique 
reactivities and biological properties [113]. It has a half-life of seconds and is con-
tinuously synthesised in endothelial cells from the amino acid L-arginine by iso-
forms of the NO synthase enzyme. There is oxygen-dependent conversion of 
L-arginine to citrulline [79]. Once produced, NO can diffuse in a paracrine fashion 
to adjacent smooth muscle, where it binds avidly to the haem moiety of soluble 
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guanylate cyclase resulting in increased intracellular cyclic guanosine monophos-
phate (cGMP) [42, 43]. Cyclic GMP activates cGMP-dependent kinases (through 
allosteric modification) that decrease intracellular calcium concentration in smooth 
muscle, producing relaxation, vasodilatation and increased regional blood flow [1, 
25, 41, 60, 79]. Indeed, NO is one of the most potent vasodilators known [60] and 
is essential to vascular homeostasis and maintenance of vasomotor tone.

In addition to this vasodilatation, which is tonic in nature and controls approxi-
mately 25 % of our resting blood flow, NO induces a coordinated programme of 
cellular events that promote blood flow, primarily by suppressing platelet aggrega-
tion [41, 60, 79], expression of cell adhesion molecules on endothelial cells and 
secretion of procoagulant proteins [29, 87, 90, 109]. It also limits platelet aggrega-
tion and ischaemia-reperfusion injury [46], modulates endothelial proliferation [30] 
and has anti-inflammatory properties [80].

Importantly, NO also reacts with the oxygenated and deoxygenated haem groups 
of haemoglobin (oxyhaemoglobin and deoxyhaemoglobin) at nearly diffusion- 
limited rates (107 M−1 s−1) to produce methaemoglobin and bio-inactive nitrate and 
iron-nitrosyl-haemoglobin, respectively [13, 22, 31, 57, 77].

The reaction of nitric oxide with oxyhaemoglobin is so fast (107 M−1 s−1) and 
irreversible; it would be expected that nitric oxide produced by endothelium would 
not survive long enough as it would be immediately scavenged by haemoglobin and 
would therefore be incapable of paracrine diffusion from endothelium to vascular 
smooth muscle [77, 95]. However, under normal physiological conditions, this 
effect is severely limited by compartmentalisation of the haemoglobin inside the 

Fig. 7.1 The relationship of free haemoglobin and nitric oxide (the explanation below the title of 
the figure is to give help understand the diagram)
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erythrocyte [11, 55], laminar flowing blood, and the plasma haemoglobin scaveng-
ing systems that limit extravasation of free plasma haemoglobin into the interstitial 
space [95]. This compartmentalisation of haemoglobin from endothelium creates 
two diffusional barriers, in addition to the sub-membrane network of proteins [40, 
106]: an erythrocyte-free diffusion barrier along the endothelium in laminar flowing 
blood [54, 107] and an unstirred bulk diffusional barrier surrounding the erythrocyte 
membrane [55]. In this context, the evolution of the erythrocyte can be considered 
as a mechanism to ensure separation of the critical respiratory transport machinery 
from the endothelium in order to reduce direct toxicity while maintaining efficient 
oxygen delivery [15, 54, 55]. Understanding the role of such barriers and the 
requirement for a physical separation of haemoglobin from the source of NO pro-
duction in endothelium helps explain the remarkable morbidity and mortality asso-
ciated with the use of stroma-free haemoglobin-based blood substitutes and many 
of the clinical manifestations of haemolytic disease [77, 87, 90].

Lactate dehydrogenase (LDH) catalyses the reversible reduction of pyruvate to 
lactate by nicotinamide adenine dinucleotide (NADH). Red blood cells contain 
large amounts of LDH, which is released into the plasma during haemolysis, and 
levels of serum LDH are generally elevated in patients with intravascular haemoly-
sis [102]. Importantly, in vitro studies have shown that total LDH levels are signifi-
cantly and linearly correlated with the red cell haemoglobin content over a very 
broad range of haemoglobin concentrations. Quantitation of total LDH and haemo-
globin in osmotically lysed red cells shows a near uniform correlation between 
these parameters [105].

In a setting of intravascular haemolysis, where lactate dehydrogenase levels can 
easily exceed 2–3 times their normal levels, free haemoglobin would be expected to 
obtain concentrations of 0.8–1.6  g/L [105]. Further, total LDH is an accurate 
 measure of free haemoglobin in vivo as LDH levels correlate well with free plasma 
haemoglobin levels [35].

Plasma haemoglobin levels in patients with PNH are commonly in the range of 
0.05–0.2 g/dL and can exceed 1.0 g/dL during severe haemolytic episodes [28, 35]. 
In comparison, plasma haemoglobin levels range from 0.001 to 0.033 g/dL in sickle 
cell disease and can exceed 0.041 g/dL during vaso-occlusive crisis [74, 87]. The 
occurrence of steady-state intravascular haemolysis in diseases such as PNH and 
sickle cell disease typically generates sufficient plasma haemoglobin to completely 
deplete haptoglobin.

A further consequence of extracellular haemoglobin is the promotion of highly 
oxidative reactions involving iron, the haem porphyrin ring and oxygen radicals that 
produce endothelial dysfunction. The resulting reactive oxygen species can then 
react with NO, further reducing its bioavailability and producing the highly oxida-
tive peroxynitrite. Free haemoglobin also directly impairs endothelial function [3, 
19, 90]. Although not linked directly to haemolysis, NO also appears to be con-
sumed by reactive oxygen species generated by the high levels of xanthine oxidase 
activity and NADPH oxidase activity that accompany sickle cell disease [2–4, 27, 
86, 114].

7 Haemolysis in PNH: Depletion of Nitric Oxide
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7.2  The Relationship of L-Arginine and Arginase with Nitric 
Oxide Depletion

In addition to haemoglobin decompartmentalisation and NO scavenging [87], hae-
molysis also releases erythrocyte arginase, an enzyme that converts L-arginine, the 
substrate for NO synthesis, to ornithine, thereby further reducing the systemic avail-
ability of NO [5, 66, 67, 96] (see Fig. 7.1). Arginase is an intracellular enzyme that 
appears in plasma only after cell damage or death. Arginase activity is particularly 
abundant in immature or young red blood cells and reticulocytes [5], both of which 
are plentiful in conditions of rapid erythrocyte turnover. Elevated erythrocyte argi-
nase activity has also been reported in patients with megaloblastic anaemia [5] and 
thalassaemia patients [88]. The enzyme is released into blood plasma as those cells 
lyse, depleting the plasma pool of arginine. Plasma arginase levels are highest in 
those patients with markers of accelerated haemolytic rate [57].

L-arginine is an important amino acid in the endogenous production of 
NO. Arginine is taken up into cells via a cationic amino acid transporter and is con-
verted to NO via a family of enzymes termed the NO synthases (NOS) [60]. Arginine 
can be broken down into ornithine via the enzyme arginase and ultimately converted 
into proline and polyamines. Pathological release of erythrocyte arginase into blood 
plasma from the red blood cell during haemolysis [63] and thereby decreased bio-
availability of the arginine substrate through its rapid consumption [63–65] will 
compound the decreased NO bioavailability through NO scavenging and reactive 
oxygen species [57].

Since arginine and ornithine compete for the same transport system for cellular 
uptake [14], a decrease in the ratio of arginine to ornithine resulting from increased 
arginase activity could further limit arginine bioavailability for NO synthesis, even 
when plasma arginine concentration appears sufficient [63, 64].

Multiple systems have evolved to control the level of cell-free haemoglobin in 
the plasma during normal physiological haemolysis, presumably to curtail the del-
eterious effects of plasma haemoglobin on nitric oxide bioavailability and endothe-
lial function. During severe bouts of haemolysis (paroxysms), haemoglobin escapes 
into the plasma, dimerises and can saturate these biochemical systems in place to 
remove it, resulting in haemoglobinuria [102]. One such biochemical system is the 
formation of the haptoglobin-haemoglobin complex. The occurrence of intravascu-
lar haemolysis often generates sufficient free haemoglobin to completely deplete 
the haptoglobin. The haptoglobin-haemoglobin complex exposes a neoepitope that 
is recognised by the haemoglobin scavenger receptor, CD163 on the surface of 
monocytes and macrophages, which binds the complex with high affinity and medi-
ates haptoglobin-haemoglobin endocytosis (phagocytosis) and degradation in the 
liver [49, 59, 72]. Since haptoglobin is not recycled, the formation of large amounts 
of haptoglobin-haemoglobin complexes leads to rapid haptoglobin depletion [75]. 
Thus, in severe haemolytic diseases such as PNH and sickle cell disease, serum 
haptoglobin is typically undetectable [102].
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Since haptoglobin can only bind approximately 0.7–1.5 g/L (10.9–23.4 μM) of 
haemoglobin depending on the haptoglobin allotype [52], once the capacity of this 
haemoglobin scavenging protein is exceeded, levels of haemoglobin and haem 
increase in the plasma and urine.

Ferrous haem (FeII), the oxygen-binding component of haemoglobin, can be oxi-
dised to ferric haem (FeIII), which is then released from haemoglobin and binds with 
high affinity to a plasma glycoprotein, haemopexin. Haem bound to haemopexin is 
degraded in a series of enzymatic steps in the liver. Haem oxygenase 1 (HO-1) sub-
sequently breaks down the pro-oxidant and pro-inflammatory haem into carbon 
monoxide, biliverdin and iron. Carbon monoxide has vasodilatory, antiproliferative, 
anti-inflammatory and antioxidant properties [44, 78, 83, 91], while biliverdin is an 
antioxidant that is converted by biliverdin reductase to bilirubin [7, 98]. Biliverdin 
reductase itself has catalytic antioxidant properties [7]. The haem-derived oxidant 
iron is directly sequestered and inactivated by ferritin [97]. Additionally, haptoglobin- 
haemoglobin binding to CD163 signals anti-inflammatory IL-10 and HO-1 induc-
tion in circulating monocytes [81]. Thus, the antioxidant, anticoagulant, 
antiproliferative and vasodilating effects of the CD163/HO-1/biliverdin reductase 
systems likely represent an evolved compensation for the nitric oxide scavenging, 
vasoconstrictive, proliferative, inflammatory and pro-oxidant effects of extracellu-
lar haemoglobin, haem and haem-iron [90].

The best protection against NO depletion would be to stop haemolysis. In sickle 
cell disease, this is attempted by agents such as hydroxycarbamide. In PNH, hae-
molysis may be prevented with the sustained use of the complement inhibitor, 
eculizumab.

The rate of NO depletion correlates with the severity of haemolysis. Since LDH 
is a sensitive marker of changes in haemolysis in vivo and changes in LDH reflect 
changes in free haemoglobin, it is reasonable that LDH should also correlate with 
NO consumption.

7.3  Consequences of Nitric Oxide Depletion

Nitric oxide scavenging by excess plasma haemoglobin has been implicated in vari-
ous clinical manifestations of intravascular haemolysis. Nitric oxide is a regulator 
of smooth muscle tone and platelet activation, and reductions in nitric oxide plasma 
levels lead to smooth muscle dystonias, including hypertension, gastrointestinal 
contractions and erectile dysfunction, as well as clot formation [18, 23, 71, 84]. This 
state of reduced NO bioavailability is associated with impaired blood flow physiol-
ogy in patients and mice with sickle cell disease and also in healthy dogs with 
induced intravascular haemolytic anaemia [8, 20, 27, 47, 48, 58, 73]. The normal 
balance of vasoconstriction to vasodilation is therefore skewed toward vasoconstric-
tion, endothelial activation and proliferation [45].
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7.4  The Role of Nitric Oxide and Free Haemoglobin 
in the Symptoms Associated with Intravascular 
Haemolysis

In patients with brisk intravascular haemolysis, symptoms can include haemoglo-
binuria, dysphagia, recurrent abdominal pain, severe lethargy and erectile failure.

The symptoms associated with ongoing haemolysis and/or insufficient haemato-
poiesis have a major impact on the patient’s well-being. In PNH, patients usually 
have acute exacerbations of haemolysis on the background of persistent lower levels 
of haemolysis. The acute exacerbations can occur either regularly or unpredictably 
and have a further adverse impact on quality of life. Anaemia and the need for trans-
fusions to sustain haemoglobin levels occur frequently. Haemolysis has been linked 
to smooth muscle dystonia including abdominal pain, dysphagia and erectile dys-
function [90].

This systemic removal of NO has been shown to contribute to clinical morbidi-
ties including severe oesophageal spasm and dysphagia, abdominal pain, erectile 
dysfunction and thrombosis [70, 71, 76, 84, 85, 94]. In addition, the systemic 
release of haemoglobin is associated with pulmonary and systemic hypertension 
[17, 18, 32, 53, 84], decreased organ perfusion and increased mortality [17, 32, 53, 
84, 101, 103, 110]. Free haemoglobin and its breakdown product haem can also 
directly activate endothelial cells and further promote inflammation and coagula-
tion [33, 111].

There are dose-dependent occurrences of gastrointestinal symptoms including 
abdominal pain, oesophageal spasms and dysphagia [12, 50, 51, 71, 84, 92, 93, 
108]. The occurrence of these symptoms is likely mediated by the systemic deple-
tion of NO by plasma free haemoglobin. Indeed, NO inhibition in healthy human 
volunteers causes an increase in oesophageal peristaltic amplitude and velocity 
(spasms), and a decrease in gastric distension triggers transient lower oesophageal 
sphincter relaxation [38]. Therefore, mechanistically, haemoglobin-induced 
oesophageal spasms are most likely attributable to NO consumption. Further, the 
pathological effects of free haemoglobin-induced NO consumption on oesophageal 
dysmotility are supported by the clinical benefit obtained from the enhancement of 
NO via inhibition of phosphodiesterase type 5 (PDE5) with sildenafil in patients 
with oesophageal motor disorders [9, 21].

These findings are consistent with those seen in PNH, supporting the likelihood 
that these symptoms are associated with the excessive release of haemoglobin from 
the red blood cells [90].

Although thrombosis of the mesenteric venous tree has been implicated in recur-
rent episodes of abdominal pain [104], many such cases do not show evidence of 
thrombosis. Abdominal pain usually rapidly resolves when the paroxysm abates, 
supporting the hypothesis that nitric oxide scavenging causes intestinal dystonia 
and spasm.
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Oesophageal spasm and dysphagia due to strong peristaltic waves are a common 
occurrence in PNH patients, with a reported incidence of approximately 23 % [70]. 
Similarly, episodes of dysphagia are most commonly associated with paroxysms 
and tend to resolve as the haemolysis subsides [89] although it can be chronic and 
disabling for some.

Free haemoglobin release during intravascular haemolysis leading to 
haemoglobin- mediated NO depletion and subsequent smooth muscle contractility 
has also been implicated in erectile dysfunction in PNH males at a frequency of at 
least 35 % and is closely linked to paroxysms [70], although erectile dysfunction 
can persist past the paroxysm and may become permanent [70, 89].

It has been well established that local NO deficiency, due to decreased synthesis, 
impaired release or premature destruction, is one of the major factors responsible 
for erectile dysfunction. The physiological mechanism responsible for erection of 
the penis involves the release of NO from nerve endings and endothelial cells in the 
corpus cavernosum during sexual stimulation. NO then activates the enzyme gua-
nylate cyclase, which results in increased levels of cGMP. Cyclic GMP causes vas-
cular smooth muscle relaxation in the corpus cavernosum resulting in increased 
penile blood flow and erection. The pathological role of free haemoglobin- associated 
consumption of NO in mediating this erectile dysfunction is supported by the well- 
described activity of drugs such as PDE5 inhibitors that promote the accumulation 
of NO-induced cGMP which provide dramatic benefit to patients [6, 16]. Benefit 
from PDE5 inhibitors in PNH patients is reported by patients to be substantially 
reduced when macroscopic haemoglobinuria is present. This may be explained by 
the excessive haemolysis seen in PNH compared with other haemolytic conditions, 
resulting in a greater degree of nitric oxide consumption.

It would therefore be anticipated that following eculizumab therapy, which 
blocks intravascular haemolysis, there would be a great improvement in all these 
symptoms attributed to NO depletion. Although there may be no significant change 
in haemoglobin level before and after eculizumab therapy (transfused to non- 
transfused state), there is a reassuringly definite improvement in symptoms and 
quality of life using the EORTC-QLQ C30 instrument, suggesting that factors other 
than haemoglobin level may modulate these quality life indices [34, 37]. 
Improvements were demonstrated in several quality of life parameters including 
global health, physical functioning, emotional functioning, cognitive functioning, 
fatigue, dyspnoea and insomnia. Interestingly, these improvements occurred despite 
the observation that total haemoglobin levels were unchanged during treatment, 
most likely due to a reduction in haemolytic rate and transfusion requirements. 
These observations to include clinical improvements in symptoms not captured by 
the QLQ-C30 instrument and that are attributed specifically to haemolysis including 
haemoglobinuria, abdominal pain, dysphagia and erectile dysfunction were 
extended [34].
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7.5  The Relationship of Nitric Oxide Depletion and Free 
Haemoglobin with Pulmonary Hypertension

Pulmonary hypertension (PHT) is a vascular disorder of the lung in which the pul-
monary artery pressure rises above normal levels, compromises oxygenation and 
right-heart function and can ultimately become life-threatening [24, 56, 61]. It is 
characterised by the obstruction of small pulmonary arteries leading to progressive 
right ventricular failure.

Pulmonary arterial hypertension is an increasingly recognised complication of 
chronic hereditary and acquired haemolytic anaemias.

Speculatively, chronic anaemia and tissue ischaemia might contribute to a prolif-
erative vasculopathy via activation of HIF-1 (hypoxia-inducible factor)-dependent 
factors such as iNOS (inducible nitric oxide synthase), erythropoietin and VEGF 
(vascular endothelial growth factor), which has been seen in an animal model of 
pulmonary hypertension [99, 112]. However, consistent with a requirement for 
intravascular haemolysis, rather than anaemia itself, there are no case reports of 
pulmonary hypertension complicating iron deficiency anaemia, the most common 
cause of anaemia in the world [26]. The absence of this association between cardiac 
output and tricuspid regurgitant jet velocity in studies argues against a role for 
chronic anaemia and a high cardiac output state, leading to vascular remodelling 
and arteriopathy [26, 100].

Free haemoglobin augments hypoxic pulmonary vasoconstriction by scavenging 
NO [18, 58]. Indeed, experiments designed to inhibit regional NO synthesis have 
demonstrated the importance of endothelium-derived NO in the regulation of coro-
nary and systemic vasodilator tone [10].

The simultaneous release of erythrocyte arginase during haemolysis [63] will 
limit the availability of arginine to NO synthase, resulting in a deficiency of 
NO. Once released into circulation, arginase will convert L-arginine (the substrate 
for NO synthesis) to ornithine, which in turn is the precursor to proline, an amino 
acid involved in collagen formation [115], lung fibrosis, airway remodelling and 
vascular smooth muscle proliferation [62–64, 68], common features of pulmonary 
dysfunction in thalassaemia [82, 117]. By creating a shift toward ornithine metabo-
lism, arginase triggers a proliferative pathway that contributes to the pathogenesis 
of PHT [57, 64].

In paroxysmal nocturnal haemoglobinuria, the deficiency of CD59 from the 
PNH cell surface results in the unopposed assembly of the terminal complement 
complex on the surface of PNH red blood cells and, as a consequence, in intravas-
cular haemolysis [69, 116]. The degree of haemolysis typically occurring in PNH 
surpasses that of other hereditary, acquired and iatrogenic haemolytic conditions. 
Chronic pulmonary thromboembolic disease may also contribute to the pathogene-
sis of PHT [36]. Raised pulmonary pressures have been found in a significant pro-
portion of patients with PNH [35, 36].

Eculizumab therapy blocks intravascular haemolysis and therefore significantly 
reduces NO depletion, vasomotor tone and dyspnoea and improves pulmonary pres-
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sures in approximately half of the patients in one study. Importantly, these improve-
ments occurred without significant changes in anaemia [35].

7.6  Conclusion

The intravascular haemolysis seen in PNH will rapidly result in depletion of nitric 
oxide levels. This can lead to significant symptoms of smooth muscle dystonia and 
fatigue as well as complications such as thrombosis and pulmonary hypertension. 
Restoring nitric oxide levels occurs with prevention of intravascular haemolysis 
through terminal complement blockade with eculizumab therapy.
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Chapter 8
Bone Marrow Failure in PNH

Britta Höchsmann and Hubert Schrezenmeier

Abstract Bone marrow failure is a relevant aspect in PNH, as PNH frequently 
arises in association with bone marrow failure syndromes, particularly aplastic ane-
mia. There is increasing evidence that autoimmune mechanisms support PNH 
clones to selectively survive in the injured bone marrow of bone marrow failure 
syndromes, leading to clinical manifestations characteristic for PNH.

This article comments on PNH in context of bone marrow failure syndromes 
contributing to pathophysiology and diagnostic and therapeutic approaches with 
respect to the new treatment option by complement inhibition. It elucidates the 
highly variable presentation and course of these disorders which are often character-
ized by overlap syndromes. Current options to distinguish the various bone marrow 
failure syndromes will be discussed. Furthermore, the challenges and management 
of the treatment in such overlap syndromes will be focused.

Based on an improved overall survival of PNH patients with a sufficient comple-
ment inhibition, it could be speculated that in context with the natural history of the 
disease, the number of combined PNH-bone marrow failure cases will increase in 
the coming years. Thus, the optimizing of diagnostic and therapeutic approaches in 
PNH-BMF syndromes might be an important task and a key for a further elongation 
of life expectancy in PNH patients.
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8.1  Introduction

Hemolysis and cytopenia are like the two sides of the same coin and the most impor-
tant causes for a reduced life expectancy in PNH patients [1–6]. The pathophysiol-
ogy and risk resulting from complement-mediated hemolysis were already described 
in the previous chapter.

Subsequently, we will elucidate the topic “bone marrow failure (BMF) in PNH” 
as well as the issue “PNH in BMF,” because both are inseparably connected [7, 8].

The bone marrow failure (BMF) syndromes themselves are a heterogeneous 
group of clinical and pathophysiological distinct but often overlapping disorders 
associated with cytopenias and failure of normal hematopoiesis [9–11]. Additionally, 
the natural history of PNH itself is highly variable [1–6]. Therefore, the combina-
tion of both is leading to a large variety of subgroups with different characteristics: 
PNH can arise de novo in the absence of, or in association with, other bone marrow 
disorders (BMDs). Additionally, PNH may develop secondary to BMDs such as 
aplastic anemia (AA) or myelodysplastic syndrome. Finally, PNH may present as 
subclinical PNH in context of bone marrow failure syndromes [1, 3, 5, 12–17]. Due 
to the large spectrum of manifestations, the coexistence of PNH and bone marrow 
failure syndromes might be without relevance for the patient or can complicate 
diagnosis as well as treatment with the risk of a higher mortality due to the associ-
ated complications.

8.2  Bone Marrow Failure Syndromes

Over the last two decades, the knowledge about the bone marrow failure syndromes 
expanded tremendously. This is true not only for the aspects which the distinct bone 
marrow failure disorders share, especially in context of the frequent overlapping 
syndromes, but also for the characteristics which distinguish between the several 
entities.

The etiology of bone marrow failure syndromes includes the following mecha-
nisms: (A) a decrease or damage of the hematopoietic stem cells and their microen-
vironment, (B) maturation defects, and (C) differentiation defects [9–11, 18, 19].

Thus, the elucidation of the causes of bone marrow failure syndromes increases 
the understanding of the healthy hematopoiesis itself. The identification of gene 
mutations in inherited bone marrow failure syndromes (IBMFS), for example, gave 
a valuable clue in defining the precise functions of the corresponding proteins in 
normal cells [18, 20, 21].

In general bone marrow failure syndromes may manifest as single-lineage cyto-
penia (e.g., erythroid, myeloid, or megakaryocytic) or as bi- or pancytopenia. They 
can be either inherited or acquired. The group of bone marrow failure syndromes 
includes a huge spectrum of different disorders like the myelodysplastic syndromes 
(MDS), especially hypoplastic MDS (hMDS), aplastic anemia (AA), pure red cell 
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aplasia (PRCA), amegakaryocytic thrombocytopenia, myeloproliferative neoplasms 
(MPN), and the large field of inherited bone marrow failure syndromes (like Fanconi 
anemia (FA), dyskeratosis congenita (DC), congenital neutropenia, Diamond- 
Blackfan anemia (DBA), Shwachman-Diamond syndrome, congenital amegakaryo-
cytic thrombocytopenia (CAMT), thrombocytopenia-absent radii (TAR) syndrome). 
Finally, paroxysmal nocturnal hemoglobinuria (PNH) is often associated with bone 
marrow failure [3, 9, 17–20, 22, 23].

Nevertheless, it has to be discussed whether the PNH itself is a bone marrow 
failure syndrome too or if it is just accompanying other bone marrow failure syn-
dromes as a consequence of the underlying pathomechanisms.

As GPI-deficient cells occur also in healthy individuals, the two-hit model is the 
common hypothesis regarding the development of a clinically significant PNH. This 
thesis postulates as first step a primary PIG-A mutation creating GPI-deficient cells 
followed by a second step (e.g., immune mechanism, second mutation) leading to 
the expansion of the GPI-deficient clone. Therefore, the GPI-deficient cells might 
just develop a relative growth advantage over normal hematopoietic cells in the set-
ting of bone marrow failure syndromes. Additional mechanisms like a resistance 
against apoptosis might further support this growth advantage. Thus, a relative 
advantage of PIG-A-mutated mono- or oligoclonal hematopoiesis versus non-PIG- 
A-mutated polyclonal hematopoiesis could explain the concomitant presentation of 
bone marrow failure together with the expansion of GPI-deficient clones [7, 8, 12, 
14, 15, 17, 24–28].

8.3  Diagnostic Approaches in Bone Marrow Failure 
Syndromes

In spite of the improved diagnostic tools, like the identification of molecular abnor-
malities, the accurate diagnosis sometimes remains unclear. This is especially true 
in overlap syndromes and in the early stages of disease.

The first steps during diagnosis of a bone marrow failure syndrome are:

 1. To separate these disorders from malignant disorders as well as from reactive 
cytopenias [10, 29–33]

 2. To rule out spontaneously reversible causes [9]
 3. To distinguish between acquired and inherited bone marrow failure [18, 20, 21, 

34]

The basic diagnostic methods for these issues are a detailed patient and family 
history regarding the duration, clinical symptoms, and potential causes (e.g., drugs, 
infections) of cytopenia as well as a complete physical examination with respect to 
signs of bleeding, infections, and anemia as well as hints for an inherited etiology 
like abnormalities in height, facial morphology, limb, urogenital tract, mucosa, skin, 
or nail. As bone marrow failure syndromes are often accompanied with PNH, 
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 history and physical examination should especially address signs of hemolysis (Fig. 
8.1).

The most important laboratory diagnostic tools are a complete blood count 
including microscopic differential, reticulocyte counts and morphologic studies of 
the bone marrow by assessment of marrow cellularity, fibrosis, and dysplasia (Fig. 
8.1). It should be mentioned that bone marrow aspirate and trephine biopsy must be 
taken, and especially in bone marrow failure syndromes, the quality of the bone 
marrow sample (e.g., length of trephine biopsy) is essential.

Further laboratory tests are often indispensable to determine the subgroup and 
the prognosis of the bone marrow failure syndrome and include chemistries, virus 
serology, flow cytometry, chromosome breakage tests, telomere length and 
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 mutational analysis, SNP array, FISH, cytogenetics, and colony-forming assays [1, 
10, 11, 16, 18, 19, 21, 25, 28, 30–33, 35–42].

The most difficult diagnostic cases present usually as hypoplastic bone marrow, 
normal karyotype, and nonspecific types of dysplasia leading to the question 
whether this is the presentation of a hypoplastic MDS or aplastic anemia (Fig. 8.1) 
[32].

Aplastic anemia is defined as at least bicytopenia and hypocellular bone marrow 
without previous chemotherapy or radiation and without the presence of abnormal 
cells or marrow fibrosis [23, 43]. Depending on the severity of cytopenia, aplastic 
anemia is classified as non-severe, severe, and very severe aplastic anemia [35].

In contrast, myelodysplastic syndromes (MDS) are clonal hematopoietic stem 
cell disorders with ineffective hematopoiesis and morphologic abnormalities like 
dysplasia, ring sideroblasts, myeloblasts, pseudo Pelger-Huet cells, and/or fibrosis. 
Cytogenetic analyses can identify pathognomonic mutations for MDS or acute 
myeloid leukemia (Fig. 8.1), like del 5q, monosomy 7, or inversion 3 [30, 32, 37]. 
However, the cytogenetic abnormalities considered to be specific for MDS occur 
only in about 50 % of the cases aggravated by the fact that cytogenetic analyses may 
be less valid in hypocellular bone marrow. This is the case in 5–20 % of the patients 
although the majority of MDS patients presents with normal to increased bone mar-
row cellularity [10, 19, 31, 32]. Furthermore, some of the morphologic abnormali-
ties which were found in context of bone marrow failure are not specific for 
MDS. For example, findings like megaloblastic erythroid maturation or megakaryo-
cytic atypias are not uncommon in aplastic anemia, especially in context of an addi-
tional PNH and the increased proliferation which is associated with hemolysis and 
the influence of vitamin B12 and folic acid consumption.

Also the measurement of GPI-deficient populations is not sufficient to discrimi-
nate between hypoplastic MDS and aplastic anemia, as they can occur in both dis-
orders [14, 15, 24].

The most helpful tool, especially in these hypoplastic cases, might be CD34 
measurement by immunohistochemistry or by flow cytometry of bone marrow cells. 
The method bases on the central role of CD34 + progenitor cells in the pathogenesis 
of AA and MDS. The portion of CD34+ cells in normal bone marrow ranges from 
0.5 to 5 %. They are the target for the autoimmune attack in context of AA and 
therefore are decreased in this context. In contrast, CD34 expression increases dur-
ing neoplastic clonal expansion and is therefore associated with the presence of a 
MDS (Fig. 8.1) [40].

Nevertheless, the discrimination between hypoplastic MDS with normal karyo-
type and AA often remains a challenge. Sometimes a final diagnosis, which is 
important due to its clinical relevance, is only available during the course of the 
disease (Fig. 8.1). Therefore, critical reassessment of initial diagnosis during fol-
low- up is necessary, in particular, in case of a lack of response to treatment.

Thus, there is a need for methods addressing this question to improve diagnosis 
in these cases. New diagnostics, for example, the genome-wide genotyping technol-
ogy, seem to be a promising approach to answer such questions [33].
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8.4  Frequency and Course of GPI Deficiency in Bone 
Marrow Failure Syndromes

Close ties are not only between hypoplastic MDS and AA.  There are numerous 
other interferences in the field of bone marrow failure syndromes. Another impor-
tant subgroup in this aspect is the combination of bone marrow failure syndromes 
with clinical or subclinical PNH. Notable in this context is the large variability of 
the clinical presentation of these overlap syndromes at initial diagnosis and during 
the time course [7, 8, 13–17, 24, 25, 28, 39, 44].

In order to study the dynamics of GPI-AP-deficient cell populations over time, 
serial monitoring was analyzed during a median follow-up of 1039 days in 155 
patients by our group. During follow-up in 9 %, a new PNH diagnosis and, in 28 %, 
a significant change of size or lineage involvement were demonstrated [16].

There are several possible settings (Fig. 8.2). A subgroup of the patients present 
with significant GPI-deficient populations at time of initial diagnosis of the bone 
marrow failure syndrome. These cases could be classified as PNH in the setting of 
another specified bone marrow disorder or as subclinical PNH (PNH-sc) [1, 3, 5]. A 
recent analysis of the international PNH patient registry data showed that 50 % of 
the 1550 evaluable PNH patients had another bone marrow disorder in the patient 
history and the majority of 45 % had an AA, respectively [6].

The patients of the subgroup PNH in the setting of another specified bone mar-
row disorder have clinical and laboratory evidence of hemolysis and have or had a 
defined bone marrow disorder (like AA, MDS, or CMPS).

The subcategory subclinical PNH (PNH-sc) is characterized by the missing of a 
clinical or laboratory evidence of hemolysis, in spite of significant GPI-AP-deficient 
populations, and is particularly observed in bone marrow failure syndromes [1, 3, 
5].

If the underlying bone marrow disorder is successfully treated with a non- 
transplant approach, both conditions could change into a pure PNH (Fig. 8.2).

A development vice versa from a BMF-PNH syndrome in an isolated BMF syn-
drome is possible (Fig. 8.2), and sporadically spontaneous remissions have been 
reported but seem to be disputable in most cases or very rare [3]. Allogeneic stem 
cell transplantation is the only curative intervention up to now. In case of a success-
ful allogeneic stem cell transplantation, both PNH and the BMF syndrome should 
be cured [26]. We and others have observed disappearance of GPI-deficient popula-
tions in patients with AA-PNH syndrome. However, this was associated with 
improvement of hematopoiesis and non-isolated disappearance of the PNH clone 
[16, 27].

Thus, the development from a BMF-PNH syndrome in an isolated BMF syn-
drome seems unlikely.

Another subgroup will present initially as classic PNH. These patients have evi-
dence of intravascular hemolysis in the absence of another defined bone marrow 
abnormality [1]. During follow-up, about 20–30 % of the patients with classic PNH 
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subsequently developed pancytopenia, which was associated with worse outcomes 
(Fig. 8.2) [4, 5].

Finally, even 15–20 % of patients, initially diagnosed with a bone marrow failure 
syndrome without GPI-deficient populations, could develop subclinically or clini-
cally relevant GPI-deficient populations during the follow-up independent of the 
status of the bone marrow failure syndrome (Fig. 8.2) [14, 23, 43].

8.4.1  GPI-Deficient Populations and PIG-A Mutations in AA

As a proof of the close pathophysiological link between PNH and acquired aplastic 
anemia, the coincidence of significant GPI-deficient populations is a common event 
in these patients. Thus, up to 70 % of patients with acquired aplastic anemia dem-
onstrate PNH clones [8, 13–15, 24]. At diagnosis the majority of these patients 
present GPI-deficient granulocyte populations less than 20 % [1]. Therefore, screen-
ing for PNH in patients with aplastic anemia, even in the absence of clinical evi-
dence of hemolysis, is recommended at diagnosis and during follow-up.

The value of GPI deficiency testing is beyond the diagnosis of a symptomatic 
PNH as several studies suggest a clinical significance of small GPI-deficient popu-
lations as prognostic markers in response to immunosuppressive therapy. Sugimori 
et al. reported data on 122 AA patients showing that 91 % of patients with a signifi-
cant number of GPI-deficient cells responded to antithymocyte globulin (ATG) + 
cyclosporine (CsA) therapy, whereas only 48 % without GPI deficiency did. Failure- 
free survival rates were significantly higher (64 %) among patients with GPI- 
deficient populations than among patients without GPI deficiency (12 %) at 5 years, 
although overall survival rates were comparable between the groups. These data 
suggest that the GPI-deficient cells are sensitive to immunosuppressive therapy and 
represent therefore a valuable prognostic marker for a positive treatment response 
[15]. Further analyses confirmed PIG-A mutations in the GPI-deficient cells of AA 
patients by DNA [17, 25]. More than 100 somatic PIG-A gene mutations have been 
reported distributed throughout the PIG-A sequence. A 5-bp GTACT deletion in 
exon 2 at nt. 662–666 was suspected as mutational hot spot in aplastic anemia 

BMF BMF-PNH PNH

Fig. 8.2 Relationship 
between bone marrow 
failure (BMF) and 
paroxysmal nocturnal 
hemoglobinuria (PNH)

8 Bone Marrow Failure in PNH



144

patients. The large majority of AA/PNH patients have multiple PIG-A mutations 
suggesting a process of hypermutation in the PIG-A gene in AA stem cells [28].

Interestingly, a recent study negates such a connection of GPI deficiency with 
inherited bone marrow failure syndromes, because none of the analyzed patients 
with an inherited bone marrow syndrome showed PNH clones [44]. However, Dacie 
et al. reported in 1944 a case with a combined presentation of Fanconi anemia with 
PNH, which could not be proofed by GPI-AP flow cytometry at those times [34]. If 
the negative correlation of GPI deficiency with inherited bone marrow failure syn-
dromes will be confirmed in a larger patient group, the existence of significant GPI- 
deficient populations might be a useful diagnostic tool to exclude the diagnosis of 
an inherited bone marrow syndrome and focus the workup and treatment on an 
acquired form of marrow failure.

8.4.2  GPI-Deficient Populations and PIG-A Mutations in MDS

There are several studies reporting significant GPI-deficient populations even for 
MDS patients. Wang et al. showed small but significant GPI-deficient populations 
in 12 % of MDS patients with a number of blasts lower than 5 % [24]. The charac-
teristics of the MDS patients with significant GPI-deficient populations tend to be 
refractory anemia with a hypocellular marrow, HLA-DR15 positivity, normal cyto-
genetics, moderate to severe thrombocytopenia, and a high likelihood of response to 
immunosuppressive therapy [14, 15, 24]. Therefore, it has to be discussed if these 
patient groups have more likely a moderate aplastic anemia rather than MDS. As 
mentioned earlier, distinguishing hypoplastic MDS from aplastic anemia is often 
difficult [40].

Routine screening of patients with subcategories of MDS other than refractory 
anemia or with other clonal myelopathies (e.g., myelofibrosis) who have no clinical 
or biochemical evidence of hemolysis is not recommended.

It has to be notified that in many of the MDS studies, PIG-A mutational analysis 
to establish clonality has not been performed in many of these studies [17].

8.5  Treatment of BMF-PNH Syndromes

8.5.1  Treatment Decision in BMF-PNH Syndromes

As discussed earlier the presentation of BMF-PNH is manifold, and the treatment 
has to be adapted to the current situation of the individual patient.

The first important step in this context is to become aware of the patients leading 
clinical presentation (Fig. 8.3).
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The aplastic component of the disorder has to be treated first in BMF-PNH syn-
dromes with symptoms predominately caused by cytopenias [22, 23, 31, 43]. It has 
to be considered that there are possible effects of those treatment procedures to the 
PNH as well. A successful stem cell transplantation of an AA or a MDS will also 
cure the PNH [26, 45, 46]. Furthermore, GPI-deficient populations can increase or 
decrease clinically relevant in consequence of an immunosuppressive treatment [12, 
15, 16, 47, 48].

In case of a clinically significant hemolysis, especially in case of thromboembo-
lism, renal insufficiency, and pulmonal hypertension, the PNH has to be treated [1, 
2, 49–52].

If there is a need to treat cytopenic as well as hemolytic symptoms, both condi-
tions should be addressed by the treatment regime [53].

In patients with BMF-PNH syndromes without clinically relevant symptoms by 
hemolysis and cytopenia, a watch-and-wait strategy flanked by a sufficient support-
ive therapy should be followed [22, 30, 51].

8.5.2  Treatment Options in BMF-PNH Syndromes

For an overview of the treatment options, see Fig. 8.4.

 1. Treatment in aplastic MDS cases without relevant hemolysis should be based on 
the valid guidelines and adapted to the patient’s risk profile and comorbidities 
and ranges from watch-and-wait strategies to transfusion therapy, iron chelation 
treatment, growth factors, ATG, administration of lenalidomide and 5- azacitidine, 
or allogeneic transplantation [30, 31, 37].

 2. Treatment in AA cases without relevant hemolysis should be performed accord-
ing to the valid guidelines adjusted to the severity of the disease, age, and avail-
ability of HLA-identical stem cell donor. An additional PNH clone on its own is 
neither a contraindication of an immunosuppressive therapy nor an indication for 
stem cell transplantation. The treatment approaches range from watch-and-wait 
strategies to transfusion therapy, iron chelation treatment, cyclosporine, ATG, 
alemtuzumab, eltrombopag, androgens, or allogeneic transplantation [22, 23, 43, 
47, 48].

Fig. 8.3 Treatment 
decision in BMF-PNH 
syndromes should be 
triggered by the clinical 
presentation in the 
individual patient
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 3. In case of hemolytic symptomatic PNH, the primary therapeutic strategy is the 
inhibition of the terminal complement system. The approved humanized mono-
clonal antibody eculizumab binds to complement factor C5, preventing its cleav-
age into the fragments C5a and C5b, and thus blocks the subsequent formation 
of the terminal complement complex C5b-9. Therapy with eculizumab usually is 
a long-term treatment, as the underlying cellular defect is not influenced by the 
administration of the antibody. The drug should be administered particularly in 
case of complications such as transfusion-requiring anemia, previous thrombo-
embolic events, PNH-associated renal failure, crises of abdominal pain, or other 
serious PNH-related symptoms. In the combined BMF-PNH syndromes, it is 
sometimes difficult to distinguish in which case hemolysis, respectively aplasia 
is the leading cause for the clinical symptoms, especially for a reduced quality of 
life. Patients with a symptomatic PNH can benefit from a long-term therapy with 
eculizumab as it reduces the symptoms and complications associated with the 
disease, while survival has also been significantly improved as compared to that 
of a historical control group [1, 2, 4, 49–52].

 4. In patients with the need for an immunosuppression and terminal complement 
inhibition, IST and eculizumab can be given together. A post hoc review of the 
PNH clinical trial database (N = 195) demonstrated that eculizumab appears 
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well tolerated in patients (n = 17) receiving concomitant IST for their marrow 
failure [53]. A larger analysis of the international PNH patient registry database 
which is addressing this question is in process.

 5. A secondary bone marrow disorder (e.g., SAA/VSAA, MDS, or transformation 
into an acute leukemia) as well as recurrent life-threatening complications in 
spite of sufficient complement inhibition might present potential situations from 
which an indication for allogeneic stem cell therapy might ensue [22, 23, 31, 43, 
45, 46, 51].

In vitro and in vivo studies have shown that PNH cells can be eradicated following 
SCT [26]. But a recent analysis of 211 patients transplanted for PNH confirmed 
a considerable transplantation-associated morbidity and mortality due to high 
rates of transplant rejections and GVHD. The 5-year overall survival rate was 68 
± 3 % in all transplanted patients, 54 ± 7 % in the case of additional thromboem-
bolism, 69 ± 5 % in the case of additional AA without thromboembolism, and 86 
± 6 % in the case of recurrent hemolytic anemia without thromboembolism or 
AA.  Matched-pair analysis with non-transplanted PNH patients confirmed a 
worse overall survival for transplanted PNH patients with thromboembolic 
events (p = 0.007) and no significant differences for the patient group with addi-
tional AA (p = 0.06). Thus, allogeneic stem cell transplantation could not be used 
as standard of care option in PNH.  Especially, it is not the treatment of first 
choice for life-threatening thromboembolism in paroxysmal nocturnal hemoglo-
binuria. Nevertheless, the allogeneic stem cell transplantation is still a sufficient 
treatment option in AA-PNH syndromes if it is performed analogous to the SAA/
VSAA treatment guidelines [22, 46].

A new aspect is the use of eculizumab during the peri-transplant period to reduce 
the risk of complications during stem cell transplantation of PNH patients. Due 
to preliminary data, this seems to be a successful approach especially in prevent-
ing thromboembolism and further toxicity (e.g., renal insufficiency) associated 
with stem cell transplantation. Larger studies and uniform strategies are needed 
to evaluate the optimal use of anticomplement therapy for SAA/PNH patients 
undergoing HSCT [54, 55].

8.6  Conclusion

PNH and BMF syndromes present a lot of overlapping subgroups. A proper diagno-
sis is important to estimate prognosis and to choose the best treatment for the indi-
vidual patient.

If standard criteria do not lead to a distinct diagnosis, more experienced diagnos-
tic tools like CD34 measurement of bone marrow cells might be useful.

For an appropriate treatment of these cases, the individual clinical characteristics 
of the disease have to be considered.
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PNH as well as BMF syndromes are not steady states. The treating physician has 
to be aware of the possible changes of the disorders during the follow-up. Especially, 
due to current longer overall survival of PNH patients by sufficient complement 
inhibition, a transformation to aplastic anemia, myelodysplastic syndromes, or even 
leukemias might be seen more often in the future.
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Chapter 9
Thrombophilia in PNH

Haruhiko Ninomiya and Anita Hill

Abstract Thromboembolic event is the most important complication of paroxys-
mal nocturnal hemoglobinuria (PNH) affecting its mortality. The pathophysiologi-
cal mechanisms underlying thrombosis in PNH have not been fully clarified; 
multiple factors are likely to be involved. They are likely to be related to the comple-
ment activation on/around red blood cells (RBC), white blood cells, and particularly 
platelets. Intravascular hemolysis also contributes to the mechanisms through the 
release of free hemoglobin, depletion of nitric oxide (NO), and generation of RBC- 
derived microparticles (MP). Elevated MP in the plasma which derive from plate-
lets, endothelial cells, and RBC, in total, enhance the prothrombotic states in the 
circulation. Recent researches have revealed close interactions between coagulation 
and complement systems, enhancing each other. Continuous activation of comple-
ment makes a vicious loop enhancing the coagulation/complement systems inter-
acting with blood cells and endothelial cells in PNH.

Furthermore, the key role of complement activation in the development of throm-
bosis has been shown also by the effectiveness of eculizumab (humanized monoclo-
nal antihuman C5 antibody) in the prevention of thromboembolic events in 
PNH. Because thrombotic complications impact mortality and eculizumab exerts a 
dramatic effect, commencement of eculizumab is recommended for patients with 
PNH who have had thromboembolic episodes. If eculizumab is not available or is 
ineffective, prophylactic anticoagulation is required in those with larger proportion 
of PNH white cells. It should be noted that cases with smaller proportions of PNH 
cells also have a higher risk of thrombosis than normal individuals.
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9.1  Introduction

The clinical manifestations of paroxysmal nocturnal hemoglobinuria (PNH) include 
hemolytic anemia, thrombosis, bone marrow failure, and progression to myelodys-
plastic syndrome or acute leukemia, which are primarily related to the abnormal 
hematopoiesis in PNH [1]. The hematopoietic abnormalities in PNH are caused by 
a somatic mutation in the PIG-A gene, which encodes the glycosyl phosphatidylino-
sitol (GPI)-anchor synthesis [2]. Whereas the pathogenesis of intravascular hemoly-
sis has been thoroughly understood by the deficiency of two GPI-anchored proteins 
with complement regulatory activities, CD55 and CD59, in PNH-affected RBC, the 
pathophysiology underlying thrombosis in PNH has remained to be clarified.

A retrospective study of 220 patients, published in 1996 [3], found that the 8-year 
incidence rates of thrombosis was 28 %. A further publication from this group, pub-
lished in 2008 [4], covered a total of 460 patients, indicated a 10-year incidence 
rates of thrombosis 30.7 %; evolution to thrombosis affected the survivals (hazard 
ratio (HR) 7.8  in classic PNH; HR 33.0  in aplastic anemia-PNH). Hillmen et al. 
reported one or more episodes of venous thrombosis during the course of PNH in 31 
of 80 (39 %) patients with PNH referred to Hammersmith Hospital between 1940 
and 1970 [5]. Intra-abdominal veins are the commonly affected sites of thrombosis; 
cerebral vein and superficial dermal vein also appear to be affected by thrombosis 
disproportionately. Fatal thrombosis usually involves the hepatic vein, portal sys-
tem, or the cerebral veins [5].

The risk of thrombosis appears to be significantly related to the size of PNH 
clone [6, 7]. In two series, almost all patients who developed thrombosis had >50 % 
[6] or >61 % [7] PNH clone size (of PNH-affected granulocytes).

Thromboembolic events occur principally in relation to the intravascular hemo-
lysis and platelet activation, which further enhance the interactions between com-
plement and coagulation system. Real integration between the coagulation and 
complement systems with many complexities has been demonstrated [8–11].

9.2  Incidence and Sites of Thrombosis

9.2.1  Incidence

Thromboembolism is the most common cause of mortality in patients with PNH 
and accounts for approximately 40–67 % of deaths of which the cause is known. 
Poor survival was associated with the occurrence of thrombosis as a complication in 
PNH (relative risk 10.2) by a report from French Society of Haematology [3]. A 
comparative study of the United States and Japan also demonstrated that the relative 
risk of death was increased five to 15.4-fold by the complication of thrombosis [6]. 
During the course of the disease, 29–44 % of patients with PNH have been reported 
to have at least one thromboembolic events, although the reasons of sudden onset of 
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a thrombotic event remain unclear [1, 3–7, 12]. According to the recent report on 
1610 patients enrolled in the international PNH registry, 16 % patients had a history 
of thrombotic events at their enrollment [13].

Thrombosis in PNH may occur at any site. Common sites include the intra- 
abdominal and cerebral veins. An explanation for the propensity of intra-abdominal 
thrombosis in PNH is still to be clarified. Multiple sites are involved in more than 
one-fifth of the cases. Hepatic vein thrombosis (Budd-Chiari syndrome) is recog-
nized as one of the most common sites of thrombosis and affects 7.5–25 % of 
patients with PNH [14–16] and may lead to hepatic failure and thereby may cause 
death in PNH [17].

In PNH, recognizing venous thrombosis is difficult, because episodes may be 
intra-abdominal or intracranial. Severe abdominal pain or an unusual headache with 
or without neurological deficit must be taken seriously, and appropriate imaging 
studies should be taken. An increase in the level of serum LDH, alanine aminotrans-
ferase (ALT), and aspartate aminotransferase (AST) may be an early clue to the 
presence of hepatic vein thrombosis. Plasma concentration of direct bilirubin also 
may increase, but other biochemical tests are of limited value. The incidence rates 
of thrombosis in PNH appear to be underestimated, because a study using sensitive 
imaging techniques detected abnormalities suggestive of previous subclinical pul-
monary thrombosis in six of ten patients with PNH (without known prior thrombo-
sis), even in patients with recent onset of PNH.  There was also evidence that 
subclinical thrombosis could lead to long-term organ damage as reflected by com-
promised cardiac function in the majority of these patients [18].

The theory that patients from different ethnic groups may have additional genetic 
prothrombotic traits was refuted by a study demonstrating no correlation between 
known inherited thrombophilia (factor V Leiden mutation) and thrombosis in PNH 
[19]. Dragoni et al. have found a high rate of antiphospholipid antibodies in patients 
with PNH compared with healthy volunteers and patients with aplastic anemia, and 
they suggested that it could be a contributory factor to the thrombosis in PNH [20].

9.2.2  Sites of Thrombosis

 1. Hepatic vein thrombosis

Venous thrombosis occurs frequently in the intra-abdominal veins, particularly 
the hepatic veins [21, 22]. The onset of hepatic vein thrombosis may be insidious or 
can occur suddenly, frequently in association with an exaggeration of hemolysis 
[21]. Hepatic vein thromboses could be detected by magnetic resonance imaging 
(MRI) [23, 24]. However, even MRI may miss thrombosis of hepatic veins. Flow 
within the hepatic system can be demonstrated by ultrasound Doppler techniques. 
Hepatic venography is definitive, but this procedure carries more risk than noninva-
sive techniques. Once it has occurred, hepatic vein thrombosis tends to recur, ulti-
mately causing cirrhosis and rerouting of the blood from the drainage. The latter 
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change exaggerated by the portal vein thrombosis, which often occurs in the same 
patients [24]. The development of Budd-Chiari syndrome is associated with a poor 
prognosis. Treatment with eculizumab appears to reduce the incidence of Budd- 
Chiari syndrome and may reverse the disease process [25].

 2. Thrombosis of other intra-abdominal veins (Fig. 9.1)

Thrombosis of other intra-abdominal veins, particularly the portal vein, the 
splenic vein, and the inferior vena cava, is also common in PNH. This may result in 
splenomegaly or splenic rupture [26]. Infarction of the intestinal tract is also seen 
with signs and symptoms of ileus. Mesenteric vein thrombosis results in abdominal 
pain that may be disproportionately exaggerated relative to the physical examina-
tion [27]. Thrombosis may affect the small peripheral mesenteric veins and induce 
transient ischemia of intestines. Abdominal pain, fever, obstruction, and rectal 
bleeding may be associated. Duodenal venous thrombosis is associated with papil-
lary endothelial hyperplasia, ulceration, and a circumferential mass in the third por-
tion of the duodenum [28]. Large vein thrombosis can be detected by MRI, 
radiologic CT scanning, or ultrasonography; however, detection of thrombosis in 
smaller vessels is rarely accomplished even by these imaging techniques. Figure 9.1 
is a CT of a patient with PNH complicated with splenic vein thrombosis, which was 
successfully treated with eculizumab and no recurrence of thrombosis has been 
observed afterwards (Fig.  9.1 is provided by courtesy of Dr. Shinya Katsutani, 
Hiroshima University Hospital, Japan) [29].

Fig. 9.1 Contrast-enhanced CT scan of the abdomen of a patient with PNH (37-year-old female 
with 14-year history of PNH). An extensive thrombosis in splenic vein was revealed. This patient 
was then treated with eculizumab. 14  weeks after the eculizumab administration, splenic vein 
thrombosis disappeared. (This CT is kindly provided with permission by Dr. Shinya Katsutani, 
Hiroshima University Hospital, Hiroshima, Japan)
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 3. Thrombosis of cerebral veins

Thrombosis of cerebral veins occurs less frequently in PNH than intra- abdominal 
veins. Cerebral vein thrombosis can occur as a catastrophic event or with an insidi-
ous onset [30]. Small-vessel thrombosis may cause severe and refractory headaches 
or progress to cerebrovascular thrombosis [21]. Major venous sinuses (e.g., superior 
sagittal, lateral, cavernous, sigmoid) are often involved, but thrombosis may be lim-
ited to the veins covering cerebrum, particularly the parietal lobe. The diagnosis of 
cerebral vein thrombosis is often difficult to establish, even with MRI or other imag-
ing techniques.

 4. Thrombosis of other veins

The thrombotic process can affect other veins including those of the legs, kidneys, 
and skin. Dermal vein thrombosis can present as discrete areas of erythema, swell-
ing, and pain or as a syndrome resembling purpura fulminans [31–33]. Dermal vein 
thrombosis may result in painful discolored skin lesions. These lesions rarely ulcer-
ate, but a separate condition resembling purpura fulminans can develop, affecting 
larger areas of skin with necrosis [32]. It may occur in areas of trauma or in sites of 
previous inflammation or allergy. Deep vein thrombosis of the lower limbs occurs 
more frequently in patients with PNH than in the general population and has been 
reported in approximately one-third of patients [5, 34]. Thrombosis in the pulmo-
nary artery is also recognized but not always in the form of emboli related to the 
deep vein thrombosis in the lower limb.

 5. Arterial thrombosis

Arterial thrombosis (e.g., cerebral, coronary arteries) has been described in 
patients with PNH, but much less commonly than venous thrombosis [35, 36], 
accounting for approximately 8 % of thrombosis. However, arterial thrombosis may 
not be rare, according to a South Korean National PNH Registry reporting the inci-
dence rates of arterial vs venous thrombosis, at 31.5 % vs 68.5 %, respectively [37]. 
The sites of arterial thrombosis in PNH are not particular, although they occur at a 
younger age than expected in the overall population.

9.3  Proposed Mechanisms of Thrombosis in PNH

In contrast to our thorough understanding on the mechanisms of hemolysis, much 
less is known about the mechanisms underlying the thrombophilia of PNH. Because 
the hematopoietic cells are abnormal in PNH, it has been suggested that these 
defects are somehow responsible also for the thrombosis. Intrinsic relationships 
between the coagulation and complement systems [8, 9, 11] are likely to amplify the 
developmental process of thrombosis in PNH.

Complement-mediated platelet activation, complement-mediated hemolysis, 
impaired NO bioavailability, impaired fibrinolytic system, and inflammatory media-
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tors are all responsible for the increased thrombotic risk in PNH. These multiple 
factors are likely to contribute to any one thrombotic event.

9.3.1  Platelet Activation

Platelet activation by the action of complement is likely to be the main factor con-
tributing to the thrombosis in PNH [38–40]. Furthermore, many mechanisms are 
thought to induce platelet activation in patients with PNH, as summarized by Hill 
et al. [11]. The deficiency of CD59 renders PNH-affected platelets susceptible to the 
formation of membrane attack complex of complement (MAC, i.e., C5b-9 complex) 
on their surface. Although complement activation on platelets may result in the lysis 
or removal of platelets from the circulation and thereby induce thrombocytopenia in 
some extent, the survival of platelets in PNH patients has been demonstrated to be 
normal [41].

The formation of C5b-9 complex leads to an increased expression of activation- 
dependent proteins, and platelet stimulation is accompanied by the loss of mem-
brane phospholipid asymmetry [40, 42, 43]. Platelet-derived microparticles (MP), 
with highly procoagulant activity, are present at significantly elevated levels in the 
plasma of patients with PNH. The externalized phosphatidylserine (PS) on the MP 
acts as a high-affinity binding site for prothrombinase [44] and factor Xase com-
plexes [45]. Therefore, deficiency of CD59 in platelets probably leads to thrombin 
generation, an increased sensitivity to platelet aggregation by thrombin and thereby 
increases the thrombotic risk, both venous and arterial [40, 46]. Activation of com-
plement on the surface of platelets stimulates removal of complement complexes 
by vesiculation; then highly prothrombotic, PS-exposed, MP are released to the 
circulation [47]. Figure 9.2 shows that PS-exposed MP are released from PNH 
platelets as well as RBC upon complement activation in vitro. Thrombin, gener-
ated on the surface of PS-exposed MP, further reacts with the thrombin receptor on 
platelets, leading to platelet activation and aggregation, possibly initiating the clot 
formation [48].

The PS externalization and MP production are recognized in apoptotic cells. PS 
becomes a marker for phagocyte recognition of senescent or apoptotic cells to be 
removed [23] and may contribute to the thrombocytopenia in some extent, whereas 
bone marrow failure is the main cause of thrombocytopenia in PNH. Administration 
of eculizumab for PNH did not raise the platelet counts significantly in a clinical 
study [49], suggesting complement-induced platelet activation do not induce throm-
bocytopenia in PNH in vivo, at least under a static condition.

Activated platelets also interact with neutrophils and can promote thrombus for-
mation by the release of neutrophil serine proteases (elastase and cathepsin G) and 
nucleosomes, synergistically activating factor X further thus triggering blood coag-
ulation primarily through the extrinsic coagulation pathway [50].

The platelet activation may also in itself perpetuate or exacerbate prothrombotic 
process in patients through continuous activation of the alternative pathway of com-
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plement (through P-selectin (CD62P) expression on activated platelets) [51] and by 
initiating activation of the classical pathway of complement by platelet-derived 
chondroitin sulfate [52].

Further mechanisms of platelet activation in PNH are due to depletion of nitric 
oxide (NO), direct toxicity of free hemoglobin, increased reactive oxygen species 
(ROS) causing oxidative stress, generation of thrombin, and as a consequence of 
endothelial dysfunction.

One study demonstrated that the platelets in PNH were hyporeactive and they 
concluded that this may be due to chronic stimulation of platelets by continual com-
plement activation [53]. Activation of platelets assessed by the surface expression of 
P-selectin, fibrinogen, von Willebrand factor (vWF), thrombospondin, and lyso-
somal protein was demonstrated in vivo in PNH patients; they suggested a relation 
of platelet activation with the grade of hemolysis [39].

Although the complement activation does not appear to cause significant throm-
bocytopenia in PNH patients at least under a static condition, it is also recognized 
clinically that an unexpected drop in a patient’s platelet count may be an indicator 
of a complication of thrombosis. Lower resting platelet counts in PNH may be a 
consequence of an increased sensitivity of megakaryocyte progenitors PNH to com-
plement [54] additionally to the bone marrow failure.

9.3.2  Intravascular Hemolysis: NO Depletion, Toxicity of Free 
Hemoglobin, and RBC-Derived MP

Thrombotic events have been coincided with increased hemolysis [36], and intra-
vascular hemolysis is also likely to be one of the principle contributors to thrombo-
embolism in an animal model [55]. Multiple mechanisms by which intravascular 
hemolysis may contribute to thrombosis is summarized by Hill et al. [11].

Hemolysis, through several factors such as toxicity of free hemoglobin and NO 
depletion, has been implicated in the initiation of platelet activation and aggregation 
[56]. The role of free hemoglobin has been demonstrated by the infusion of cross- 
linked hemoglobin in rats, which increase platelet aggregation and adhesion in vivo 
on prothrombotic surfaces such as injured vessel wall [57]. Further, administration 
of heme in healthy volunteers causes thrombophlebitis, demonstrating that heme 
can cause vascular inflammation followed by vascular obstruction in vivo [58]. The 
addition of free hemoglobin (>2 g/L) to human serum causes inhibition of metal-
loprotease ADAMTS-13, an enzyme critical in limiting platelet thrombus formation 
[59]. Further, disintegration of heme releases toxic species of iron, which partici-
pates in biochemical reactions that generate free radicals and thus catalyze the for-
mation of ROS and result in loss of membrane lipid organization [60]. PS-exposed 
RBC are more likely to adhere to endothelium as well as provide basis for the factor 
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Xase and prothrombinase complexes. ROS were higher and reduced glutathione 
lower in CD55-/CD59-negative cells than CD55-/CD59-positive cells or cells of 
normal control, suggesting the PNH cells were under oxidative stress [61].

NO, a free radical, binds avidly to soluble guanylate cyclase resulting in increased 
intracellular cyclic guanosine monophosphate (cGMP) [62]. cGMP activates 
cGMP-dependent kinase that decreases intracellular calcium concentration in 
smooth muscle, producing relaxation, vasodilatation, and increased regional blood 
flow, primarily suppressing platelet aggregation, expression of cell adhesion mole-
cules on endothelial cells, and secretion of procoagulant proteins [56, 63]. NO also 
inhibits platelet aggregation and ischemia-reperfusion injury [64], modulates endo-
thelial proliferation [65], and has anti-inflammatory properties [66]. Conversely, 
NO depletion is associated with platelet activation and an increase in soluble 
P-selectin expression [67], which in itself can further activate the complement sys-
tem [51].

NO also interacts with components of the coagulation cascade to downregulate 
the clot formation. For example, NO has been shown to chemically modify and 
inhibit factor XIII, suggesting that NO depletion would enhance clot stability [68]. 
Further, NO depletion causes increase in fibrin degradation products (FDP) and 
thrombin-antithrombin (TAT) complexes, leading to significant fibrin deposition 
and thrombus formation in an animal model [69]. Reduced NO production in 
L-arginine deficiency in lysinuric protein intolerance has been associated with 
increased TAT and FDP, whereas reversal of NO deficiency with L-arginine causes 
a reduction in intravascular coagulopathy [70].

The reaction of NO with oxyhemoglobin is fast and irreversible [71]. The chronic 
nature of the hemolysis in PNH is such that even at baseline, there is sufficient 
release of free hemoglobin to saturate biochemical systems in place to remove it, 
resulting in NO depletion. The rate of NO depletion correlates with the severity of 
intravascular hemolysis of which LDH is a sensitive marker [72]. In addition to NO 
scavenging by free hemoglobin, intravascular hemolysis also releases RBC argi-
nase, an enzyme that converts L-arginine, the substrate for NO synthesis, to orni-
thine, thereby further reducing the systemic availability of NO [73].

Circulating procoagulant MP are elevated in the plasma of patients with PNH, 
whereas those derived from RBC were reported to be relatively low [46, 74]. The 
procoagulant MP derived from endothelial cell, platelets, and RBC, in total, could 
provide disseminated prothrombotic seats in the circulation [46]. Figure 9.2 shows 
that complement activation induces a release of procoagulant, PS-exposed MP from 
RBC [75] as well as platelets in  vitro in PNH (Fig. 9.2). Complement-induced 
hemolytic attack may increase the risk of thrombosis through the accumulation of 
procoagulant MP in the plasma by addition of RBC-derived MP as well as platelet- 
or endothelial cell-derived MP.
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9.3.3  Deficiency of Other GPI-Linked (or Associated) Proteins: 
uPAR (CD87), TFPI

Urokinase-type plasminogen activator receptor (uPAR: CD87) is a GPI-anchored 
protein that is therefore deficient in PNH monocytes and granulocytes. Pro- 
urokinase (uPA) bound to CD87 on the cell surface converts plasminogen to plas-
min and results in degradation of fibrin. It is possible that the deficiency of CD87 in 
the surface of PNH cells results in an increased tendency to thrombosis as a result 
of impaired fibrinolysis and reduced clot dissolution [76]. Because of a lack of 
anchorage of CD87 to the cell membrane, increased soluble CD87 in the plasma is 
thought to also contribute to the increased risk of venous thrombosis by competing 
with membrane-bound CD87 [77, 78]. It may potentiate thrombosis but is unlikely 
to be a sole cause of thrombosis in PNH.

Tissue factor pathway inhibitor (TFPI) is predominantly released by the endothe-
lium (but is also present on the surface of monocytes, within platelets, and in the 
plasma) and is anchored, most likely indirectly, through the GPI anchor [79]. It is a 
potent anticoagulant protein that abrogates blood coagulation by inhibiting both 
factor Xa and tissue factor (TF)-factor VIIa catalytic complex, making it the only 
physiologically active inhibitor of the initiation of the extrinsic coagulation path-
way. It has been suggested that defective expression or reduced activity of TFPI (as 
TFPI is downregulated by inflammatory cytokines) potentially contributes to both 
arterial and venous thrombosis in PNH [79]. The localization of the clot to the ves-
sel wall may occur because complement activation and the generation of MAC on 
the defective blood cells stimulate the expression of TF on endothelial cells [80]. 
Such a site would provide a localized area for aggregated platelets, particularly in 
the areas where the blood flow is sufficiently slow to allow stimulation of the endo-
thelium to occur and aggregated platelets to adhere. Deficiency of the GPI-linked 
protein, TFPI, is a likely contributor to abnormality of this procoagulant pathway 
[79], whereas it has not been studied on the problem whether endothelial cells are 
deficient in the expression of GPI-anchored proteins in PNH similarly to the case of 
PNH-affected blood cells.

9.3.4  Endothelial Dysfunction

Endothelial dysfunction occurs during any thrombotic event. TF which is originally 
expressed in subendothelial mural cells and adventitial fibroblasts in the vessel wall 
is linked to the coagulation and complement cascade by its exposure on endothelial 
cells. The endothelium has also been implicated in the pathogenesis of thrombosis 
in hemolytic states [81], i.e., free hemoglobin directly impairs endothelial function. 
Free hemoglobin and its breakdown oxidative product heme can directly activate 
endothelial cells and further promote inflammation and coagulation as well as 
increase TF production and release of high molecular weight vWF. In particular, the 
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activation of C5 as an inflammatory response can cause an increased expression of 
functionally active TF in leukocytes [82]. In addition, C5a [83] and the cytolytically 
inactive MAC [84] can induce TF expression on human endothelial cells.

MP elevated in the plasma of PNH express endothelial markers: ICAM-1 
(CD54), sVCAM-1, vWF, CD144 (VE-cadherin), and CD105 (endoglin), indicat-
ing chronic endothelial activation in PNH. CD144, similar to CD105, is derived 
from a subpopulation of endothelial cell junctions. It has a very short half-life in the 
circulation; therefore its presence in the plasma in PNH indicates persistent endo-
thelial damage associated with the chronic hemolysis of PNH [74, 85]. A similar 
association has been described in sickle-cell disease [65].

9.3.5  Other Complement-Mediated Procoagulant  
Mechanisms (Independent of Hemolysis)

Complement activation plays a major role in vascular inflammation. C5a may result 
in proinflammatory and prothrombotic processes through the generation of inflam-
matory cytokines such as IL-6, IL-8, and TNF-α. These will further activate the 
endothelium with the production of endothelial MP, potentially self-perpetuating 
the problem. Complement activation on the surface of neutrophils and monocytes is 
also followed by the MAC formation. On these cells, MAC formation induces cell 
activation and also proliferation [86]. Both the MAC formation and C5a may induce 
the expression of TF as well as PAI-1 by these leukocytes. One study demonstrated 
that complement activation and downstream signaling via C5a receptor in neutro-
phils lead to the induction of TF [87]. Markedly elevated plasma levels of leukocyte- 
derived TF in PNH are referred to this mechanism [88]. IL-6 may additionally 
deregulate the immune system and inhibit ADAMTS-13 (vWF-cleaving protease) 
activity [89]. Preliminary data suggest that low-grade in vivo activation of clotting 
is common in PNH, an abnormality that is enhanced with increased activation of 
complement and decreased when PNH is treated with eculizumab [47].

Infection triggers the coincidence of increased hemolysis and thrombotic com-
plication in PNH.  In addition to the intravascular hemolysis-related mechanisms 
contributing to the thrombosis as described above, there are also hemolysis- 
independent thrombogenic mechanisms. The invading pathogens are recognized by 
antigen-presenting cells, neutrophils, monocytes, macrophages, endothelial cells, 
and platelets, resulting in the TF expression that is sustained by cytokine and che-
mokines. The pathogens also further induce complement activation, promoting gen-
eration of more C5a and MAC. C5a feeds back to promote expression of TF [9].

The pathway turns full circle with the knowledge that a fourth pathway (separate 
from the classic, lectin, and alternative) has been described to activate the comple-
ment system in which thrombin itself cleaves and activates C3 and C5 (independent 
of C3) [90]. Subsequent investigation has revealed that both C3 and C5 can be pro-
teolytically activated by several components of coagulation cascade in addition to 
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thrombin [91]. Therefore, thrombosis activates complement, perhaps leading to fur-
ther thrombosis in PNH and then a vicious circle ensues. This might explain the 
observation that once a patient has their first thrombosis, this often heralds further 
thrombotic complications spiraling out of control, despite anticoagulation, until the 
patient eventually succumbs [11].

Although studies have reported a strong correlation between a larger PNH neu-
trophil clone and the occurrence of thrombosis [4, 7, 92], thrombosis appears to also 
occur frequently in patients with smaller PNH clones, as low as 10 %, when com-
pared with the normal population [92, 93]. In addition, Hugel et al. found no cor-
relation between circulating platelet-derived MP level and PNH clone size [46], 
which partly explains the unpredictability of thrombosis in PNH.

9.4  Management of Thrombosis in PNH

A definitive guideline for the management of thrombosis in PNH has not been 
established yet in the era of eculizumab. There are several personal views, by PNH 
experts, on the management of PNH including thrombosis management published 
[11, 94, 95]. Because PNH is a rare disorder, prospective studies on the manage-
ment are difficult to design. We have to further accumulate the clinical experiences 
to reach a consensus on the management of PNH.

9.4.1  Acute Treatment

Anticoagulation is required for the treatment of thrombosis associated with PNH, 
and the commencement of eculizumab therapy is recommended in the acute setting. 
Mild to moderate thrombocytopenia (platelets 50–100 × 109/L) is not a contraindi-
cation to anticoagulation; however, platelet transfusion may be required for patients 
with platelet counts <50 × 109/L. If there is evidence of thrombosis in a patient who 
is not on anticoagulation prophylaxis, this should be instituted immediately; but it is 
important to notice that venous thrombosis can develop in a patient with PNH who 
is fully anticoagulated.

Occasional episodes of hemolysis coincident with the administration of heparin 
have been reported [96], and the phenomenon has been attributed to activation 
of the alternative pathway of complement by heparin. However, concern for 
exacerbation of hemolysis by heparin should not deter in its use in standard phar-
macologic doses in situations where anticoagulation is warranted. Once adequately 
anticoagulated with heparin, warfarin therapy should be initiated with a target INR 
of 2.5. Although data on recurrence rates have not been demonstrated, patients with 
PNH who experience a thromboembolic episode probably warrant life-long 
anticoagulation.
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Thrombolytic therapy has previously been advocated for extensive, acute, or life- 
threatening hepatic vein thrombosis if the clot is less than 3–4 days old and in whom 
there are no contraindications but experience is limited [12, 14, 95, 97]. Even with 
heparin therapy, extensive vein thrombosis is associated with a poor prognosis [14, 
21]. If there is no resolution of thrombosis within 2–3 days, and especially if the 
patient reports with signs and symptoms of thrombosis going back several days, 
serious consideration should be given to thrombolytic therapy with tissue-type plas-
minogen activator (t-PA). The use of this appears to have reduced with quick 
 commencement of eculizumab. Fibrinolytic therapy may be dangerous in those with 
cerebral vein thrombosis, since it may convert thrombotic stroke into hemorrhagic 
one. A recent review of nine patients receiving intravenous t-PA on 15 occasions 
reported serious complications in three, so thrombolysis must be considered a high- 
risk intervention [98]. The use of eculizumab during the initial treatment of acute 
thrombosis has also been recommended [11]. The increasing use of eculizumab in 
the management of acute thrombosis in patients with PNH is providing effective 
and positive experience in a number of cases including acute Budd-Chiari syndrome 
[99, 100]. Development of any thrombosis in a patient with PNH is now considered 
one of the primary indications for eculizumab therapy, and this should be done 
without delay.

Patients with recurrent episodes are managed as other patients with a clinically 
manifested hypercoagulable state, using warfarin for an identified period in addition 
to eculizumab. In the absence of concomitant treatment with eculizumab, anti-
thrombotic therapy alone has not been effective in preventing further episodes of 
thrombosis in PNH.

9.4.2  Prophylaxis

In the study of Socie et al. [3], 30 % of French patients experienced an episode of 
thrombosis within 8  years of the diagnosis of PNH, and approximately 50 % of 
patients were predicted to have this complication within 15 years. Because of the 
relatively high incidence of thrombosis and its associated morbidity and mortality, 
an argument can be made for prophylactic anticoagulation in patients without con-
traindications such as severe thrombocytopenia and who are not receiving eculi-
zumab therapy [5, 92]. A nonrandomized study with a relatively short follow-up 
period suggested a significant reduction in the thrombotic events when PNH patients 
with >50 % PNH clones received prophylactic anticoagulation with Coumadin [92]. 
A second retrospective study supports the use of prophylactic anticoagulation for 
patients with large PNH clones (>50–60 %) [7]. The benefits of prophylactic antico-
agulation, however, must be weighed against potential adverse effects of long-term 
anticoagulation.
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Eculizumab appears to reduce the risk of thromboembolic complications [34]. 
For patients being treated with eculizumab who have no prior history of thrombo-
embolic complications, prophylactic anticoagulation may be unnecessary [49]. 
Recently, Hillmen et al. analyzed long-term safety and efficacy of eculizumab in 
195 patients over 66 months: the administration of eculizumab reduced the throm-
boembolic incidence rate from 11.13 events per 100 patient-years to 2.14 events per 
100 patient-years, a relative reduction of 81.8 % [101]. Administration of eculi-
zumab decreases markers of thrombin generation and inflammation in patients with 
PNH, indicating the central role of complement activation in the pathogenesis of 
thrombosis in PNH [102]. Successful discontinuation of anticoagulation following 
eculizumab administration has been reported in three PNH patients with severe 
thrombotic history [103]. However, others recommend continuing anticoagulation 
even with eculizumab therapy when there has been a prior thrombosis in PNH 
patients if no contraindication [11, 49, 104]. Accumulation of the long-term man-
agement with eculizumab alone in the prevention of thrombosis may change the 
standard protocol against thrombosis in PNH.

Anticoagulation when not clinically contraindicated for patients for whom ecu-
lizumab is not available for any reason: If a patient has had one or more episodes of 
thrombosis, whether witnessed or presumed from the history, anticoagulation is 
required. Long-term anticoagulation with a target INR of 2.5 for patients with large 
proportion of PNH cells (PNH granulocytes or monocytes >50 %) and a platelet 
count greater than 100 × 109/L is recommended; anticoagulation can also be consid-
ered for patients with smaller proportion of PNH cells and platelet counts less than 
100 × 109/L dependent on additional factors for thrombosis and bleeding [105].

Prophylaxis with heparin (7,500–10,000 units twice a day) or LMW heparin 
should be instituted in any perioperative period, during immobilization, or when an 
indwelling intravenous catheter is used. Such prophylaxis should also be started in 
the first trimester of pregnancy and continued until 6 weeks postpartum. The role of 
eculizumab in these settings is discussed in Chap. 21 by Dr. Miyasaka.

9.5  Conclusion

Thrombotic complication is the leading cause of death in PNH.  Prevention of 
thrombosis and effective treatment of thrombosis at early stage improve its progno-
sis. Although multiple factors are likely to be involved in the development of throm-
bosis in PNH and all of them are contributing in some extent, complement activation 
plays a central role in the pathophysiology. Intercommunication between the two 
major host protection systems, the coagulation and complement cascades, obvi-
ously makes a vicious circle potentiating the thrombotic mechanisms in PNH. The 
key role of complement activation in the development of thrombosis is clinically 
demonstrated by the effectiveness of the administration of eculizumab in the pre-
vention of thrombosis in PNH.  Management of thrombosis in PNH should be 
designed according to the understanding of the pathophysiology underlying the 
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thrombosis in PNH, with appropriate usage of eculizumab in combination with 
thrombolytic and anticoagulation strategies.
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Chapter 10
Diagnosis and Classification of PNH

Hideki Nakakuma, Tsutomu Shichishima, and Jun-ichi Nishimura

Abstract PNH is an acquired stem cell disorder of a clonal nature characterized by 
complement-mediated intravascular hemolysis negative for the direct antiglobulin 
test (DAT, Coombs test), a thrombotic tendency, bone marrow dysfunction, and 
infrequent development of leukemia. Hemolysis and thrombosis are currently 
accepted as ascribable to deficiency of a series of glycosylphosphatidylinositol 
(GPI)-linked membrane proteins including decay-accelerating factor (DAF, CD55) 
and CD59 with complement-regulatory activity on blood cells. The deficiency is 
due to a synthetic defect of GPI caused by mutations of genes (virtually PIGA) 
involved in the steps of GPI biosynthesis. It has been suggested that PNH bone mar-
row failure is closely associated with acquired aplastic anemia, and it is considered 
to be immune mediated. For the diagnosis of PNH, identification of the three major 
clinical manifestations of hemolysis, thrombosis, and bone marrow dysfunction, as 
well as the detection of a simultaneous lack of multiple GPI-linked membrane pro-
teins in individual blood cell lineages, reflecting the defect of GPI and mutations of 
GPI biosynthesis genes like PIGA in hematopoietic stem cells, is needed. Flow 
cytometry detects all blood cells lacking any GPI proteins, while conventional 
hemolytic tests such as the Ham’s acidified serum test (the Ham test) and the sugar- 
water test detect only PNH erythrocytes susceptible to autologous complement. The 
evaluation of hemolysis, thrombosis, and underlying bone marrow disorder virtu-
ally defines PNH classification and disease severity.
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10.1  Definition and Diagnostic Criteria for PNH [1, 2]

For clinical manifestations characteristic of PNH, one or more affected stem cells 
with mutation of the glycosylphosphatidylinositol (GPI) synthesis gene (virtually 
PIGA) clonally expand. Affected stem cells generate progeny deficient in several 
GPI-linked membrane proteins (Table 10.1). Typical PNH hemolysis is intravascu-
lar and caused by the deficiency of complement-regulatory membrane proteins, 
such as decay-accelerating factor (DAF, CD55) and CD59 on erythrocytes. 
Thrombophilia is also dependent on GPI deficiency and a major cause of death in 
Europe and the United States of America compared to Asia and Japan (Table 10.2) 
[3, 4]. PNH often develops in the context of bone marrow failure syndromes and is 
closely associated with aplastic anemia [5]. Marrow failure is more marked in 
patients in Asia than in Europe and North America. The median age at diagnosis of 
PNH of 176 Duke University patients and 209 Japanese patients was 30 years (rang-
ing from 4 to 80) and 45 years (ranging from 10 to 86 years), respectively [4]. In 
short, PNH is virtually diagnosed on the basis of an acquired Coombs-negative 
intravascular hemolysis of GPI-negative erythrocytes susceptible to autologous 
complement, hemolysis-associated thrombosis, and underlying bone marrow 
failure.

Table 10.1 GPI-linked membrane proteins missing from PNH blood cells [29]

Complement-regulatory proteins DAF (CD55), CD59
Enzymes Neutrophil alkaline phosphatase

Erythrocyte acetylcholinesterase, BST-1 
(CD157)
Ecto-5′ nucleotidase (CD73)

Receptors CD14, CD16b (FcγRIII), folate receptor,
Urokinase-type plasminogen activator 
receptor (CD87)

Adhesion molecules
Others Blast-1 (CD48), LFA-3 (CD58), GPI-80, 

CD66e (CEA),
CD66b, CD66c, JMH blood group 
antigen (CD108),
CD24, CD52, CD109, CLBgran/5, Thy-1 
(CD90),
NB-1(CD177), cellular prion protein,
Eosinophil-derived neurotoxin (EDN)
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10.2  Collecting Evidence Supporting PNH [1, 2, 4]

10.2.1  Hemolysis

Hemolysis is indicated by a decreased serum haptoglobin level, increased serum 
lactate dehydrogenase (LDH) activity, increased unconjugated bilirubin, jaundice, 
and relative reticulocytosis (Table 10.3). In contrast with autoimmune hemolytic 
anemias, hemolysis of PNH erythrocytes that are susceptible to complement does 
not deplete serum complement (i.e., CH50 level is not low), despite complement- 
mediated hemolysis. The hemolysis is antibody independent, i.e., negative for 
Coombs’ test (direct antiglobulin test, DAT). Typical PNH hemolysis is intravascu-
lar and then manifests hemoglobinuria and hemosiderinuria (Fig. 10.1). The find-
ings of hemolysis are markedly exacerbated in hemolytic precipitation induced by 
various infections [6].

Table 10.2 Clinical and 
laboratory features at PNH 
diagnosis [4]

Duke University Japan
176 patients 209 patients

Preceding disorder
Aplastic anemia 51 (29 %) 79 (38 %)
MDS 9 (5 %) 10 (5 %)
Signs and symptoms
Hemoglobinuria 88 (50 %) 70 (33 %)
Anemia 155 (88 %) 197 (94 %)
Leukocytopenia 80 (45 %) 151 (72 %)
Thrombocytopenia 92 (52 %) 132 (63 %)
Thrombosis 34 (19 %) 13 (6 %)
Laboratory tests (Mean)
Leukocytes (106/L) 4948 3475
Hemoglobin (g/dL) 9.7 8.2
Platelets (109/L) 140 96
LDH (U/L) 2337 1572

Table 10.3 Minimal essential diagnostic criteria

A. Collecting evidence for hemolysis
Decrease of serum haptoglobin, increase of serum lactate dehydrogenase, increase of 
unconjugated bilirubin, jaundice, relative reticulocytosis, hemoglobinuria, hemosiderinuria

B. Detection of blood cells deficient in GPI-anchored membrane proteins
Detection of PNH type III erythrocytes more than 1 % is recommended in the peripheral 
blood

10 Diagnosis and Classification of PNH
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10.2.2  Anemia

Anemia in patients with PNH is ascribable to hemolysis with relative reticulocyto-
sis, iron deficiency associated with intravascular hemolysis, and marrow failure. 
Depending on each cause, the mean corpuscular volume (MCV) of erythrocytes of 
PNH patients shows macro-, micro-, and normocytic, respectively.

10.2.3  In Vitro Hemolysis Tests

PNH erythrocytes, which lack GPI-linked complement-regulatory membrane pro-
teins such as DAF (CD55) and CD59, are susceptible to autologous complement. 
The existence of PNH erythrocytes in peripheral blood is demonstrable by in vitro 
hemolysis tests such as the Ham test [7] (Fig. 10.2) and sugar-water test. [8] In the 
Ham test (acidified serum lysis test), the alternative pathway of complement is acti-
vated by adjusting the serum pH to around 6.5 with weak acid. In the sugar-water 
test, complements are activated under low-electrolyte conditions and normal osmo-
larity maintained by supplying serum with sugar water. Positive results in the hemo-
lysis tests need more than 10 % hemolysis. However, the hemolysis tests require 
experienced technicians, without whom the results are not always reliable.

10.2.4  Synthetic Defect of GPI in Hematopoietic Stem Cells

The distinct characters of PNH are the blood cell-restricted deficiency of GPI-linked 
membrane proteins in every blood cell lineage and the coexistence of both  
blood cells that are positive and negative for GPI-inked membrane proteins.  

Fig. 10.1 Intravascular 
hemolysis characteristic of 
PNH. (a) and (c), 
hemoglobinuria (dark 
urine) and hemosiderinuria 
(the arrow indicates 
hemosiderin), respectively, 
of a patient with PNH; (b) 
urine of a healthy volunteer
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The expression of GPI-linked proteins on blood cells is analyzed by labeling with 
antibodies to GPI-linked proteins and subsequent flow cytometry (Fig. 10.3) [9, 10]. 
For the diagnosis of PNH, flow cytometry is the most reliable test to detect and 
quantify affected cells among erythrocytes, leukocytes, and platelets in peripheral 
blood as well as bone marrow cells [11], in contrast with the hemolysis tests such as 
the Ham test and sugar-water test that detect only PNH erythrocytes. To ensure PNH 
diagnosis, demonstration of the deficiency of a series of GPI-linked membrane pro-
teins on two or more blood cell lineages is preferable. Instead of antibodies to GPI-
linked proteins, aerolysin (FLAER), a fluorescence-conjugated bateriotoxin, which 
binds directly to membrane GPI, is used to discriminate PNH cells [12]. However, 
FLAER is not suitable for the analysis of erythrocytes and platelets because the 
toxin injures the glycophorin-expressing blood cells. For PNH diagnosis, it is rec-
ommended to show that the proportion of affected erythrocytes is above 1 % in 
peripheral blood (Table 10.3). In general, the proportion of PNH granulocytes is 
higher than PNH erythrocytes and preferable for the early detection of PNH cells, 
because PNH granulocytes are not always susceptible to autologous complement. It 
is known that PNH granulocytes lack DAF and CD59 but express non-GPI-linked 
complement- regulatory proteins such as membrane cofactor protein (MCP). The 
proportions of PNH granulocytes and reticulocytes are then useful to evaluate the 
PNH clone size [13]. Flow cytometry is convenient to discriminate PNH from 
HEMPAS (hereditary erythroblastic multinuclearity associated with a positive acid-
ified serum test) which is positive with the Ham test.

Erythrocytes of 
a patient with 
PNH

Erythrocytes of 
a healthy donor

Intact 
serum

Acidified
serum

Heat-inactivated 
serum

Fig. 10.2 Ham test for the detection of PNH erythrocytes. Affected erythrocytes susceptible to 
autologous complement of a patient with PNH undergo in vitro hemolysis in complement- activated 
serum treated with acid. In contrast, affected erythrocytes survive in the pretreatment serum and in 
the heat-inactivated serum. Erythrocytes of a healthy donor are intact in each serum
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10.2.5  PIGA Mutations

An acquired somatic null mutation of PIGA causes both the synthetic defect of GPI 
and deficiency of GPI-linked membrane proteins of blood cells (Fig. 10.4), leading 
to clinical manifestations characteristic of PNH. Germ line null mutations of PIGA 
have been suggested to be lethal [14, 15]. PNH hemolysis is not demonstrable in 
hypomorphic inherited germ line mutations of PIGA [16]. Although the detection of 
PIGA mutation confirms the PNH diagnosis, technical problems limit its routine 
clinical application for the diagnosis. It has been reported that, in a single patient 
with PNH, multiple affected clones with individual PIGA mutations are often 
detected, indicating that PNH is oligoclonal rather than clonal [17]. In support of 
this, PNH cells are often not phenotypically homogenous but rather mosaic. For 
example, a single patient with PNH has blood cells both completely negative (type 
III) and partially positive (type II) for DAF and CD59 [1]. Of note, instead of 

GPI-linked membrane proteins 
(DAF and CD59)

C
D
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b

G
ly

co
ph

or
in

GranulocytesErythrocytes

A patient 
with PNH

A healthy 
donor

Fig. 10.3 Flow cytometric detection of PNH blood cells. Arrows indicate PNH cells that are nega-
tive for GPI-linked membrane proteins such as DAF (CD55) and CD59 of a patient with 
PNH. Coexistence of blood cells positive and negative for the proteins in a single patient is of note. 
None of the blood cells of a healthy donor are negative for DAF and CD59
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somatic mutations in X-linked PIGA, the current report shows an exceptional PNH 
case with both a heterozygous germ line mutation and a somatic mutation in auto-
somal PIGT, which is important for attachment of the preassembled GPI anchor to 
proteins [18].

10.2.6  Acquired Bone Marrow Failure

The bone marrow of patients with PNH shows various degrees of hypoplasia, which 
is compatible with differential peripheral cytopenia [5]. There are no PNH-specific 
morphological features in the bone marrow cells of PNH patients. Nonrandom 
karyotypic abnormalities associated with PNH have not been identified yet, although 
karyotypic abnormalities such as trisomy 8 are infrequently detected in PNH, espe-
cially in the setting of other specific bone marrow disorders such as MDS [19].

Protein

P

Man 1
Man
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GlcN1Man 1
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GPI-linked membrane protein

GPI

Normal erythrocyte PNH erythrocyte

Fig. 10.4 Synthetic defect of GPI in PNH blood cells [29]. In the normal erythrocyte (left panel), 
GPI is composed of phosphatidylinositol (InP), N-acetylglucosamine (GlcN), 3 mannoses (Man), 
and ethanolamine phosphate (EthN-P). Proteins are covalently attached to EthN-P of GPI. In con-
trast, in the PNH erythrocyte (right panel), both the carbohydrate chain of GPI and protein are 
missing
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10.2.7  Thrombotic Tendency

Thrombosis of unknown origin must be present to screen for PNH, i.e., Budd-Chiari 
syndrome, and thrombosis of veins (e.g., hepatic vein, portal vein, vena cava, mes-
enteric, central nervous system vein, pulmonary vein) and thrombosis of coronary 
and cerebral arteries. Arterial thrombosis is infrequent. Common symptoms are 
abdominal and chest pain [20]. Serum D-dimer is useful to survey thrombotic ten-
dency in PNH.

10.3  PNH Classification [1]

Based on the current proposal by the members of the International PNH Interest 
Group, patients with PNH are classified into three subcategories: classic PNH, PNH 
in the setting of another specified bone marrow failure, and subclinical PNH (Table 
10.4) [11, 21].

10.3.1  Classic PNH

Patients in this subcategory manifest clinically evident intravascular hemolysis 
(macroscopic hemoglobinuria is frequent or persistent), but do not show apparent 
bone marrow failure or myelodysplasia. Bone marrow shows erythroid hyperplasia 
and morphologically normal hematopoiesis. Eculizumab, a humanized monoclonal 
antibody, is effective for the florid hemolysis, because the antibody inhibits the ter-
minal complement activation pathway by binding to complement C5 when injected 
intravenously [22–24].

PNH in the setting of another specified bone marrow failure. Patients in this 
subcategory manifest mild to moderate intravascular hemolysis (macroscopic 
hemoglobinuria is intermittent or absent) and also show preceding or concomitant 
underlying bone marrow failure mostly associated with aplastic anemia and refrac-
tory anemia/myelodysplastic syndrome [5, 11, 25]. PNH with preceding aplastic 

Table 10.4 Classification of PNH [1]

A. Classic PNH
B. PNH in the setting of another specified bone marrow disorder (e.g., PNH/aplastic anemia 

or PNH/refractory anemia-MDS)
C. PNH-subclinical (PNH-sc) in the setting of another specified bone marrow disorder  

(e.g., PNH-sc/aplastic anemia)
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anemia is termed aplastic anemia-PNH syndrome. Approximately 30 % of PNH 
patients had preceding aplastic anemia. Flow cytometry showed that an average of 
25 % (range, 13–52 %) of 517 patients with aplastic anemia in 7 reports had a 
 proportion (1 % or higher) of blood cells with the PNH phenotype. PNH-type blood 
cells were also detected in 10–23 % of patients with myelodysplastic syndromes 
[25–27].

10.3.2  Subclinical PNH

Patients in this subcategory show no clinical or laboratory evidence of intravascular 
hemolysis, but do show evidence of concomitant bone marrow failure syndromes, 
such as aplastic anemia and refractory anemia/myelodysplastic syndrome [5, 11, 
21, 25–27]. There is no benefit of eculizumab for PNH patients in this category [23].

10.4  Clinical Stages of PNH

PNH clones develop in hematopoietic bone marrow cells and expand to generate 
differentiated blood cells, including affected erythrocytes susceptible to autologous 
complement, leading to clinical manifestations such as intravascular hemolysis and 
thrombosis. Overt PNH infrequently results in spontaneous or therapy-related 
remission [3, 21, 28]. To assess the entire course of PNH, a staging system has been 
proposed: stage I, latent PNH with affected cells in bone marrow alone; stage II, 
smoldering PNH with affected cells in both bone marrow and peripheral leukocytes 
but not in erythrocytes; stage III, overt PNH which satisfies the conventional diag-
nostic criteria; and stage IV, dormant PNH with clinical remission [21]. However, 
the clinical relevance of the staging has yet to be evaluated.

10.5  Clinical Severity

The distinct character of PNH involves its complex pathophysiology and various 
clinical manifestations, such as intravascular hemolysis, thrombosis, and bone mar-
row failure. The disease severity is then dependent on the major clinical manifesta-
tions. However, it appears difficult to propose a globally applicable grading system 
of the disease severity that matches with the prognosis of individual patients with 
PNH all over the world. It is partly because major causes of death vary among races, 
i.e., between patients in Japan and in the United States of America [4]. Furthermore, 
the molecular relationships among the manifestations are not yet fully clear.
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Chapter 11
Clinical Significance of a Small Population 
of Glycosylphosphatidylinositol-Anchored 
Membrane Proteins (GPI-APs)-Deficient Cells 
in the Management of Bone Marrow Failure

Shinji Nakao

Abstract Althoughan increased blood cell deficiency of glycosylphospha- 
tidylinositol- anchored membrane proteins (GPI-APs) has often been detected in 
patients with aplastic anemia (AA) and myelodysplastic syndrome (MDS), the clin-
ical significance of such GPI-APs− cells remains to be elucidated. We established a 
sensitive flow cytometric assay capable of precisely detecting less than 0.01 % GPI- 
APs− blood cells and have examined a large number of patients with bone marrow 
(BM) failure. The assay failed to detect a significant increase in GPI-APs− cells in 
the peripheral blood (PB) of 190 of 192 healthy individuals, while noting significant 
increases in two individuals. On the other hand, an increase in the percentage of 
GPI-APs− cells was detectable in approximately 50 % of all AA patients and in  
20 % of all refractory anemia (RA)-MDS patients, while it was undetectable in any 
patients with RA with ringed sideroblasts (RARS) or an excess of blasts (RAEB) or 
in those with hematological malignancies, including acute myelogenous leukemia 
and multiple myeloma. Several recent studies have shown that the presence of an 
increased number of GPI-APs− cells predicted a good response to immunosuppres-
sive therapy and a favorable prognosis among patients with AA and RA. A sensitive 
flow cytometric analysis that can detect a small population of GPI-APs− cells in the 
PB is therefore an important examination that can guide the management of BM 
failure.
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11.1  Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired hemolytic anemia 
characterized by an increased number of glycosylphosphatidylinositol (GPI)-
anchored membrane proteins (GPI-APs−)-deficient cells derived from hematopoi-
etic stem cells (HSCs) with a PIGA gene mutation [10]. A small population of 
GPI-APs− blood cells are often detected in bone marrow (BM) failure patients who 
do not show either clinical or laboratory signs of hemolysis. This type of BM failure 
was defined as subclinical PNH (PNH-sc) by the International PNH Interest Group 
[12]. Several studies have attempted to clarify the clinical significance of such GPI- 
APs− cells in BM failure patients [1, 5, 17, 21, 22]. Some studies have revealed that 
the presence of GPI-APs− cells in patients with myelodysplastic syndrome (MDS) 
and aplastic anemia (AA) predicts a good response to immunosuppressive therapy 
(IST) [5, 17, 21], while others failed to confirm the predictive value of GPI-APs− 
cells [4, 13, 15, 19, 23]. This discrepancy may be due to differences in the sensitivity 
and specificity of the flow cytometric assays which were used to detect GPI-APs− 
cells in the previous studies.

We have been detecting GPI-APs− cells in the peripheral blood (PB) of patients 
with various types of BM failure using a high-sensitivity flow cytometric assay and 
postulated the significance of an increase in the percentage of GPI-APs− cells as a 
marker for the immune pathophysiology of AA and refractory anemia (RA)-MDS 
according to the FAB classification [17, 21]. In this review article, I summarize our 
experience regarding the detection of GPI-APs− cells in patients with various hema-
tological diseases and also discuss the current results of a nationwide multicenter 
prospective observational study (OPTIMA) while emphasizing the importance of 
using a high-sensitivity flow cytometric assay to detect small populations of GPI- 
APs− cells in the management of BM failure.

11.2  High-Sensitivity Flow Cytometry Assay

Conventional flow cytometric assays using a single color fluorescence-labeled anti-
bodies specific to GPI-APs have defined the presence of GPI-APs− cells by more 
than 1 % of the total cells as a significant increase in the GPI-APs− cells. The cutoff 
value was set based on the fact that damaged or immature GPI-APs+ cells are mis-
takenly identified to be GPI-APs− due to the poor binding of specific antibodies or 
fluorescence-labeled antibodies or fluorescent-labeled inactive toxin aerolysin 
(FLAER) to GPI-APs− cells [3]. The cutoff value can be reduced to a level of 0.01 % 
by eliminating SSCdim and CD11bdim granulocytes or glycophorin Adim RBCs, as 
well as 7-amino-actinomycin D (7-AAD)-positive (damaged) cells [17]. Moreover, 
the threshold can be further reduced to 0.003 % for granulocytes and 0.005 % for 
erythrocytes by examining a large number of healthy individuals. In this high- 
sensitivity assay, the position of the border between GPI-APs+ and GPI-APs− cells 
was set so that it did not include any dots in the GPI-AP s− cell area of the scatter-
grams obtained from more than 50 different samples from healthy individuals.
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11.3  GPI-APs− Cells in Healthy Individuals

Detecting small populations of GPI-APs− cells may be meaningless in the manage-
ment of BM failure if they are often detectable in healthy individuals or if there is 
no clear-cut border in the percentage of GPI-APs− cells between healthy individuals 
and BM failure patients. Araten et  al. identified 0.0001–0.0051 % CD55−CD59− 
CD11b+ granulocytes in the PB of all nine healthy individuals, as well as PIGA 
mutations in sorted CD55−CD59− CD11b+ granulocytes [2]. They speculated that 
the PIGA mutant HSCs generating GPI-APs− granulocytes do not persist for very 
long based on their findings that the same PIGA mutations were not detectable in 
the second samples taken more than 6 months after the first analysis. On the other 
hand, Hu et al. demonstrated that various PIGA mutations were detectable in the 
progenies of GPI-APs+ colony forming units-granulocytes and macrophages that 
were cultured in vitro and thereby indicated a possibility that the GPI-APs− cells 
detected in vivo are derived from committed progenitor cells that developed PIGA 
mutations as a result of their extensive proliferation [6]. These data were compatible 
with the finding by Araten et al. that the GPI-APs− cells with a specific mutation did 
not persist over 6 months.

We screened the PB of 192 healthy volunteers for the presence of GPI-APs− cells 
using the abovementioned high-sensitivity method that was originally designed not 
to detect more than 0.003 % GPI-APs− cells in healthy individuals [8]. Notably, two 
of these patients were found to bear detectable levels of GPI-APs− cells, and in both 
of them, GPI-APs− cells were detected in limited lineages, representing granulo-
cytes (G), monocytes (M), erythrocytes (E, GME), and GE-type cells (Fig. 11.1). 
The similar percentages and lineage combinations of GPI-APs− cells persisted more 
than 3 years in these two individuals, indicating that the GPI-APs− were derived 
from HSCs, rather than hematopoietic progenitor cells. Together with previous 
reports, our findings indicate that GPI-APs− cells derived from PIGA mutant HSCs 
that are selected by chance to contribute to hematopoiesis in the absence of immune 
pressures in the BM exist in healthy individuals, but at a very low incidence, and 
that our assay can clearly distinguish long-lived small populations of GPI-APs− 
cells from short-lived GPI-APs− cells.

11.4  GPI-APs− Cells in Patients with BM Failure

We have examined the PB of a total of more than 9000 patients with BM failure for 
the presence of GPI-APs− cells using the highly sensitive flow cytometric assay. 
Figure 11.2 shows the results of the GPI-APs− cell detection in the first 1656 patients 
[18]. A total of 49 % of AA and 17 % of RA patients were positive for increased 
GPI-APs− cells, while none of the patients with RA with an excess of blasts (RAEB) 
or patients with other types of BM failure associated with hematological malignan-
cies and collagen diseases were positive for the increase in GPI-APs− cells. Notably, 
more than 80 % of all PNH-sc patients had less than 1 % GPI-APs− cells, with a 
median percentage of 0.239 %, which might have been overlooked if they were 
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examined with conventional flow cytometry. The prevalence of increased GPI-APs− 
cells in each subset of patients as of August 2014 remained similar to the findings 
reported in 2009. Of particular note, increased GPI-APs− cells have not been 
detected in more than 200 patients with RA with ringed sideroblasts (RARS) or 
RAEB, except for a few patients whose disease onset times were unclear. Thus, the 
presence of increased GPI-APs− cells at the onset of BM failure rules out the 
diagnosis of advanced MDS with definite preleukemic features.

11.5  Response to Immunosuppressive Therapy (IST) in BM 
Failure Patients Bearing Increased Numbers 
of GPI-APs− Cells

11.5.1  The Response to Antithymocyte Globulin (ATG)

The impact of the presence of increased GPI-APs− blood cells on the response to 
IST in patients with BM failure was first demonstrated by Dunn et al. [5]. They 
showed that patients with MDS bearing GPI-APs− cells that were revealed by a 
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Fig. 11.1 Detection of GPI-APs− cells in different lineages of blood cells from two healthy indi-
viduals [8]. The profiles of the peripheral blood cells of two healthy individuals (Healthy 1 and 
Healthy 2) showing GPI-APs− cells in the GME and GE lineages are shown. They exhibited GPI- 
APs− cells in the same lineage combination pattern at the first sampling (i) and 13 and 7 months 
after the first sampling (ii), respectively
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conventional flow cytometry method responded to ATG significantly better than did 
MDS patients not bearing GPI-APs− cells. However, the NIH group and others 
failed to observe a difference in the response rate to IST in favor of patients with 
GPI-APs− cells in AA patients [5, 14, 19, 23].

Our retrospective analysis using the high-sensitivity flow cytometry method 
demonstrated that the response to IST (91 %) and the probability of surviving 
failure- free at 5 years (64.2 %) in 83 AA patients bearing an increased percentage 
of GPI-APs− were significantly higher than those (48 % and 12.3 %) in 39 AA 
patients without such an increase [17]. As shown in Fig. 11.3, there were no signifi-
cant differences in the rates of achieving response to IST among different subpopu-
lations of AA patients defined by the percentage of GPI-APs− granulocytes; every 
subpopulation with increased GPI-APs− cells showed a significantly better response 
than patients without GPI-APs− cells.

The predictive value of an increased proportion of GPI-APs− for a favorable 
prognosis in AA was recently confirmed by two prospective studies from Russia [9] 
(Fig. 11.4) and Canada [20] in which high-sensitivity flow cytometry assays similar 

Fig. 11.2 The percentages of GPI-APs− granulocytes in patients with various types of bone mar-
row failure. The percentages of GPI-APs− granulocytes in each patient group are plotted on a 
semilogarithmic graph. The numbers above the disease name represent the prevalence of patients 
bearing a significant increase in the percentage of GPI-APs− granulocytes and the number of 
patients evaluated
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Fig. 11.3 The response to immunosuppressive therapy according to the PNH clone size. The 
cumulative response rates to antithymocyte globulin (ATG) plus cyclosporine (CsA) therapy in AA 
patients based on the GPI-APs− cell percentage are shown. Every subpopulation of patients bear-
ing increased GPI-APs− cells (PNH+ patients) showed a significantly better response than did the 
patients not bearing GPI-APs− cells (PNH−). The number on each line represents the percentage of 
GPI-APs− cells

Fig. 11.4 The prognostic values of GPI-APs− cells in patients with AA treated with ATG+CsA 
[9]. The overall and failure-free survival probabilities according to baseline PNH status are shown

to our method were employed. These results indicate that a minor population of 
GPI-APs− cells represents a reliable marker of a positive ATG response and a favor-
able prognosis among patients with AA.
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11.5.2  Response to CsA

Our previous retrospective study provided the first evidence of a better response rate 
to monotherapy with CsA in MDS-RA patients bearing increased GPI-APs− cells 
than in patients without GPI-APs− cells [21]. Thereafter, Ishikawa et al. conducted 
a prospective study to assess the efficacy of CsA in the treatment of patients with 
low-risk MDS and analyzed the factors associated with a good response to CsA [7]. 
A short duration (<4 months) of illness and the presence of GPI-APs− blood cells 
were identified as factors significantly associated with a good response to CsA; five 
(71 %) of seven patients with increased GPI-APs− cells improved with CsA, whereas 
only one (10 %) of ten patients without increased GPI-APs− cells responded to the 
treatment.

11.6  The Actual Pathophysiology of MDS Patients 
with Increased GPI-APs− Cells

Although MDS is defined as a clonal disorder associated with a risk of developing 
acute myelogenous leukemia (AML), its diagnosis relies on the presence of dys-
plastic signs in the immature BM cells and normocellular or hypercellular BM, 
despite the presence of pancytopenia. The discordance in the definition between the 
disease concept and diagnostic criteria leads to confusion among physicians. The 
following case represents a typical example of such confusion [11]. A 14-year-old 
male was found to have mild pancytopenia in 2009. His complete blood count 
showed a red blood cell count of 3.24 × 1012/L, hemoglobin level of 11.0 g/dL, and 
a white blood cell count of 2.85 × 109/L with a differential count of 36 % neutro-
phils, 58 % lymphocytes, 1 % eosinophils, 1 % basophils, 5 % monocytes, and a 
platelet count of 26 × 109/L. BM aspiration and biopsy showed hypercellularity with 
some dysplastic signs and a relative decrease in megakaryocytes with a normal 
karyotype (Fig. 11.5a). Morphology experts diagnosed this patient to have RAEB or 
refractory cytopenia of childhood and suggested allogeneic stem cell transplanta-
tion from an HLA-identical unrelated donor as a therapeutic option. However, our 
high-sensitivity flow cytometry assay detected small populations of GPI-APs− cells 
in erythrocytes (0.139 %) and granulocytes (0.461 %) in the patient’s PB (Fig. 
11.5b), suggesting the presence of immune pathophysiology in this patient. 
Magnetic resonance imaging (MRI) of the thoracolumbar spine showed abundant 
hematopoietic nests in the bilateral iliac bones, but typical fatty marrow in the tho-
racoabdominal spines. Although the BM biopsy findings did not meet the criteria 
for the diagnosis of AA, he was eventually diagnosed to have AA mimicking MDS 
and was treated with CsA alone. He achieved complete hematological recovery 
within 1 year without receiving any blood transfusions and has been in remission 
for 3 years after the cessation of the treatment.
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We have been following many patients bearing increased GPI-APs− cells who 
met the morphological criteria for refractory cytopenia with unilineage dysplasia 
(RCUD) or refractory cytopenia with multilineage dysplasia (RCMD) defined by 
the WHO 2008 for many years. Some of them progressed to RAEB or AML, but the 
incidence of these findings was less than 3 %, similar to that observed in patients 
with typical AA [16]. Thus, the pathophysiology of MDS patients bearing GPI- 
APs− cells is thought to be essentially the same as that of AA.

11.7  A Nationwide Multicenter Prospective Observational 
Study: The OPTIMA

The significance of detecting small GPI-APs− cell populations <0.1 % in the man-
agement of BM failure has only been documented by a limited number of groups, 
probably because the sensitive flow cytometric assay has not been popularized due 
to its very low cutoff values. To verify its clinical significance, the Japanese PNH 
Study Group started a nationwide multicenter prospective observational study 

Fig. 11.5 The bone marrow findings and the results of the high-sensitivity flow cytometry assay. 
(a), Bone marrow smear and biopsy specimens showed hypercellularity; (b) GPI-APs− cells were 
revealed in both granulocytes and erythrocytes
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named the OPTIMA (Observation of GPI-anchored protein-deficient (PNH-type) 
cells In Japanese patients with bone Marrow failure syndrome) in July 2011. 
Japanese patients with AA, MDS, and BM failure suspected of having PNH were 
prospectively enrolled in the OPTIMA study. The high-sensitivity flow cytometry 
technique that was developed at Kanazawa University was transferred to six differ-
ent university laboratories assigned as regional analysis centers in Japan. PB sam-
ples from various types of BM failure patients were sent to these centers for the 
detection of GPI-APs− granulocytes and erythrocytes. For each patient, the percent-
age of PNH-type cells was measured using a high-resolution flow cytometry-based 
method using a liquid FLAER method for granulocytes and a cocktail method with 
anti-CD55 and anti-CD59 antibodies for erythrocytes, and the relationships among 
increased GPI-APs− cells, IST, and the prognosis of BM failure were analyzed.

To check the quality of the individual flow cytometry assays, negative (no GPI- 
APs− cells) and positive (approximately 0.01 % GPI-APs− cells) samples were peri-
odically sent, unannounced, to the six laboratories. The periodic blind validation 
tests revealed that the interlaboratory differences in the PNH-type cell percentage 
were always within 0.02 %.

As of July 2013, flow cytometry data on 1210 cases (386 AA, 339 MDS, 55 
PNH, and 430 with undiagnosed BM failure) were collected for an interim analysis. 
A total of 457 (37.8 % and 57 % of the AA, 19.8 % of MDS, and 100 % of PNH) 
patients were found to be positive for GPI-APs− cells. Among the different subsets 
of patients with MDS, increased PNH-type cells were detectable in 20 (21.3 %) of 
the 94 patients with RCUD, 33 (21.7 %) of 152 with RCMD, and five (27 %) of 22 
with MDS unclassifiable, but not in any of 14 RARS or 32 RAEB patients, a finding 
compatible with our previous study.

11.8  Conclusions

The detection of a small population of GPI-APs− cells is the most fundamental 
examination that can be performed to assess the pathophysiology of BM failure. 
High-sensitivity flow cytometry can be performed anywhere by following a stan-
dard protocol. The predictive value of an increased proportion of PNH-type cells for 
a favorable prognosis of patients with BM failure will be clarified by the final analy-
ses of the OPTIMA data in a few years.
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Chapter 12
Clonal Origin and Clonal Selection in PNH

Lucio Luzzatto

Abstract Paroxysmal nocturnal haemoglobinuria (PNH) is a haemolytic anaemia 
with rather unique features; indeed, (a) it is also associated with features of bone 
marrow failure; (b) it is acquired but it is due to an intrinsic red cell abnormality; 
and (c) it is a clonal disorder of haematopoiesis, but it is not a malignancy. Since it 
has been known that the clone arises through a somatic mutation of the X-linked 
PIG-A gene, and since PIG-A mutations are found also in normal people, the key to 
understanding the pathogenesis of PNH lies in what makes the PIG-A mutant clone 
expand. In order to rationalize the link between (a) and (c), it was suggested since 
1989 that the disease develops when a PIG-A mutant haematopoietic stem cell 
(HSC) finds itself in a bone marrow environment that faces an autoimmune attack – 
as is thought to be the case in idiopathic aplastic anaemia (AA). In this paper, after 
a brief historical introduction, the evidence in support of this mechanism from 
in vitro studies, from animal models and from PNH patients is reviewed. We now 
have evidence for the notion that in PNH patients there are GPI-reactive CD1d- 
restricted T cells that selectively attack normal (GPI-positive) HSCs but spare the 
GPI-negative progeny of the PIG-A mutant HSCs.
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12.1  Historical Introduction

The first report of a patient with paroxysmal nocturnal haemoglobinuria (PNH)  
is usually credited to the German internist Paul Strübing, who published it in  
1882 [1], although the medical historian Voswinckel [2] has traced a much earlier 
clinical description – in 1648, in Latin – to the Dutch physician Johann Schmidt. 
Strübing’s report was important for at least two reasons. First, his article included a 
detailed diary of the patient’s urine samples, documenting that the passing of dark 
urine was intermittent; second, it was noted that the patient did not have syphilis, a 
known cause of paroxysmal cold haemoglobinuria (PCH); thus, PNH was identified 
as a condition different from PCH. In 1911, Marchiafava [3] confirmed that haemo-
globinuria was paroxysmal, but he also demonstrated that haemosiderinuria was 
‘perpetual’, thus pinpointing, already one century ago, that haemolysis takes place 
all the time in PNH and explaining how PNH patients can become iron deficient.

From then on, PNH was investigated as a haemolytic anaemia, a condition of 
which several forms were already known at that time. A broad classification recog-
nized that inherited or congenital haemolytic anaemias were due to intracorpuscular 
causes, whereas acquired haemolytic anaemias were due to extracorpuscular causes 
(a notion that to a large extent still stands today (see Table 12.1). Against that back-
ground, the studies of Ham [4] and Dacie [5] brought up something unexpected: in 
PNH, certainly an acquired disease, there was strong evidence of an intracorpuscu-
lar or intrinsic red cell abnormality. This was suggested by in vitro tests that also 
revealed two most interesting features: (i) haemolysis depended on the presence of 
serum, which must be fresh and not preheated, implying that haemolysis depended 
on complement [6], and (ii) of all the patient’s red cells, only a proportion – variable 
from patient to patient – was susceptible to complement-mediated lysis (see Fig. 12.1).

Table 12.1 Classification of haemolytic anaemias

Intracorpuscular causes Extracorpuscular causes

Hereditary Haemoglobinopathies
Enzymopathies
Membranopathies
Other

Familial Haemolytic-uraemic 
syndrome (HUS)

Acquired Paroxysmal Nocturnal  
Haemoglobinuria (PNH)

Malaria
Autoimmune
Drug-induced
Micro-angiopathic
Other

It is seen that in most cases hereditary haemolytic anaemias are due to intracorpuscular causes, 
whereas acquired haemolytic anaemias are due to extracorpuscular causes. The two exceptions are 
familial HUS (also currently known as atypical HUS) and PNH. Interestingly, both conditions have 
to do with complement (C): in familial HUS, a C-regulatory plasma protein (usually factor H) is 
mutated; in PNH there is a somatic mutation of PIG-A that prevents the insertion in the cell mem-
brane of the C regulators CD55 and CD59
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12.2  PNH: A Clonal Disease

If the finding of an intrinsic red cell abnormality in an acquired disease was surpris-
ing, the notion that it seemed to affect some red cells but not all of them was utterly 
baffling. It was John Dacie [7] who, in a landmark address to the Royal Society of 
Medicine as president of its Pathology Section, first confronted this issue explicitly 
in 1963, when he noted: ‘That two populations (of red cells) are present is quite 
clear both from the laboratory tests and also from the results of red cell survival 
from a patient with PNH, using 51Cr labeling’. He further noted that it was the 
patients who had a larger proportion of ‘cells that are easily lysed’ who had more 
severe clinical manifestations. The next section in his address was headed the 
Somatic Mutation Hypothesis, which he found attractive but that he judged ‘as dif-
ficult to prove as to refute’.

To prove that any disease is due to a somatic mutation was indeed a challenge in 
the pre-DNA sequencing era. Fortunately, the discovery by Mary Lyon [8] in 1961 
that female mice were somatic cell mosaics as a result of the X chromosome inacti-
vation phenomenon provided a tool. Ernie Beutler, by using the X-linked gene 

Patient RBC
Control

RBC

21 6543

Fig. 12.1 The acidified serum test demonstrates coexistence of red cells that are susceptible and 
red cells that are resistant to complement lysis. In the test tube on the left, red cells from a normal 
control person have not lysed after incubation for 30 minutes at 37 °C in normal compatible serum 
acidified with HCl (to pH about 6.6). The 6 test tubes on the right all contain red cells from a 
patient with PNH, and they show in sequence 1, lysis of a proportion of the red cells in normal 
compatible serum; 2, lysis of a larger proportion – but not all – of the red cells when the alternative 
complement pathway is activated by the lower pH; 3, no lysis if the serum has been pre-heated at 
56° (a procedure that denatures some complement proteins); 4, much less lysis than in tube 1 (the 
level of some complement proteins may be lower in the patient’s serum than in the serum of a 
normal donor); 5, once complement is activated by the lower pH the lysis becomes similar to that 
in tube 2; and 6, complete lysis of red cells. By colorimetric quantitation of free haemoglobin in 
tube 2 or in tube 5, compared to tube 6, it is possible to estimate the proportion of PNH red cells in 
the patient: the proportion is similar to that of PNH III red cells quantitated by flow cytometry
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G6PD as a marker, first showed that X-inactivation applied also to human females 
[9], and Gartler, by an original approach that could be used in females who were 
heterozygous at the G6PD locus, [10] showed that human tumours arose from a 
single cell within the mosaic. At the time I was working as a haematologist in 
Nigeria, where  the G6PD gene is highly polymorphic [11], and nearly 50 % of 
females are heterozygous. In two women who where G6PD heterozygotes, we 
found that in the red cells that were lysed by complement in vitro, only one G6PD 
allele was expressed [12]. As an internal control, both alleles were expressed in the 
red cells that were not lysed (see Fig. 12.2). Thus, Dacie’s notion was experimen-
tally validated.

From then on, it was accepted that PNH was a clonal disorder: the abnormal 
clone was referred to as the PNH clone, and gradually its features were character-
ized. It was already known that acetylcholinesterase was deficient in PNH [13], and 
several other surface proteins were also found to be deficient, including some, such 
as the decay-accelerating factor (DAF now CD55) [14] and the membrane inhibitor 
of reactive lysis (MIRL, now CD59), [15] that bind complement proteins (C3 and 
C5-8, respectively), thus explaining the exquisite sensitivity to complement of PNH 
red cells. Deficiencies of these and of numerous other proteins were also discovered 
on white cells and platelets, supporting the notion that they belonged to the PNH 
clone and implying that the original lesion must be in a haematopoietic stem cell 
(HSC). This notion was corroborated by in  vitro culture studies; notably when, 
based on complement sensitivity, two types of erythroid colonies (bursts) were 
found in the bone marrow of PNH patients, normal and PNH[16], consistent with a 
somatic mutation upstream of BFU-Es, presumably in an HSC.

It seemed contradictory at first sight that a single somatic mutation could pro-
duce multiple abnormalities; however, it emerged that all the proteins involved had 
something in common [17]: they are surface proteins tethered to the membrane 

G6PD-A G6PD-B Whole RBC PNH RBC

Controls Patient

Fig. 12.2 Clonal origin of PNH red cells based on mono-allelic expression of G6PD in a G6PDA/
G6PDB heterozygous woman. On the left, samples from two normal males who were hemizygous 
for G6PD A and G6PD B, respectively. On the right, samples for one female patient with PNH. It 
is seen that in the whole red cell population G6PD A and G6PD B are expressed at similar levels; 
but in the red cells lysed by complement in the acidified serum test only G6PD B is expressed, 
indicating that they all derive from a single stem cell (From Ref. [12], with permission)
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through a glycan phosphatidyl inositol (GPI) molecule. In view of this, it seemed 
likely that there was an impediment in the biosynthesis of GPI; indeed, biochemical 
studies pinpointed the metabolic block at the N-acetylglucosamine transferase step 
[18], and by testing somatic cell hybrids, it was found that the gene mutated in PNH 
cells must be on the X chromosome [19]. At about the same time, Taroh Kinoshita’s 
team, by an elegant expression cloning approach, identified PIG-A as the gene 
defective in a PNH-like cell line [20]: the gene maps indeed to the X chromosome, 
and it encodes one of the subunits of the N-acetyl glucosamine transferase. PIG-A 
was found to have diverse inactivating mutations in peripheral blood cells of PNH 
patients [21]. Thus, the PNH clone was now defined by a named mutant gene, and 
its GPI-negative phenotype was explained.

12.3  Features of PNH Clones

In the past, the diagnosis of PNH was based on the acidified serum test [4, 5], which 
tested the sensitivity to complement of red cells only. Over the past 20 years, flow 
cytometry analysis [22, 23] has become the standard diagnostic test, and it has made 
it possible to investigate other blood cells as well. Experience accumulated on large 
number of patients has established several points:

 1. A bimodal distribution, with one population of normal cells and a distinctly sep-
arate population of GPI-deficient cells, is seen in all cases [24].

 2. The proportion of GPI-deficient cells varies a great deal from patient to patient 
[25].

 3. In each individual patient, the percentage of GPI-deficient cells is much higher 
in monocytes and in granulocytes compared to erythrocytes; it is much lower in 
B-lymphocytes and in T-lymphocytes [26].

 4. GPI-deficient platelets are also seen [27], but for technical reasons their study is 
rather difficult.

 5. In the erythrocytes, the level of fluorescence of the GPI-deficient population is 
consistent in most cases with complete deficiency of GPI: these cells are tradi-
tionally designated PNH III, but sometimes the level of fluorescence indicates 
only a partial deficiency of GPI, and these cells are traditionally designated PNH 
II (the normal cells being designated PNH I) [28].

 6. In some patients the distribution of erythrocytes, rather than bimodal, is trimodal, 
with coexistence of PNH III, PNH II and PNH I cells in the same patient [23, 29, 
30].

 7. Granulocytes also may show partial or total GPI deficiency: however, the basis 
for this has niot been worked out and the terms ‘PNH II’or ‘PNH III’ are not 
applicable to granulocytes.

Some of these features are relevant not just to diagnosis but also to understanding 
the pathophysiology of PNH. The difference in the proportion of GPI-negative cells 
in granulocytes versus red cells is explained by the fact that the latter are subject to 
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complement-mediated lysis in  vivo: this notion has been confirmed in patients 
treated with the complement (C5) inhibitor eculizumab, in whom one sees a sub-
stantial increase in the proportion of GPI-negative red cells, as they are now pro-
tected from complement [31]. Thus, in general, the true size of the PNH clone in an 
individual patient is larger than the proportion of GPI-negative red cells, and as 
there is no evidence that monocytes or granulocytes have a decreased life span in 
PNH in vivo, the size of the clone is reflected rather precisely by the proportion of 
these cells (rather than of red cells) that are GPI negative. If we find in a PNH 
patient that 98 % of granulocytes are GPI negative – a not unusual finding – a stag-
gering implication is that the patient’s haematopoiesis is supported almost com-
pletely by the PNH clone and, therefore, perhaps by a single stem cell.

The finding of PNH II and PNH III type clones has found an explanation at the 
molecular level. Indeed, there are many different PIG-A mutations known [32, 33]. 
A large number are small indels causing frameshifts that will cause complete loss of 
function: we presume and in some cases we know that they underlie the PNH III 
phenotype. Others are missense mutations, where the gene product may retain some 
enzymatic function: they must underlie the PNH II phenotype. These differences are 
of considerable clinical significance. Indeed, in first approximation, the severity of 
haemolysis in PNH correlates, not surprisingly, with clone size but only if we com-
pare patients with PNH III clones. Instead, a patient with a very large PNH II clone 
may have less haemolysis than a patient with a smaller size PNH III clone.

The functional implications of the GPI-deficient phenotype are different in dif-
ferent types of cells. For mature erythrocytes, the main implication is clearly that 
they are hyper-susceptible to complement lysis (by virtue of their deficiency of 
CD55 and CD59), but nucleated erythroid precursors do not seem to be so affected. 
For platelets, it has been suggested (but never formally proven) that when they are 
GPI negative, they may be more easily activated by activated complement, and this 
may be a factor in making PNH a potentially vicious thrombophilic condition. For 
neutrophils, the phagocytic and bactericidal functions seem unaffected, but trans- 
endothelial migration is significantly impaired by virtue of the deficiency of CD157 
[34]. For lymphocytes, functional abnormalities have not been demonstrated in 
humans, in keeping with the fact that PNH patients are not immunodeficient (unless 
they have been or they are on immunosuppressive agents). However, in a mouse 
model (see below), GPI-deficient T cells have reduced reactivity in tests for delayed- 
type hypersensitivity [35].

12.4  PNH-Like Clonal Populations Modelled in Mice

Mouse chimaeras obtained by injecting into normal blastocysts embryonic stem 
cells in which pig-a had been knocked out by homologous recombination resulted, 
depending on the proportion of pig-a-null cells that contributed to embryo forma-
tion, in either early death of the embryo or in normal mice [36]. In the latter case, 
interestingly, the proportion of GPI-negative blood cells decreased gradually in late 
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foetal life and virtually disappeared after birth. In order to further investigate how 
pig-a inactivation affects haematopoiesis, two different conditional knockout 
approaches were used successfully [37, 38] (see Fig. 12.3): the blood phenotype of 
PNH patients was mimicked, but again there was no increase in GPI negative with 
time. These findings in mice clearly indicate that a GPI-negative status does not 

Fig. 12.3 PNH in mice and humans. The two upper panels represent in cartoon form the mouse 
models constructed in Refs. [19] and [20], respectively. Although all cells have the same genotype, 
their phenotype differs depending on which X chromosome has been inactivated: white circles 
indicate cells in which the X chromosome with the normal pig-a gene is active; grey circles indi-
cate cells in which the X chromosome with the inactivated pig-a gene (pig-a°) is active. As a result, 
in the peripheral blood there is a mixture of normal (white) and PNH (grey) blood cells. In both 
models, the proportion of PNH cells in the peripheral blood depends on the proportion of cells in 
which cre-mediated recombination has taken place: there is no evidence of selection thereafter. 
The bottom panel represents in cartoon form what happens in the human disease, PNH. Here, 
unlike in the mice, the entire PNH population arises usually from a single stem cell in which a 
somatic mutation has taken place (see also Fig. 12.1); therefore, selection must take place at the 
level of stem cells in order for a large proportion of the blood cells to have the PNH phenotype 
(From Ref. [39], with permission)

12 Clonal Origin and Clonal Selection in PNH



204

confer a growth advantage onto haematopoietic cells [39]. On the other hand, in an 
immunological assay designed to test reactivity of normal mouse T cells, these were 
more reactive against GPI+ than against GPI-negative target cells [40].

12.5  GPI-Negative Clones Outside PNH

As part of our intense efforts to understand the significance of PIG-A mutations, we 
wondered whether GPI-negative blood cells could be found in normal people, and 
in order to answer this question, we took advantage of three distinct features of this 
gene. (1) Since the gene maps to the X chromosome and since in somatic cells only 
one X chromosome is active, a PIG-A mutation will yield a phenotype without 
interference by another allele. (2) Since the gene encodes a protein essential for GPI 
biosynthesis, with an inactivating mutation, not one but all GPI-linked proteins will 
be affected. (3) GPI-linked proteins are on the cell surface and therefore conve-
niently accessible by antibodies suitable for flow cytometry. The combination of 
these features makes for high sensitivity, provided sufficient numbers of events are 
accumulated and analysed: when we tested one million (or more) granulocytes (see 
Fig. 12.4) from normal subjects, we regularly found some that were GPI deficient 
[41, 42].

This finding was subsequently confirmed by several other investigators [43, 44] 
(indeed, the ‘PIG-A test’ is now widely used for testing mutagens [45], PIG-A 
mutagenesis [46, 47]), and it helped to shift the focus from discovering that a mutant 
clone exists to understanding what makes a mutant clone expand (see next section). 
The same finding was also a stimulus to investigating GPI-negative (PNH-like) 
clones in other conditions, and very small PNH clones (usually well below 1 %) 
appear to be relatively common in patients with aplastic anaemia (AA), [48] as well 
as in patients who have been diagnosed with a myelodysplastic syndrome (MDS) 
[49]. The findings in AA are particularly intriguing, because a close relationship 
between PNH and AA was identified since 1963 [7], and the term PNH-aplastic 
anaemia (PNH-AA) syndrome was then coined [50]. Already at the time, it was 
noted that not infrequently bone marrow failure (BMF) manifesting in AA precedes 
PNH [7], and this is probably the rule rather than the exception.

12.6  Expansion of PNH Clones

It was precisely in trying to understand the association of PNH and AA that we were 
confronted with a paradox. At first sight, a haemolytic anaemia such as PNH, with 
erythroid hyperplasia in the bone marrow, is almost antithetic to bone marrow fail-
ure (BMF) as seen in AA: how could they coexist, or why should they follow one 
another? In addition, PNH and AA are both such rare diseases that it seemed uncon-
ceivable that their association could be coincidental. In 1989, together with Bruno 
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Rotoli, we formulated a model [51], at that time merely hypothetical, in which the 
link between AA and PNH was central. We thought that BMF was the primary 
event; then, if a PIG-A mutant stem cell appears, it is able to reconstitute haemato-
poiesis. Depending on circumstances, the diagnosis of AA may or may not have 
been made at first; then, in the same patient, once haematopoiesis is largely GPI 
negative, the diagnosis will be PNH [52].

In this respect, a crucial result emerged when we set up erythroid cell cultures 
from PNH patients. An expected result was that we obtained non-PNH (normal) 
erythroid bursts and PNH erythroid bursts [16], but an unexpected result was that 
the numbers of non-PNH bursts were markedly decreased, not only in relative terms 
compared to PNH bursts but especially in absolute terms compared to normal con-
trols [53]; in spite of the fact that the patients had an active cellular bone marrow, 
and they did not qualify, at least at the time they were studied, for the PNH-AA 
syndrome. Thus, there were clearly two abnormalities: a qualitative abnormality, 
the PNH phenotype in the majority of the bursts, and a quantitative abnormality – a 
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Fig. 12.4 Blood cells with a GPI-negative (PNH-like) phenotype are found in all normal people. 
(a) PNH red blood cells from a normal donor are positively identified by light scatter characteris-
tics and by gating to include only events that are glycophorin A positive. PNH cells are clearly seen 
in the lower right hand quadrant at a frequency of eight per million. (b) Frequency of PNH granu-
locytes in nine normal volunteer donors. Each data point represents the results from a separate 
blood sample. PNH cells were identified in all 19 analyses from the 9 donors. The mean frequency 
of PNH cells was 22 per million. The samples from donors 1, 3, 6 and 8 were drawn over a time 
interval of 6–8 months. (c) Diagram of the PIG-A gene with inactivating somatic mutations 
observed in some of the donors of panel B (Modified from Ref. [41])
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marked shortage of non-PNH bursts. This latter finding was subsequently confirmed 
[54] at the level of long-term culture-initiating cells (presumably closer to HSCs), a 
compelling indication that there is regularly an element of BMF in these patients.

In essence, one could contemplate that in a marrow in which haematopoiesis has 
failed, a PNH clone would expand to fill the vacant space, and a possible mecha-
nism might be an autoimmune attack specifically directed against GPI-positive stem 
cells, thus sparing GPI-negative stem cells. Our notion was that of conditional 
Darwinian selection, i.e. a PNH clone does not have a growth advantage on its own 
but only in a certain bone marrow environment. The animal data summarized in the 
previous section are in support of this notion.

Testing this idea further was greatly facilitated once PIG-A was identified by 
Taroh Kinoshita’s group as the defective gene in PNH clones [20]. If the expansion 
of a clone with a PIG-A mutant genotype and a GPI-negative phenotype depends on 
certain environmental conditions, we might anticipate that, in the absence of those 
conditions, we might find micro-clones that have not expanded. This was fully veri-
fied by the finding of GPI-negative (PIG-A mutant) granulocytes, as detailed in the 
previous section, in practically every normal person. Moreover, these micro-clones 
had the very same mutations that were found in PNH patients [41] (see Fig. 12.4). 
It is likely that in many cases, the PIG-A mutation is in a granulocyte progenitor cell 
(e.g. a CFU-GM) rather than in a true HSC [43], but if it is in an HSC, it can gener-
ate, under appropriate selection pressure, the very active haematopoiesis that we can 
see in PNH.

In principle, since relatively few HSCs are active in normal haematopoiesis, one 
PIG-A mutant HSC – even though it has no selective advantage – might simply by 
chance (genetic drift) produce a large proportion of the peripheral blood cells, and 
these will be GPI negative. This possibility has been explored [55]. On the other 
hand, in a PIG-A mutant clone, there may be additional mutation(s) that confer to 
the respective subclone(s) an intrinsic growth advantage. In two patients with PNH, 
a mutation of the HMGA2 gene may have played this role [56], and HMGA2 over-
expression has been reported in additional cases [57]. However, it is unlikely that 
these mechanisms can account for clonal expansion in the majority of patients with 
PNH.

12.7  Clonal Expansion Through Immune Selection

Although many factors can cause or contribute to causing AA, there is much evi-
dence that a major mechanism is a T cell-mediated autoimmune process [58], the 
molecular target of which is not known. One possibility is that, in at least a propor-
tion of cases, the target is an epitope belonging to a GPI-linked protein (which 
would be expected to be MHC restricted) or GPI itself which, being a glycolipid, 
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would be CD1d restricted [59]. Immunoscopic analysis of the length of the CDR3 
region of the β chain of the T cell receptor (TCR) yielded a skewed distribution in 
PNH patients compared to appropriate controls, [60] consistent with the presence of 
discrete T cell clones. These data were confirmed on fractionated CD57+ T cells, 
which would include those that react to glycolipid antigens. Moreover, when the 
CDR3 region of these fractionated cells was sequenced, in the majority of PNH 
patients (but not in controls), we found identical or very similar sequences [61]. 
Given the estimated size (of the order of 1018) of the TCR repertoire, this identity of 
sequences cannot be attributed to chance.

In a collaborative effort with Anastasios Karadimitris, the functional properties 
of T cells in PNH patients have been investigated further [62]. First, when CD8+ T 
cells were co-cultured with HLA negative antigen-presenting B cells (line C1R) 
previously transduced with a CD1d expression vector (C1R-CD1d) pulsed with 
 trypanosomal GPI (t-GPI), significantly higher levels of reactive T cells and 
increased production of IFN-γ were found in PNH patients than in normal controls. 
This did not take place when the antigen-presenting cells did not express CD1d or 
when they were not competent for endogenous synthesis of GPI; however, in this 
case reactivity was restored by the addition of exogenous human GPI (h-GPI) pro-
duced by organic synthesis [63].

Next we have tested the reactivity of T cells from PNH patients using as APC 
mature dendritic cells (DCs) obtained from autologous peripheral blood monocytes 
from the same patients. By selecting CD14-negative cells – which are the majority 
in PNH patients – we took advantage of the fact that these are naturally GPI-negative 
APCs. In the absence of added GPI, we could not demonstrate reactive T cells; 
however, when the APCs were preloaded with h-GPI, we detected significant num-
bers of reactive T cells in 7 out of 11 PNH patients. In addition, by CD1d dimer 
technology, GPI-specific T cells were captured in significantly higher numbers from 
peripheral blood of PNH patients than from controls (see Fig. 12.5). These data 
provide the first direct evidence for the presence in PNH patients of GPI-reactive 
CD1d-restricted T cells [62].

Fig. 12.5 T cells from 
patients with PNH bind 
specifically to GPI-loaded 
CD1d dimers. The data are 
from 6 PNH patients and 6 
normal controls (Modified 
from Ref. [62])
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12.8  Significance of Clonal Expansion in PNH versus Other 
Blood Disorders

In haematology and in oncology, the phrase clonal disease may tend to be regarded 
as almost synonymous with neoplastic or malignant disease, but this is not correct. 
Of course acute leukaemia is both clonal and highly malignant; polycythaemia vera 
is both clonal and neoplastic; PNH is clonal, but neither neoplastic nor malignant. 
From the biological point of view, in PNH we never see invasion of non- 
haematopoietic tissues, and erythropoiesis remains always erythropoietin depen-
dent [16]. From the clinical point of view, PNH patients may die from thrombosis 
or other complications, but very rarely (estimated less than 2 % [64]) do they even-
tually develop AML.

Recently, the power of currently available massive parallel DNA sequencing 
technology has been applied to PNH [33]. The only gene that was mutated in the 
GPI-negative blood cells of 10 out of 10 patients was PIG-A; but, in addition, 
somatic mutations were also found in from 1 to 6 other genes. Some of these genes, 
notably TET2 and SLC20A1, are already known to have sometimes mutations in 
myeloproliferative neoplasms (MPNs) or in myelodysplastic syndromes (MDS): 
this has led to the suggestion that PNH is just another MPN [65]. In fact, from an 
analysis of clonal evolution, it emerges that, whether the PIG-A mutation takes 
place early or late, it is the key to clonal expansion. At the very time when hundreds 
of PNH patients are having a new lease of life through anti-C5 therapy [31], it is 
quite wrong to amalgamate PNH with PMN (much less with acute leukaemia).

12.9  Conclusion

Just like for populations of organisms, also for populations of somatic cells the key 
to Darwinian selection is a particular genotype in a particular environment. The 
evidence that has been reviewed in this chapter (see Table 12.2) points to inactivat-
ing mutations of PIG-A as the genotype that enables PNH clones to expand. 
Darwinian selection must be favouring a certain genotype, which is perpetuated in 
the progeny of the original mutant (organism or somatic cell); however, what 
Darwinian selection sees is the phenotype, in our case the GPI-negative cells (see 
Fig. 12.6). This phenotype can be produced by a variety of PIG-A mutations [32]; 
in addition, even within the same patient, more than one PIG-A mutant clone can 
expand [66]: this is a good example of convergent evolution in somatic cells. The 
evidence from animal models reviewed in this chapter indicates that the GPI- 
negative phenotype does not, on its own, provide a selective advantage, and also in 
most humans, PIG-A mutant clones with a GPI-negative phenotype exist but do not 
expand. The environment that promotes expansion is that of aplastic anaemia, in 
one way, because there is room for expansion, and, in a far more specific way, 
because of an autoimmune attack by T cells that have specifically targeted GPI- 
positive HSC.
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Table 12.2 Evidence for a selective autoimmune process in PNHa

1. PIG-A mutant clones do not expand in normal people, only in PNH patients
2. PIG-A mutant clones do not expand in mice
3. Clonal expansion can take place with a variety of PIG-A mutations, provided they produce 

a GPI-negative phenotype (convergent evolution)
4. Multiple clones (each one with a different PIG-A mutation) can coexist within the same 

patient (convergent evolution)
5. PNH cell population has been seen to expand in patients originally diagnosed with aplastic 

anaemia
6. PNH recurrence has been reported within the same patient, at an interval of more than a 

decade, with a new clone being involvedb

7. Abnormal T cell repertoire is seen in PNH patients
8. Mouse T cells are more reactive against GPI-positive than against GPI-negative cells
9. Clonotypically identical T cells are found in different PNH patients
10. GPI-reactive CD1d-restricted T cells are found in PNH patients

aThis is a summary of the evidence presented in the text, where appropriate references are also 
given for most of the statements listed here
bSee Ref. [67]

T cell-mediated
auto-immune attack

against HSC

Target: GPI

Target: 
other molecules

PIG-A mutation
in a HSC

1
2

Sub-clinical
GPI-negative

clone

APLASTIC ANAEMIA

Expansion of GPI-
negative clone

PNH

Fig. 12.6 The Darwinian selection model of PNH pathogenesis. The diagram shows, on the right 
hand side, the presumed pathogenesis of aplastic anaemia (AA): a T cell-mediated autoimmune 
attack damages HSCs. The target of the auto-reactive T cells may be the GPI molecule or another 
molecule expressed on HSCs. On the left hand side, an inactivating mutation of the PIG-A gene in 
an HSC produces a GPI-negative haematopoietic clone. In the absence of the PIG-A mutant clone, 
the autoimmune attack, even if GPI is targeted, produces AA. In the absence of the autoimmune 
attack, a PIG-A mutant clone will be of no consequence (subclinical). Only if both a PIG-A mutant 
clone and a GPI-targeted autoimmune attack (the two events labelled 1 and 2 in the diagram) coex-
ist will the mutant clone expand and cause clinical PNH. In other words, Darwinian selection does 
not operate in favour of GPI-negative cells as such (if at all, these cells are at a disadvantage); it 
only operates by virtue of the presence of GPI-reactive CD1d-restricted T cells
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Chapter 13
Pathogenesis of Clonal Dominance in PNH: 
Selection Mechanisms in PNH

Tatsuya Kawaguchi and Hideki Nakakuma

Abstract It appears that the presence of a mutation of the PIGA gene alone is not 
sufficient for the development of paroxysmal nocturnal hemoglobinuria (PNH) and 
that concomitant expansion of PIGA-mutant clones is indispensable; however, the 
mechanism of such expansion is not yet fully elucidated. Because of the close asso-
ciation between idiopathic aplastic anemia and PNH, the prevailing hypothesis is 
that PNH progenitor cells can survive rather than normal progenitor cells against 
autoimmune attack on bone marrow cells by evading immune recognition with the 
aid of their membrane characteristics, leading to selective expansion of PNH clones. 
Various attempts have so far been made to prove this hypothesis, including examin-
ing the apoptosis resistance of PNH hematopoietic cells, involvement of conven-
tional cytotoxic T cells or certain T-cell subsets such as CD1d-restricted T cells and 
natural killer receptor-expressing T cells as the immune effector cells, and involve-
ment of natural killer cells under some stress situations. In this chapter, the results 
of these studies will be outlined; we will also refer to our own findings on the rela-
tionship between NKG2D-mediated immunity and the clonal selection of PNH 
cells.

Keywords Clonal selection • Bone marrow failure • NKG2D • ULBP

13.1  Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired hematopoietic stem 
cell disorder caused by a mutation(s) of the PIGA gene, which is characterized by 
the clonal expansion of PNH cells lacking glycosylphosphatidylinositol-anchored 
proteins (GPI-AP), leading to specific pathogenic conditions such as hemolysis 
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and thrombosis. In recent years, eculizumab, a newly introduced humanized anti-
C5 antibody, has dramatically improved PNH patients in terms of not only hemoly-
sis but also thrombosis, thereby contributing to an extremely better understanding 
of this disease [1]. However, the clonal dominance of PNH cells usually remains 
unchanged after complement inhibition by eculizumab therapy, although the per-
centage of PNH erythrocytes often increases. Therefore, the complement system 
does not seem to be directly associated with expansion of PNH clones. Even in the 
eculizumab era, the mechanism underlying the clonal expansion of PNH cells 
remains an unsolved riddle; this is an attractive and challenging topic for research-
ers. Because a small population of PIGA mutants can be detected in normal indi-
viduals [2] and a substantial expansion of the affected cells was lacking in 
piga-knockout mice [3], it is plausible that a PIGA mutation alone is insufficient to 
cause the disease and that factors other than PIGA mutations are required for PNH 
development. Currently, there are two hypotheses to explain the mechanism under-
lying the clonal expansion of PNH cells: one is negative selection of PNH cells 
under immune-mediated bone marrow injury; the other is intrinsic growth abnor-
mality of PNH cells. These two hypotheses may not be mutually exclusive and may 
be cooperative to each other. This chapter reviews the potential selection mecha-
nisms by which PNH cells can escape autoimmune attack and achieve clonal 
dominance.

13.2  Clinical Evidence of Immune-Mediated Bone  
Marrow Failure

Bone marrow failure, an essential component of clinical manifestations of PNH as 
well as hemolysis and thrombosis, is believed to play an important role in the patho-
genesis of PNH. In fact, many patients with PNH have not only anemia but also 
leukocytopenia and thrombocytopenia. Since more than half a century ago when the 
first case report of PNH developed after idiopathic aplastic anemia (AA) was 
reported, many studies have demonstrated a close association between AA and PNH 
[4]. Based on such clinical evidence, researchers have advocated that an autoim-
mune mechanism is operating in the development of bone marrow failure in PNH as 
in AA. To support this notion, immunosuppressive agents such as cyclosporine have 
been found to be effective in some patients with PNH [5]. In addition, HLA-DR2, a 
serotype highly associated with AA, was also frequently found in PNH patients [6], 
and DRB1*1501 was especially shared in Japanese patients [7]. Furthermore, sev-
eral attempts to clarify the characteristics of immune effector cells showed evidence 
of aberrant immune response in PNH: oligoclonal expansion of T cells [8], a higher 
degree of skewedness of the T-cell receptor V beta repertoire [9, 10], and an 
increased percentage of interferon-γ-producing T cells [11]. These findings suggest 
autoimmune-mediated insult to the bone marrow in PNH patients. Under such 
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circumstances, how PNH cells can survive and dominate normal cells in spite of 
their highly vulnerable to the complement activation? To answer this question, 
many challenges have been done as described in the following sections.

13.3  Immune Selection Mechanisms

13.3.1  Apoptosis Resistance

The hypothesis that GPI-AP-deficient (GPI−) cells or PNH cells are more resistant 
to apoptosis as compared to GPI-AP-expressing (GPI+) normal cells is attractive, 
because it may better explain how PNH cells can achieve clonal dominance despite 
showing diminished hematopoietic activity. In the late 1990s, three research groups 
independently reported that granulocytes derived from PNH patients are more resis-
tant to apoptosis induced by serum depletion, as compared to those from normal 
individuals [12–14]. However, two of the three studies also showed that the apopto-
sis resistance was not much different between patients with large PNH clones (90 % 
or more) and those with small PNH clones (below 10–40 %), indicating that the 
presence of PIGA mutations was not correlated with the sensitivity to apoptosis, at 
least in the mature blood cells in these patients [13, 14]. This conclusion is not sur-
prising, because granulocytes despite positive or negative for GPI-AP should stem 
from progenitor cells surviving immune selection in the bone marrow. If this indeed 
is the case, the question arises as to whether the apoptosis sensitivity might differ 
between the normal and PNH phenotypes at the immature level of the progenitor 
cells before immune selection. Actually, GPI+ CD34+ cells showed higher expres-
sion levels of the Fas receptor, a greater susceptibility to apoptosis, and a greater 
sensitivity to killing by extrinsic Fas agonists, as compared to GPI− CD34+ cells [15, 
16]. Furthermore, in vitro studies demonstrated that GPI+ CD34+ cells showed a 
lower proliferation potential than GPI− CD34+ cells derived from the same patient 
or CD34+ cells from normal individuals [15, 16]. These results are consistent with 
the notion that GPI− progenitor cells show clonal dominance over GPI+ progenitor 
cells because of their intrinsic apoptosis resistance. This notion is supported by the 
results of a study comparing the gene expression profiles between GPI+ and GPI− 
CD34+ cells in patients with PNH, which indicated that the former cells showed 
higher expression levels of the apoptosis-related genes as compared to the latter 
[17]. Now, the question is how does the presence or absence of GPI-AP change the 
sensitivity to apoptosis of the progenitor cells? One possible explanation is the dif-
ference in their responses to pro-inflammatory cytokines such as IFN-γ and TNF-α. 
These cytokines increase the Fas antigen expression on the bone marrow cells 
in  vitro and suppress colony formation in normal individuals [18]. In AA, these 
cytokines are elevated and play a role in the pathogenesis of bone marrow failure 
directly or indirectly; the same is also likely to be true in patients with PNH [19].  
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In fact, these cytokines suppressed colony formation of the bone marrow cells from 
patients with PNH just as in normal individuals; however, the GPI− progenitor cells 
were more resistant to the effects of the cytokines than the GPI+ progenitor cells 
[20]. Such differences in their responses to the cytokines may be explained by the 
altered composition of the lipid rafts in GPI− cells, which would modulate death 
signal transduction from external cytokines in GPI− cells [21]. However, different 
sensitivities of progenitor cells to apoptosis between GPI+ and GPI− phenotypes 
could not be confirmed in the piga-knockout mice model. This question warrants 
further investigation [22].

13.3.2  Immune Escape Models

13.3.2.1  Cytotoxic T-Cell Model

In idiopathic AA, cytotoxic T lymphocytes (CTL) producing Th1 cytokines are the 
major effector cells responsible for immune-mediated bone marrow failure [23]. 
Considering the close association of AA with PNH, it can be hypothesized that GPI− 
progenitor cells are less sensitive to the cytotoxic effect of CTL rather than GPI+ 
progenitor cells. Several experimental models were developed to test the hypothesis 
(Table 13.1). First, Karadimitris et al. developed a relatively simple model to exam-
ine the role of CTL in PNH, using the Epstein-Barr virus (EBV)-transformed B-cell 
lines positive or negative for GPI-AP from PNH patients as the target cells and an 
EBV-specific cytotoxic T-cell line derived from the same patient as the effector 
cells. Although CTL was sufficiently activated in this model, there was no signifi-
cant difference in the activation level between the GPI+ and GPI− target cells. Thus, 
they concluded that there was no GPI-AP that could modulate the CTL activation by 
functioning as an adhesion molecule or a costimulatory factor [24]. However, the 
target molecules for CTL recognition used in the study were extrinsic EBV nuclear 
antigen peptides, which might cause too strong immune reaction to distinguish a 
subtle difference in immune sensitivity between GPI+ and GPI− cells. On the other 
hand, autoantigens that could be recognized by CTL, such as kinectin- and diaze-
pam-binding related protein-1, have been reported in patients with AA [25, 26]. 
Similarly, potential autoantigens have been postulated in PNH as responsible mol-
ecules for CTL to distinguish GPI+ and GPI− cells, though they have yet to be identi-
fied. If such autoantigens were GPI proteins, it is presumed that GPI− cells would be 
spared from CTL-mediated attack because they do not process the GPI protein-
derived antigen peptides [27]. To test this hypothesis, Murakami et al. examined an 
elaborate experimental model; they prepared a pair of GPI− mouse thymoma cells 
that lacked the GPI synthesis machinery and a GPI+ counterpart. Both cells expressed 
MHC class II molecules. When the synthesized GPI-linked ovalbumin was expressed 
in these cells, GPI+ thymoma cells could present the antigen peptides derived from 
ovalbumin to the antigen-specific CTL, but GPI− thymoma cells could not [28]. 
Although this model is very convincing, it has not been investigated whether such 
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GPI proteins could serve as autoantigens in patients with PNH. Focusing on the 
high frequency of some MHC alleles (A*24:02, B*18:01, DRB1*04:01, 
DRB1*15:01) in PNH patients, Nowak et al. analyzed the current reference data-
base on MHC molecule-eluted peptide presentation repertoires and searched for 
peptides that could be presented by the PNH-associated MHC alleles. Although 
they identified the source proteins, no GPI protein was included [29]. On the other 
hand, it was reported that non-GPI proteins such as Wilms’ tumor 1 (WT1) protein, 
a human T-cell leukemia virus (HTLV) epitope, BA21, might be potential target 
antigens for CTL in PNH [7, 30]. In particular, Ikeda et al. observed the expression 
of the WT1 gene at a significantly higher frequency in the bone marrow cells of 
PNH patients than in those of healthy individuals. Moreover, they showed that these 
WT1-expressing marrow cells were susceptible to CTL in an HLA- A*24:02-
restricted manner, suggesting the possible pathogenetic role of WT1 peptide- specific 
CD8+ cells in PNH patients [31]. In their study, GPI− CD34 cells were less sensitive 
to cytotoxicity as compared to GPI+ CD34 cells, suggesting the WT1-dependent 
immunologic selection of a PNH clone. However, given that the WT1 gene is abun-
dantly expressed in both GPI+ and GPI− CD34 cells, the expression level of the 
target antigen cannot fully explain the difference in the sensitivity of the cells to 
CTL-mediated cytotoxicity. In this model, the possibility that some adhesion mol-
ecules or costimulatory factors in the GPI form may affect the CTL activation is not 
ruled out.

Table 13.1 Experimental approaches by the effector-target interaction to show immune selection 
of PNH clone and their outcomes

Effector cells
Target cells* or 
molecules

Selection of 
GPI- cells References

Cytotoxic T cells
Human EBV-specific  

T cells
EBV-transformed B cells No Karadimitris, et al. 

[24]
WT1-specific  
T cells

WT1 Yes Ikeda, et al. [31]

CD1d+-restricted 
T cells

GPI Not tested Gargiulo, et al. [34]

NKR+ T cells K562 Yes Poggi, et al. [36]
NKR+ T cells CD34+ cell line, K562 Yes, but not 

all cases
van Bijnen, et al. [37]

Mouse Antigen-specific 
CD4+ T cells, 
alloreactive CD4+ 
T cells

Thymoma cell line 
expressing GPI-anchored 
or transmembrane OVA

Yes Murakami, et al. [28]

Natural killer cells K562, ULBP1, ULBP2 Yes Nagakura, et al. [38]
Hanaoka, et al. [39]

*A pair of GPI-positive and GPI-negative target cells was prepared in each study
EBV Epstein-Barr virus, WT1 Wilms’ tumor 1, NKR natural killer cell receptors, GPI glyco-
sylphosphatidylinositol, OVA ovalbumin
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13.3.2.2  CD1d-Restricted T-Cell Model

On the other hand, Luzzatto et al. pointed out the possibility that CD1d-restricted T 
cells recognizing lipids and glycolipids, rather than those recognizing conventional 
peptide antigens, may play an important role in the pathogenesis of PNH [32]. 
CD1d, a membrane protein with antigen-presenting ability similar to MHC mole-
cules, is expressed on antigen-presenting cells (APCs) such as dendritic cells and B 
cells. It can present self-lipid antigens bound to its hydrophobic groove to CD1d- 
restricted T cells as well as external lipid antigens from microbes [33]. Because 
CD1d is also expressed on hematopoietic stem cells (HSCs), these effector cells 
presumably recognize and impair HSCs in a GPI-dependent manner if GPI antigens 
are presented by CD1d. However, in this situation, PIGA-mutated HSCs cannot 
express GPI on CD1d, as they do not have the ability to synthesize GPI, thereby 
escaping the GPI-dependent attack. This hypothesis is interesting and persuasive in 
explaining the negative selection of PNH clones in terms of GPI itself, the principal 
element in the pathophysiology of PNH, as a potential target antigen. Recently, 
Gargiulo et al. showed the presence of CD8+ T lymphocytes that reacted with GPI- 
loaded APCs in PNH patients, using the INF-γ ELISPOT assay [34]. They also 
demonstrated that CD8+ T lymphocytes could recognize not only extrinsic GPI but 
also intrinsic GPI through the invariant Vα21 T-cell receptor (TCR) and concluded 
that they were novel CD1d-restricted, GPI-specific T cells. Their report did not 
verify whether these new effector cells could distinguish between the presence and 
absence of GPI expression in the target cells and could exert selective cytotoxic 
activity on the GPI-positive cells. Advances in research on this issue are awaited.

13.3.2.3  Natural Killer Cell-Like T-Cell Model

Natural killer cell receptors (NKRs), including killer immunoglobulin-like recep-
tors (KIRs) and C-type lectin receptors (CLRs), are expressed in some T-cell sub-
sets as well as natural killer (NK) cells and modulate the functions of the T cells 
[35]. NKRs consist of both activating and inhibitory receptors. The functional direc-
tions of the cells expressing NKRs are determined according to which receptors are 
dominant. To define a role of such NKR+ T cells in negative selection of PNH 
clones, two research groups analyzed quantitatively and qualitatively NKR+ T cells 
in PNH patients [36, 37]. First, Poggi et al. compared the number of CD3+KIR+ T 
cells and CD3+CLR+ T cells in the peripheral blood between 13 PNH patients and 
healthy subjects and found no differences between the two groups of subjects. 
However, when KIRs or CLRs were engaged by specific antibodies in the redirected 
assay, T cells from PNH patients were activated much higher than those from 
healthy subjects, indicating an increase of the activating form of NKR+ T cells in 
PNH patients [36]. Interestingly, NKR+ T cells exerted natural killer activity, like 
NK cells, against GPI+ and GPI− K562 cells that lacked the expression of MHC 
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class I molecules, while GPI− K562 cells were less sensitive to such killer activity. 
Similarly, van Bijnen et al. investigated the frequency and number of T cells express-
ing various types of NKR in the peripheral blood of 39 PNH patients [37]. In con-
trast to the results by Poggi et al., they found increased number of T cells positive 
for CD56 and activating forms of NKR such as KIR2DS4, NKG2C, and NKG2D in 
PNH patients as compared with those in healthy individuals. CD56+ T cells were 
characterized by dominance of CD8-positive, CD45RA-positive effector- memory 
phenotype. In addition, patient-derived CD8+, KIR2DS4+, and NKG2D+ T-cell lines 
exerted cytotoxic activity against GPI-positive and GPI-negative matched pair cell 
lines (CD34+ TF-1, KG1a, K562). Differential sensitivity of target cell pairs to each 
effector cell line was found depending on the degree of GPI expression, but not in 
all pairs.

13.3.2.4  Natural Killer Cell Model

The remaining major effector cells that have not been referred above are NK cells. 
To test a potential role of NK cells in the clonal selection of PNH cells, we prepared 
GPI-deficient PIGA-mutant cells (GPI− K562) and a counterpart (GPI+ K562) in 
which GPI expression was restored by the transfection of PIGA cDNA and deter-
mined their sensitivity to NK cells by 51Cr release assay. We found that the NK 
sensitivity was reduced by half in GPI− K562 cells as compared with that in GPI+ 
K562 cells, showing a relative survival advantage of GPI− cells [38]. Because the 
difference in NK sensitivity was determined only by the presence or absence of GPI 
proteins at the surface of these target cells, the responsible molecule was speculated 
to be a GPI protein(s) related to NK cell activation. Therefore, we focused on the 
most probable candidate, the human cytomegalovirus glycoprotein UL16-binding 
proteins (ULBPs) [39]. ULBPs are ligands of the activating NK receptor, NKG2D. To 
date, six isoforms of ULBP have been identified, of which ULBP1, ULBP2, ULPB3, 
and ULBP6 are GPI-linked proteins, while others are transmembrane proteins [40]. 
In our study, ULBP1–ULBP3 were detected in GPI+ K562 cells, but not in GPI− 
K562 cells. There was no difference in the gene expression of ULBP1–ULBP3 
between two types of target cells, indicating that the difference in the membrane 
expression was only attributable to a PIGA mutation. The presence of antibodies to 
both ULBP1 and ULBP2 in this cytotoxic assay rendered GPI+ K562 cells as less 
sensitive to NK cells as GPI− K562 cells, but antibody to ULBP3 exerted no effect. 
In addition to the ULBP family, MHC class I-related chain A (MICA) and MHC 
class I-related chain B (MICB), another group of ligands for NKG2D, were 
expressed to the same degree in both target cells because they were type I trans-
membrane proteins. Antibodies to MICA/MICB decreased the NK sensitivity of 
both target cells, but failed to close its gap primarily found between them. Thus, we 
concluded that both ULBP1 and ULBP2 were key molecules that elicited differen-
tial NK sensitivity between GPI-positive and GPI-negative cells.
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13.3.3  NKG2D-Mediated Immunity

13.3.3.1  NKG2D Ligands

NKG2D ligands such as ULBPs and MICA/MICB are usually undetected in most 
normal cells, but upregulated in the cells under various stresses such as infection, 
tumorigenesis, DNA damage, oxidative stress, and heat shock. Engagement of 
NKG2D with its ligands can activate NK cells by overriding the inhibitory signals 
from self-MHC class I molecules, resulting in the killing of altered cells expressing 
NKG2D ligands. NKG2D is expressed not only by NK cells but also by CD8+ T 
cells, γδT cells, NKT cells, and certain CD4+ T cells. In these specialized T cells, 
NKG2D may function as a costimulatory receptor in association with T-cell recep-
tor (TCR)-mediated T-cell activation. Given that NKG2D ligands such as ULBPs 
and MICA/MICB are induced by some stress in the bone marrow cells of PNH 
patients, NKG2D-bearing cytotoxic lymphocytes may be strongly activated to tar-
get bone marrow cells expressing NKG2D ligands, leading to serious damage of 
hematopoiesis. In such a situation, PNH progenitor cells lacking ULBPs are less 
susceptible to cytotoxicity by NK cells or NKG2D-positive T cells as compared to 
normal progenitor cells, showing a survival advantage of PNH cells over normal 
cells (Fig. 13.1). To test this hypothesis, we analyzed expression of NKG2D ligands 
on blood cells of PNH patients and a pathogenetic role of NKG2D-mediated immu-
nity as described in the following sections.

13.3.3.2  Expression of NKG2D Ligands in PNH

Membrane expressions of NKG2D ligands on blood cells were analyzed by flow 
cytometry in 19 PNH patients and 17 healthy subjects [41]. About a half of PNH 
patients carried granulocytes expressing ULBPs and/or MICA/MICB, while healthy 
individuals did not at all, except one who had MICA-positive granulocytes. ULBPs 
were also expressed in the CD34+ bone marrow cells of some patients. Our results 
suggest that these patients had been exposed to some stress that induced the NKG2D 
ligands on hematopoietic cells. Importantly, in the patients positive for NKG2D 
ligands, normal phenotype CD59+ granulocytes expressed both ULBPs and MICA/
MICB, while PNH phenotype CD59− granulocytes expressed MICA/MICB alone 
and lacked GPI-linked ULBPs. These findings provide a pathogenetic picture simi-
lar to our hypothetic model depicted in Fig. 13.1 in terms of selection of PNH clone 
by NKG2D-mediated immunity.
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13.3.3.3  Role of the NKG2D-NKG2D Ligand Interaction in PNH

We further investigated the role of NKG2D-mediated immunity in the interaction 
between primary target and effector cells derived from PNH patients. In fact, granu-
locytes expressing NKG2D ligands were killed by autologous NKG2D-bearing 
lymphocytes in vitro [39]. In addition, inhibitory effect of NKG2D-bearing lym-
phocytes on the hematopoietic colony formation by the bone marrow cells express-
ing NKG2D ligands was restored with the presence of anti-NKG2D antibodies. In 
contrast, the cytotoxic activity of NKG2D-bearing lymphocytes was not observed if 
the target cells either from peripheral blood or bone marrow cells were negative for 
NKG2D ligands. Again, these findings support our working hypothesis that 
NKG2D-mediated immunity is associated not only with the development of bone 
marrow failure but also with immune selection of PNH clones. Interestingly, 
NKG2D ligands were detected on granulocytes from some patients with AA or 
MDS, suggesting that NKG2D-mediated immunity can be shared as a potential 
mechanism of bone marrow failure by bone marrow failure syndromes [41]. In 
addition, we found some patients with AA in whom expression of NKG2D ligands 
was well correlated with progression of marrow failure. These cases suggest that 
NKG2D ligand expression may serve as a useful clinical marker for understanding 
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Fig. 13.1 Selection mechanism of PNH clone under NKG2D-mediated immunity. NKG2D 
ligands such as MICA/MICAB and ULBPs are induced by some stress on the target cells. GPI+ 
cells can express both ligands, but GPI− cells fail to express GPI-linked ULBPs. Therefore, effector 
cells are differentially activated by GPI+ or GPI− target cells through the activating NKG2D recep-
tor after its engagement with two types or single type of ligands, respectively
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the disease state and predicting the disease course of immune-mediated bone mar-
row failure [41]. Figure 13.2 shows the PNH pathogenesis model based on the sce-
nario of NKG2D-mediated immunity. It remains unknown why NKG2D ligands do 
not always express in all patients and what kind of stress induces NKG2D ligands.

13.4  Conclusion

We have outlined previous studies on the mechanisms of immune selection of PNH 
clones. It is presumed that the actual immune selection of PNH clones follows a 
very complex mechanism, because many cellular and humoral immune factors may 
be involved in the development of bone marrow failure in PNH. Further investiga-
tion is necessary to determine which of the models cited here most accurately 
reflects the PNH pathogenesis. The NKG2D-mediated immunity plays an important 
role not only in NK cells but also in a wide range of effector T cells expressing 
NKG2D, including CD8+ CTL and NKR+ T cells, as a costimulatory pathway. We 
believe that NKG2D-mediated immunity may be widely applicable to the explana-
tion of the PNH clone selection, no matter which type of effector cells is a major 
player in PNH pathogenesis.
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Chapter 14
Pathogenesis of Clonal Dominance in PNH: 
Growth Advantage in PNH

Norimitsu Inoue and Taroh Kinoshita

Abstract Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired hematopoi-
etic disorder characterized by the clonal expansion of glycosylphosphatidylinositol 
(GPI)-deficient hematopoietic stem cells (HSCs). Although the deficiency in GPI 
caused by a somatic mutation in phosphatidylinositol glycan-class A (PIGA) can 
clearly account for the characteristic manifestation of intravascular hemolysis 
induced by complement attack in patients with PNH, additional abnormalities must 
be involved in the clonal expansion of GPI-deficient HSCs. Several reports have 
shown additional abnormalities predicted to be involved in the growth advantage of 
GPI-deficient HSCs in PNH. One of the best candidates is HMGA2, a gene encod-
ing an architectural transcriptional regulator that is deregulated in many benign 
mesenchymal tumors. The aberrant expression of HMGA2 in PNH clones suggests 
that PNH may be viewed as a benign tumor of bone marrow cells. WT1 transcript 
upregulation and JAK2 p.V617F somatic mutation, observed in the other hemato-
poietic malignancies such as myeloproliferative neoplasms and myelodysplastic 
syndrome, have also been observed in some patients with PNH. In a recent whole- 
exome sequencing analysis, an average of two additional somatic mutations were 
observed in patients with PNH, and somatic mutations in many genes identified in 
other hematopoietic malignancies have been found. No gene abnormality has been 
found to be common to all patients with PNH. Further epigenetic and genetic analy-
ses are necessary to clarify the general molecular mechanism involved in the expan-
sion of PNH clones.
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14.1  Introduction

The clinical triad of paroxysmal nocturnal hemoglobinuria (PNH) is intravascular 
hemolysis, thrombophilia, and bone marrow failure. Intravascular hemolysis by 
complement attack is caused by a deficiency in two glycosylphosphatidylinositol 
(GPI)-anchored complement regulatory proteins, CD55 and CD59 [1]. Blockade of 
complement attack complex formation by the anti-C5 monoclonal antibody eculi-
zumab suppresses not only intravascular hemolysis but also the peculiar thrombo-
embolic risk in PNH.  Somatic mutation of phosphatidylinositol glycan-class A 
(PIGA) in pluripotent hematopoietic stem cells (HSCs) impairs the synthesis of GPI 
in the endoplasmic reticulum, resulting in the deficiency of the cell surface expres-
sion of GPI-anchored proteins. Therefore, PIGA mutation fully accounts for major 
phenotypic manifestations such as hemolysis and thrombosis in PNH. In PNH, one 
or a few HSCs with a mutated PIGA gene clonally expand and often account for a 
large proportion of the granulocytes and monocytes in peripheral blood. Clonal 
expansion is an essential step in the pathogenesis of PNH. Many studies show evi-
dence that both immunological selection and intrinsic growth advantage are involved 
in the clonal expansion of GPI-deficient HSCs (Fig. 14.1). The pathogenesis and 
molecular mechanisms of immunological selection in PNH are described in Chap. 
13. In this chapter, we summarize the molecular mechanisms predicted to give rise 
to the intrinsic growth advantage of GPI-deficient HSCs.

Fig. 14.1 Two-step process for clonal expansion of GPI-deficient HSCs in PNH [56]
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14.2  Immunological Selection and Growth Advantage 
in PNH

Before the analyses of Piga knockout mice by several groups [2–6], since somatic 
mutations in the PIGA gene are found in HSCs in almost all patients with PNH, 
PNH had been considered a monogenic disorder. The deficiency in two complement 
regulatory GPI-anchored proteins, CD55 and CD59, caused by abnormalities in the 
PIGA gene, fully accounts for almost all of the PNH manifestations; however, the 
number of HSCs derived from Piga knockout mice remained constant and the HSCs 
did not clonally expand. Currently, although many researchers predict that addi-
tional abnormalities beyond PIGA mutation are necessary for the clonal expansion 
of GPI-deficient HSCs in PNH, abnormalities that fully account for clonal expan-
sion in all PNH patients remain unknown. Two molecular mechanisms of clonal 
expansion have been proposed (Fig. 14.1). The first mechanism is the immunologi-
cal selection of GPI-deficient HSCs in the aplastic anemia (AA) pathogenic micro-
environment; an overlap between idiopathic AA and PNH has been frequently 
observed. It is widely accepted that the bone marrow failure in AA is caused by 
immunological destruction of HSCs. Indeed, immunosuppressive therapies improve 
prognosis in patients with severe AA.  Furthermore, a small population of GPI- 
deficient granulocytes and/or erythrocytes (PNH-type cells, >0.003 %) was detected 
in many patients with AA. More than 90 % of the patients with PNH-type cells 
responded better to immunosuppressive therapy with antithymocyte globulin and 
cyclosporine than patients without PNH-type cells. Patients with an increased popu-
lation of PNH-type cells in refractory anemia (RA) of myelodysplastic syndrome 
(MDS) have a higher probability of responding to immunosuppressive therapy than 
patients without this increased cell population. Thus, the appearance of GPI- 
deficient cells suggests the involvement of immunological mechanisms in bone 
marrow failure [7] and GPI-deficient cells appear resistant to immunological attack. 
Indeed, GPI-deficient cells can escape immunological selection in mouse and 
human models [8–11].

The second mechanism is the acquisition of an additional intrinsic growth advan-
tage by GPI-deficient cells. Although a minor population of GPI-deficient granulo-
cytes and/or erythrocytes is observed in many AA patients, the proportion of 
GPI-deficient cells does not change in most patients with AA who respond to immu-
nosuppressive therapy and is maintained for more than 2 years [7]. The expanded 
PIGA-mutant clones identified in AA and MDS differ between granulocytes and 
monocytes and randomly change to other clones during the clinical course of the 
disease [12]. By contrast, the predominant GPI-deficient clones carrying the same 
PIGA mutations remain the dominant population in PNH for a long time [12, 13], 
and the minor clones remain minor or decline in the PNH microenvironment [13]. 
These results suggest that the GPI-deficient clones in PNH acquire additional char-
acters that are different from those of the PNH-type cell population increased by 
immunological selection in AA and MDS.

14 Pathogenesis of Clonal Dominance in PNH: Growth Advantage in PNH
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14.3  Additional Genetic Mutations in PNH

Genetic alterations providing a growth advantage and common to all patients with 
PNH have not been identified yet. Several candidate genes mediate the growth 
advantage of GPI-deficient HSCs in PNH (Table 14.1).

14.3.1  High-Mobility Group AT-Hook 2 (HMGA2)

HMGA2 has been reported to be the most likely causative factor for the growth 
advantage of GPI-deficient cells in PNH. HMGA2 was originally identified as a 
gene localized at the breakpoint of chromosomal rearrangements (12q13-15) in 
various human benign mesenchymal tumors including lipomas, uterine leiomyo-
mas, pulmonary chondroid hamartomas, and others [14]. The breakpoints are pref-
erentially clustered in the large intron 3 (113 kb), resulting in the upregulation of 
truncated or fused transcripts containing the first three exons without the 3’ untrans-
lational region (UTR) (Fig. 14.2). HMGA2 is composed of 109 amino acid residues 
containing amino-terminal three basic domains called AT-hooks, which bind AT-rich 

Table 14.1 Genes predicted to be involved in growth advantage

Genes Abnormalities References

HMGA2 Chromosomal abnormalities at 12q13-15 in two patients [15]
Abnormal high expression in PNH granulocytes (18/24 
patients, > +2SD)

[22]

Clonal expansion of mouse HSCs expressing HMGA2 [21, 22, 31]
JAK2 V617F [32, 33]
Genes around About 500 kb deletion of PIGA locus [37]
PIGA locus
(ASB9, ASB11)

WT1 Upregulation [41]
Genes around 8.2 Mb deletion of PIGT locus [46]
PIGT locus
(L3MBTL1, SGK2)

EGR1 Upregulation [42]
RPL6

BCL2A1 Upregulation [44]
RAD23B

MCL1

RHOA

TET2 E1250X, S1556fs and A671fs, L1514fs [33]
MECOM P18S, K613fs
RIT1 Q212X, V58G

N. Inoue and T. Kinoshita
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DNA in the minor groove, and an acidic carboxyl-terminal region (Fig. 14.2). 
HMGA2 positively or negatively regulates transcriptional activity by altering chro-
matin structure. HMGA2 is widely expressed in the embryo but not in most adult 
tissues.

14.3.1.1  Two PNH Patients with HMGA2 Abnormalities

Two PNH patients carrying abnormalities in chromosome 12 have been reported 
[15]. In the first case, J20, the chromosomal abnormality 46,XX,t(12;12)(q13;q15), 
was detected along with progress of the expansion of a PNH clone. When the karyo-
types of GPI-positive and GPI-negative bone marrow-derived mononuclear cells 
were examined individually, the abnormal chromosome 12 karyotype was detected 
only in the GPI-deficient cells, while the normal karyotype was detected in all of the 
GPI-positive cells [16]. In this patient, a substitution mutation in the PIGA gene was 
detected, c.715G>A, resulting in an essential amino acid change (p.G239R). 
Therefore, two independent mutations, the abnormality in chromosome 12 and the 
PIGA mutation, coexist within one PNH clone in this patient. The chromosomal 
abnormality was defined as the insertion of q12 to q14.1 fragment of one chromo-
some 12 to q14.3 region of the other but not the translocation of chromosome 12 
(Fig. 14.3) [15]. According to the Next-Gen Cytogenetic Nomenclature [17], the 
chromosomal abnormality of this patient, J20, is as follows:

46,XX,ins(12;12)(q14.3;q12q14.1)dn.seq[GRCh38/hg38]ins(12;12)
(12pter->12q14.3(65,964,51{0–1})::12q12q14.1(40,613,03{3–4}-59,089,35{0–1})::
12q12(40,613,1{70–69}-40,610,4{96–69})::12q14.3(65,981,3{21–48})- > 12qter; 

12pter->12q12(40,610,450)::12q14.1(59,099,213)->12qter)dn

Fig. 14.2 Structure of HMGA2 gene and protein [14]
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In the second case, US1, all metaphases of bone marrow cells show the abnormal 
karyotype of chromosome 12, 46,XX,ins(12)(p12~13q13q12) [15]. Therefore, all 
of the GPI-deficient cells must have this chromosomal abnormality. The 14 bp dele-
tion of exon 2 in the PIGA gene (c.693_706del) was also detected in this patient, 
leading to a frameshift mutation (p.Ser232fs). The chromosomal abnormality is 
described as follows (Fig. 14.3):

Fig. 14.3 Abnormal chromosome 12 in two patients with PNH [15]

N. Inoue and T. Kinoshita
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46,XX,ins(12)(p13.2q14.3q13.11)dn.seq[GRCh38/hg38]ins(12)
(12pter->12p13.2(11,664,761)::12q13.11q14.3 (46,382,182-65,642,61{6})::
12q14.3(65,963,88 {1}-65,642,68{7–3})::12p13.2(11,664,12{1–5})->
12q13.11(46,376,02{1–2})::12q14.3(65,964,0{29–30})->12qter)dn

One of the breakpoints formed by four rearrangements in the PNH patients 
affected the same gene, HMGA2. Both breakpoints in patients J20 and US1 were 
located within the 3’ UTR of HMGA2 (Fig. 14.3). In bone marrow cells, the HMGA2 
transcript was upregulated 2.6 times and 5.0 times in patients J20 and US1, respec-
tively, compared to normal individuals. Furthermore, in both patients, the HMGA2 
transcripts were transcribed mainly from the truncated HMGA2 alleles on the rear-
ranged chromosome 12 rather than on the normal alleles. This result suggests that 
the PIGA-deficient cells in which the expression of HMGA2 is upregulated by chro-
mosomal abnormalities clonally expand like benign tumors. PNH and benign 
tumors have similar characteristics. Although the PIGA-mutant clones initially 
expand, they are maintained in a definite proportion for a long time and malignant 
conversion is rare, unlike in the other premalignant hematopoietic diseases (less 
than 3 %) [18, 19]. The clones generally do not increase beyond normal ranges and 
are appropriately controlled by hematopoietic factors. Furthermore, PIGA-mutant 
HSCs are maintained within the bone marrow and do not invade extramedullary tis-
sues such as the spleen, liver, lymph node, and other nonhematopoietic tissues. 
Therefore, the concept of PNH as a benign tumor of bone marrow is supported in 
GPI-deficient HSCs with aberrant expression of HMGA2 that acquire full clonal 
expansion ability.

14.3.1.2  Control of HMGA2 Expression

In lipoma, the HMGA2 gene is frequently fused to other genes such as the LIM 
domain-containing preferred translocation partner (LPP) gene on t(3;12)(q27- 
28;q13-15). HMGA2 is highly expressed even in the absence of HMGA2 gene locus 
rearrangement in some mesenchymal tumors. These highly expressed transcripts of 
HMGA2 contain the cryptic exons localized within introns 3 and 4 without exon 5 
or the 3’ UTR (Fig. 14.4). The 3’ UTR sequence of HMGA2 plays an essential role 
in the downregulation of HMGA2 expression by inhibiting the translation and/or 
degrading the mRNA. The 3’ UTR has seven conserved sites complementary to the 
let-7 microRNA (MIRLET7) (Fig. 14.4) [20]. HMGA2 transcripts lose these sites in 
benign mesenchymal tumors without chromosome 12 abnormalities, resulting in 
increased truncated HMGA2 mRNA and protein. In fact, the HMGA2 gene in the 
two PNH patients with the chromosome 12 abnormality, J20 and US1, lost five and 
six MIRLET7 binding sites, respectively (Fig. 14.4), and the several truncated types 
of HMGA2 transcripts carrying a cryptic exon were highly expressed in the PNH 
clones.

The pathway regulated by the Lin28b protein, the microRNA (miRNA) let-7, 
and its target gene Hmga2 is critical for fetal hematopoiesis in mouse models [21]. 
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Fetal and adult hematopoieses are regulated by distinct programs. Fetal HSCs have 
high self-renewal ability and predominantly generate erythroid and myeloid cells. 
By contrast, adult HSCs do not expand in number, but remain quiescent and gener-
ate cells of all lineages. Lin28b, let-7 miRNA, and Hmga2 play an important role in 
the increased self-renewal potential of fetal HSCs. The Lin28b protein is more pre-
dominantly expressed in mouse fetal liver than in adult bone marrow and binds to 
the long pri-let-7 transcripts and the approximately 70 nt stem-loop precursor 
miRNA (pre-let-7 miRNA) to inhibit the posttranscriptional maturation of let-7. 
Three (let-7b, c, and d) among six let-7 miRNAs (let-7a to f) are expressed in fetal 
HSCs at lower levels than in adult HSCs. The expression of four let-7 miRNAs (let-
 7a, b, d, and f) was inhibited by the overexpression of Lin28b in adult bone marrow 
cells. Since mature let-7 miRNA binds to the 3’ UTR of Hmga2 transcripts to inhibit 
the expression of Hmga2, Hmga2 is highly expressed in fetal liver via the low 
expression of mature let-7 miRNA and high expression of Lin28b. This result sug-
gests that deregulation of this pathway causes increased HSC self-renewal potential 
as in fetal hematopoiesis.

Fig. 14.4 Cryptic exons and MIRLET7 binding sites in human HMGA2 gene. Orange boxes, 
cryptic exons (3a and 4a). Red arrows, rearrangements found in PNH patients J20 and US1. Black 
asterisks, MIRLET7 binding sites
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14.3.1.3  Overexpression of HMGA2 in PNH Patients with Normal 
Karyotypes

Murakami et al. reported that HMGA2 mRNA was upregulated in whole peripheral 
blood cells derived from 18 of 24 patients with PNH compared to AA patients and 
healthy individuals [22]. Although these patients do not have any chromosomal 
abnormalities, truncated HMGA2 transcripts, but not full-length transcripts, are 
expressed at higher levels than in normal individuals. The expression of MIRLET7B 
and C was significantly lower in the peripheral blood cells of PNH patients than in 
those of normal individuals. Although the suppression of Let7 miRNA may upregu-
late other genes involved in the expansion of PNH clones, the increased level of 
truncated HMGA2 transcripts in PNH patients is likely to be caused by abnormal 
transcriptional induction but not by the suppression of Let7 miRNA. Recently, Lam 
et  al. reported that the expression of HMGA2 was transcriptionally regulated by 
RUNX1 and increased in hematopoietic progenitor cells in the absence of RUNX1 
[23]. Therefore, it is necessary to identify transcription factors involved in the 
upregulation of HMGA2 in patients with PNH.

The overexpression of truncated HMGA2 and the chromosomal breakpoint 
within the HMGA2 gene are also detected in patients with myeloid malignancies 
such as myelofibrosis with myeloid metastasis [24], MDS [25], polycythemia vera 
[26], and myeloproliferative neoplasm [27]. Harada-Shirado et al. also reported that 
the granulocytes of patients with primary myelofibrosis (PMF) show higher HMGA2 
expression than those of patients with PV or ET and those of healthy individuals 
[28]. Interestingly, the granulocytes of all patients with PMF mainly express full- 
length HMGA2 transcripts, unlike patients with PNH, and the expression of 
MIRLET7A1 and C was suppressed in PMF patients with high expression levels of 
HMGA2. These results suggest that the suppression of MIRLET7 induces the upreg-
ulation of HMGA2 in patients with PMF through different mechanisms than in 
patients with PNH.

14.3.1.4  Clonal Expansion of HMGA2-Expressing HSCs In Vivo

The upregulation of HMGA2 directly induces the clonal expansion of human and 
mouse HSCs in vivo.

In humans, Cavazzana-Calvo et  al. reported that clones with lentivirus vector 
integration into the HMGA2 gene locus underwent greater expansion than other 
clones after gene therapy against human β-thalassemia [29, 30]. The CD34+ HSCs 
of a patient with a severe type of βE/ β0-thalassemia were infected with a lentivirus 
vector carrying a functional β-globin gene driven by an erythroid-specific promoter 
and expanded further in vitro. The HSCs were transplanted into the patient who had 
received chemotherapy as a conditioning regimen before transplantation. The lenti-
virus vector-bearing blood cells gradually increased in number, and 13.5 % of whole 
bone marrow and 11.1 % of long-term culture-initiating cells (LTC-IC) contained 
the lentivirus vector 2 years after transplantation. Importantly, the lentivirus vector 
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was integrated within the third intron of the HMGA2 gene in about 50 % of the 
vector-bearing LTC-IC but not in lymphoid lineage cells. Furthermore, the expres-
sion of truncated HMGA2 without exon 4 or 5 was increased specifically in ery-
throid cells, but not in granulocytes or monocytes by the erythroid-specific β-locus 
control region effect. Since the clone bearing the vector integration site within 
HMGA2 increased equally in erythroid cells, granulocytes, and monocytes, trun-
cated HMGA2 transcripts should be overexpressed in LTC-IC upon loss of let-7 
binding sites. This result would suggest that the overexpression of truncated 
HMGA2 increases the number of hematopoietic progenitor cells and promotes the 
differentiation of myeloid cells during human hematopoiesis.

Three groups reported mouse models that overexpress mouse or human HMGA2. 
Ikeda et  al. established a transgenic (TG) mouse line that carries mouse Hmga2 
cDNA containing the full coding region without six of the seven let-7 miRNA bind-
ing sites and driven by the Pgk promoter [31]. In this TG mouse, Hmga2 transcript 
and Hmga2 protein are overexpressed in the bone marrow, spleen, and thymus com-
pared to wild-type mice. The bone marrow of Hmga2 TG mice was hypercellular 
and had a high erythroid content. Furthermore, Hmga2 TG mice showed spleno-
megaly with an increase in erythroid cells in spite of a decrease in serum erythro-
poietin (Epo) level. When cells mixed with the bone marrow cells of wild-type and 
TG mice were transplanted into irradiated mice, the proportion of peripheral blood 
cells derived from TG mice significantly and gradually increased in all lineages. 
In Murakami’s report, lineage-negative bone marrow cells were transduced with 
retrovirus vector bearing the truncated human HMGA2 (exon 1–3) and transplanted 
into irradiated mice [22]. HMGA2-transduced cells gradually expanded in all 
hematopoietic lineages compared to control vector-transduced cells. Myeloid cells 
transduced with truncated HMGA2 expanded to a remarkably greater extent than 
lymphoid cells. To assess the self-renewal activity of Hmga2- or Lin28b-expressing 
HSCs, Copley et al. examined the chimerism of Hmga2-expressing cells obtained 
from secondary transplanted mice [21]. Hmga2 overexpression in adult bone mar-
row HSCs increased self-renewal activity.

These results suggest that HMGA2 overexpression in the HSCs of patients with 
PNH promotes the expansion of PNH clones like benign tumors. In the future, since 
HMGA2-expressing HSCs can expand with or without GPI anchor deficiency [31], 
it will be necessary to clarify the association between GPI deficiency and HMGA2 
overexpression.

14.3.2  JAK2V617F Mutation in PNH

Sugimori et al. described three PNH patients with an acquired substitution mutation 
in the Janus kinase 2 (JAK2) gene (c.1849G > T), resulting in a change from valine 
to phenylalanine (p.V617F) [32]. Two of these patients also have a 500 kb deletion 
at Xp22.2, including the PIGA gene (described below). Shen et al. also reported that 
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a somatic homozygous JAK2 mutation (p. V617F) was detected in two of three 
patients with a 500 kb deletion including the PIGA gene when 61 genes frequently 
affected in MDS were analyzed by targeted exome sequencing [33]. The JAK2 
mutation was also found in GPI-positive cells as well as GPI-deficient cells in the 
two patients Shen et al. analyzed.

JAK2 is a Janus family tyrosine kinase (the family comprises JAK1, 2, 3, and 
Tyk2) that associates with the cytoplasmic domain of cytokine receptors such as 
Epo, thrombopoietin, and granulocyte colony-stimulating factor (G-CSF) [34, 35]. 
The binding of ligands induces the cross tyrosine phosphorylation of JAK2, which 
phosphorylates tyrosines on the receptors, leading to the activation of signaling 
pathways such as signal transducer and activator of transcription (STAT), mitogen- 
activated protein kinase (MAPK), phosphatidylinositol-3’-kinase (PI3K), and AKT 
(Fig. 14.5). The activation of JAK/STAT pathways facilitates the development of 
lymphoid and myeloid malignancies. The somatic mutation of the pseudokinase 
domain (JH2) of JAK2 at codon 617 (p.V617F) is detected in more than 95 % of 
patients with PV and in about 50 % of those with essential thrombocythemia (ET) 
and PMF (Fig. 14.5). The JH2 domain has protein kinase activity and phosphory-
lates S523 and T570 and negatively regulates the JH1 kinase domain of JAK2 [36]. 
The JH2 mutation at codon 617 reduces the kinase activity, leading to increased 
basal kinase activity and downstream signaling.

The numbers of white blood cells (WBCs) and platelets are generally lower in 
patients with PNH than in normal individuals because idiopathic AA and PNH often 
overlap. By contrast, in the three patients with PNH carrying the JAK2 mutation 
reported by Sugimori et al., the numbers of WBCs and platelets increased beyond 
normal ranges and almost all granulocytes, but only few red cells, were deficient in 
GPI anchor [32]. Most typical PNH patients harbored no JAK2 mutation in 
Sugimori’s analysis [32] and Shen’s whole-exome sequencing [33]. In patients with 
the JAK2 mutation, the disease should have characteristics of both PNH and MPN 
rather than present as typical PNH. These cases with PNH clones carrying the JAK2 
mutation should be classified as rare cases of PNH/MPN syndrome.

14.3.3  Microdeletion Including PIGA Locus

Most PIGA gene somatic mutations are small alterations, such as base substitutions, 
small deletions, or insertions of several bases. O’Keefe et al. reported three patients 
with PNH carrying about 500 kb deletion at Xp22.2, including the PIGA locus [37]. 
In addition to the PIGA locus deletion, two of the three patients also had the JAK2 
mutation described above. Shen also reported three patients with a 500 kb PIGA 
locus deletion. In addition to the PIGA gene deletion, these three patients had a 
deletion of 555 kb including ankyrin repeat and SOCS box containing 9 (ASB9), 
ASB11, c-fos-induced growth factor (FIGF), and pirin (PIR); a deletion of 506 kb 
including ASB9, ASB11, FIGF, PIR, and BMX non-receptor tyrosine kinase (BMX); 
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and a 616 kb deletion including the PIGA gene. Although the authors did not 
describe which genes are localized within the 616 kb deletion in the last patient, a 
common deletion in the three patients includes ASB9 and ASB11, which function as 
a ubiquitin ligase complex. There is no report that these proteins are involved in the 
proliferation of HSCs. The involvement of genes such as ASB9 and ASB11 in the 
growth advantage of HSCs should be examined.

Fig. 14.5 JAK2 structure and signaling pathway [34, 35]
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14.3.4  Upregulation of WT1

The Wilms’ tumor 1 (WT1) gene encodes a 55 kDa transcriptional regulator contain-
ing four zinc finger domains at the carboxyl terminus and is essential for renal 
development [38]. Germ line mutations in the WT1 gene cause Wilms’ tumors and 
renal and genitourinary abnormalities in WAGR and Denys-Drash syndrome.

The WT1 gene is highly expressed in acute leukemia blast cells with high fre-
quency (73−93 %) [39, 40]. Elevated expression of WT1 is also observed in almost 
all types of solid tumors and in other hematopoietic malignancies such as chronic 
myeloid leukemia and MDS [39]. The WT1 expression level is a suitable marker of 
minimal residual disease in leukemia after treatment and can be used to monitor 
MDS disease progression. WT1 may also be a suitable immunotherapeutic target in 
hematopoietic malignancies and other solid tumors. When the expression of the 
WT1 gene was measured in the bone marrow mononuclear cells of 21 PNH patients, 
21 AA patients, and 20 healthy individuals, WT1 levels were significantly higher in 
PNH patients than in AA patients (4.8 times) and healthy individuals (10.2 times) 
[41]. The expression of the WT1 gene was higher in GPI anchor-deficient HSCs 
than in GPI anchor-positive HSCs [10]. Furthermore, CD8+ T cells that recognize 
the WT1 peptide presented on MHC class I were detected in patients with PNH 
[10]. These WT1 peptide-specific CTLs may play a role in the bone marrow failure 
and/or immunological selection of GPI-deficient clones in PNH.

14.3.5  Upregulation of Other Genes

Lyakisheva et  al. reported that early growth response factor 1 (EGR1) and ribo-
somal protein L6 [RPL6, called TAX-responsive enhancer element-binding protein 
(TAXREB107) in the paper] were specifically upregulated in granulocytes in PNH 
[42]. EGR1 encodes a zinc finger protein that positively or negatively regulates 
transcription. The overexpression of these genes was also observed in other clonal 
hematopoietic diseases such as myeloproliferative syndrome, MDS, and PV; how-
ever, Joslin et al. reported that N-ethyl-nitrosourea-treated Egr1+/− and Egr1−/− 
mice develop T-cell lymphoma or myeloproliferative disorders [43]. EGR1 may be 
a tumor suppressor gene localized in a commonly deleted region of 5q in AML and 
MDS.  The relationship between the upregulation of these genes and the growth 
advantage of PNH clones has not been clarified yet. The overexpression of BCL2- 
related protein A1 (BCL2A1), RAD23B, myeloid cell leukemia 1 (MCL1), and RhoA 
in granulocytes in PNH was also reported [44]. BCL2A1 and MCL1 encode anti- 
apoptotic proteins that belong to the Bcl-2 family. RAD23B is involved in nucleo-
tide excision repair. RhoA encodes a small GTP-binding protein that regulates cell 
morphogenesis and motility through actin cytoskeleton remodeling. Although the 
blood cells of patients with PNH are thought to be resistant to apoptosis, the upregu-
lation of these genes has not yet been shown to be involved in such resistance.
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14.3.6  Microdeletion Including PIGT Locus

A PIGA gene inactivating mutation has been found in most patients with PNH [1, 
45]. PIGA is the only gene mapped to the X chromosome among genes involved in 
GPI anchor biosynthesis, modification of GPI anchor, and transport of GPI-anchored 
proteins. Since PIGA is transcribed from one active X chromosome even in females, 
one somatic mutation in the PIGA gene is sufficient to cause a GPI anchor defi-
ciency, but two somatic mutations are necessary in the other GPI anchor biosynthe-
sis genes. Krawitz et al. described a unique patient with PNH in whom both PIGT 
alleles on chromosome 20q are mutated (Fig. 14.6) [46]. One mutation is a single 
nucleotide germ line substitution from A to G at the splice acceptor site of intron 10 
(c.1401-2A>G), and the other is the 8.2 Mb somatic deletion including the PIGT 
gene. The PIGT protein is a subunit of the GPI transamidase complex, which is 
composed of five subunits (PIGK, PIGS, PIGT, PIGU, and GPAA1) and removes 
the carboxyl terminal GPI-attachment signal peptide from a GPI-precursor protein 
and transfers the protein to a mature GPI anchor [47–49]. Interestingly, this deleted 
region on chromosome 20q is commonly affected in chronic myeloid malignancies 
such as MPN and MDS [50, 51]. Three imprinted genes, L3MBTL1, SGK2  
(serum-/glucocorticoid-regulated kinase 2), and GDAP1L1 (ganglioside-induced 
differentiation- associated protein 1-like 1), are mapped to this region [50, 51] and 
expressed from the paternal alleles [52]. The expression of these genes is markedly 
reduced in granulocytes and bone marrow of patients with chronic myeloid malig-
nancies carrying a 20q deletion.

Fig. 14.6 Abnormality of PNH patient carrying PIGT mutation [52]
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Only one case of PNH with both 20q deletion and PIGT deficiency has been 
reported, and there is no information about the expression of L3MBTL1. Therefore, 
it is necessary to further analyze abnormalities in PNH patients with PIGT defi-
ciency. Furthermore, this patient suffered from progressive ulcerative colitis resis-
tant to mesalazine and steroids. The possibility that this unique symptom may be 
associated with the 20q deletion or PIGT deficiency should be assessed.

14.3.7  Genetic Mutations Identified by Whole-Exome 
Sequencing Analysis

Recent advances in sequencing technologies and successful completion of the 
Human Genome Project led to the discoveries of inherited disease genes as well as 
somatic mutations in many cancers and premalignant diseases. To examine whether 
somatic mutations are acquired in PNH clones in addition to the PIGA mutation, 
Shen et al. analyzed somatic mutations in 12 patients with PNH by whole-exome 
sequencing (WES) and assessed alterations in 61 genes frequently affected in MDS 
in 36 additional patients [33]. In addition to the PIGA mutation, 21 non-silent muta-
tions were detected in 10 of 12 patients analyzed by WES (an average of two addi-
tional mutations per patient). One patient had six additional mutations, but the other 
patients had zero to three mutations. Higher average numbers of somatic non-silent 
mutations per patient have been detected in other hematopoietic malignancies such 
as MDS (mean: 7.7) [53], PV (6.5), ET (6.5), PMF (13.0), and adult AML (17.2) 
[54]. Since the number of somatic mutations correlates with aggressive pathology, 
the lower frequencies of mutation fit with the benign phenotype of PNH. Recently, 
somatic mutations in AA patients were analyzed by means of WES and targeted 
sequencing of genes that are recurrently mutated in myeloid malignancies [55]. 
Somatic mutations including silent changes were detected in 25 of 52 AA patients 
(48 %) by WES, and the average number of somatic non-silent mutations per patient 
was 1.21 (the average number of total somatic mutations is 1.83). Although PNH 
frequently overlaps with AA, HSCs of PNH patients were more genetically affected 
than those of AA. Furthermore, BCL6 corepressor (BCOR) and BCL6 corepressor- 
like 1 (BCORL1) (9.3 %), PIGA (7.5 %), DNA methyltransferase 3A (DNMT3A) 
(8.4 %), and additional se combs-like 1 (ASXL1) (6.2 %) are frequently mutated in 
AA patients. Although clones mutated in DNMT3A or ASXL1 gene, which is also 
frequently affected in MDS and AML patients but not in PNH, expanded, clones 
carrying PIGA somatic mutations that cause PNH and BCOR- and BCORL1- 
mutated clones decreased or remained stable. These results indicate that molecular 
mechanisms of clonal hematopoiesis should be different between PNH and AA. In 
Shen’s study, only four genes, Ten-Eleven Translocation methylcytosine dioxygen-
ase 2 (TET2), MDS1 and EVI1 complex locus (MECOM), Ras-like without CAAX1 
(RIT1), and JAK2 (described above), were affected in more than two patients with 
PNH. The other 28 genes were mutated in only a single patient.
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The TET2 protein catalyzes the conversion of 5-methylcytosine to 
5- hydroxymethylcytosine, 5-formylcytosine, and 5-carboxycytosine in the presence 
of 2-oxoglutarate, bivalent iron, and oxygen and is involved in the demethylation 
process of cytosine. TET2 is commonly affected in the initial stage of many hema-
topoietic malignancies.

The MECOM gene, which is also called EVI1, is mapped to human chromosome 
3q26 and rearranged and overexpressed in AML and MDS. MECOM is a 135 kDa 
transcriptional regulator with zinc finger domains that inhibits myeloid differentia-
tion and cellular apoptosis.

The RIT1 protein belongs to the RAS-related GTPase subfamily and regulates 
p38-MAPK-dependent signaling pathways. Germ line mutation of RIT1 causes 
Noonan syndrome 8, an autosomal dominant disorder characterized by short stat-
ure, distinctive facial features, developmental delay, and cardiac abnormalities. 
RIT1 gene somatic mutations are frequently found in patients with MPN or mixed 
MDS/MPN and chronic myelomonocytic leukemia (CMML).

Shen et al. analyzed clonal composition in nine PNH patients by single-colony 
sequencing assay to assess the sequential incidence of somatic mutations [33]. 
Interestingly, they found that additional mutations were acquired before the acquisi-
tion of the PIGA mutation in six of nine PNH patients (initiating mutation-first 
patients) (Fig. 14.7b). Furthermore, somatic mutations in two additional genes were 
detected early on in two PNH patients. Therefore, many patients should have ances-
tral gene mutations other than PIGA mutations. The PIGA somatic mutation may be 
acquired in a HSC before the clone obtains clonal expansion ability (PIGA mutation- 
first patients) (Fig. 14.7a) [56]. The somatic mutations in these genes may play two 
possible roles in the pathogenesis of PNH. They may function as an initiating muta-
tion as in other hematopoietic malignancies. Welch et al. reported several frequent 
mutations that specifically affected AML (FAB M1) with normal cytogenetics com-
pared to APL (FAB M3 AML) carrying the fusion gene PML-RARA [57]. They 
found initiating mutations in genes mainly involved in epigenetics such as DNMT3A, 
isocitrate dehydrogenase 1 (IDH1), and TET2. In fact, they identified a patient car-
rying a larger population of clones with the TET2 somatic mutation than clones with 
both TET2 and PIGA mutations [33]. This TET2 somatic mutation should function 
as an initiating mutation providing a growth advantage to clones both with and 
without PIGA mutation. By contrast, these somatic mutations may be age related 
and irrelevant for the pathogenesis of PNH. Somatic mutations in hematopoietic 
stem/progenitor cells in healthy volunteers also increase with age at the rate of 0.13 
± 0.02 exonic mutations per year of life [57]. Furthermore, the somatic mutations 
associated with clonal expansion and malignancies such as TET2 and IDH2 increase 
with age and are detected in blood cells of 5–6 % of individuals older than 70 years 
of age (2 % of individuals studied) [58]; however, in 41 patients with PNH, Chotirat 
found neither mutations of IDH1 at R132 or mutations of IDH2 at R140 and R172, 
which have been identified in patients with low-grade glioma and AML [59].
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14.3.8  N-RAS Mutation

Mortazavi et al. reported that a mutation of N-RAS at codon 13 (p.G13D), causing 
constitutive activity, was detected in a patient in whom the disease developed from 
AA/PNH into MDS [60]. The N-RAS mutation occurred in a multipotent HSC that 
can differentiate into both myeloid and lymphoid lineages, but not in a PNH clone. 
This result suggests that the N-RAS mutation may be involved in the development 
of MDS but not in the growth advantage of a PNH clone.

14.4  Considerations and Perspectives

In this chapter, several candidate genes involved in the growth advantage of PNH 
clones were introduced, but no abnormality accounting for the growth advantage of 
PNH clones in all PNH patients has been identified. Recent studies show that 

Fig. 14.7 Clonal architecture in PNH. (a) PIGA mutation-first patients. (b) Initiating mutation- 
first patients
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several genes, such as HMGA2 and WT1, are upregulated in patients with PNH. To 
understand the molecular mechanism of this transcriptional upregulation, it is nec-
essary to assess epigenetic alterations such as histone modifications and DNA meth-
ylation and hydroxymethylation.

WES analysis showed that somatic mutations that affect other hematopoietic 
malignancies are also present in the PNH clones, but it is still not clear whether 
these somatic mutations play important roles in the pathogenesis of PNH or func-
tion of HSCs. To identify essential genes involved in clonal expansion, young 
patients without age-related mutations and/or familial patients should be analyzed 
by WES. It is also important to analyze the differences in clonal expansion mecha-
nisms between PNH and other myeloid malignancies such as MPN and MDS that 
share the same somatic mutations.

Although PIGA somatic mutation was thought to be the first event in PNH patho-
genesis and the abnormality giving rise to clonal expansion was thought to be a 
second event (PIGA mutation-first patients) [56], WES suggests that there are 
patients with PNH who acquire the PIGA somatic mutation as a second event and 
who have expanded clones without GPI deficiency (initiating mutation-first patients) 
(Fig. 14.7) [33]. Recently, the order in which somatic mutations in two genes were 
acquired in MPN was analyzed by genotyping hematopoietic colonies [61]. About 
10 % of patients with MPN harbor somatic mutations in both JAK2 and TET2. 
Patients in whom JAK2 mutations are acquired first have a greater tendency to 
develop PV than ET. The JAK2 and TET2 mutation order influences the clinical 
features and clonal evolution in patients with MPN. Therefore, the mutation order 
in PIGA and other genes may affect the size of the GPI-deficient cell population 
(Fig. 14.7).

Genetic and epigenetic analysis of GPI-deficient cells and GPI-positive cells in 
PNH patients will promote a better understanding of the disease and lead to thera-
peutic advances.
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Chapter 15
Clinical Management in PNH

Tsutomu Shichishima and Hideyoshi Noji

Abstract Paroxysmal nocturnal hemoglobinuria (PNH) is characterized by intra-
vascular hemolysis via complement (C)-mediated hemolysis, thrombosis, and bone 
marrow failure. Treatment protocol of PNH is proposed from the views of degree of 
clinical severity; of predominant pathophysiology, described above; and of response 
to medication therapy. PNH patients with lower degree of clinical severity or com-
plete remission with below 1 % of PNH-type granulocytes and erythrocytes should 
be observed without medication. With the progression of clinical severity and main 
pathophysiology and increase of above 10 % of PNH-type erythrocytes, medication 
therapy should be initiated because of appearance of various subjective symptoms. 
Although it is certain that eculizumab treatment is predominant for intravascular 
hemolysis, the therapy develops breakthrough hemolysis, extravascular hemolysis 
of C3-bound erythrocytes, and poor response to eculizumab treatment. It is contro-
versial whether or not hemolysis in classic PNH patients should be treated with 
prednisolone because of its adverse effects. Then, administration of a human 
plasma-derived haptoglobin product may be suitable for uncontrolled hemolysis 
triggered by eculizumab treatment and hemolytic attack. Immunosuppressive ther-
apy with cyclosporine A (CSA) and/or antithymocyte globulin and androgens in 
PNH with hypocellular bone marrow are useful as well as those for aplastic anemia 
and a combination of filgrastim and CSA or recombinant human erythropoietin 
administration results in a trilineage response of hematopoiesis or a response of 
anemia, respectively. As thrombotic events rarely occur even in PNH patients with-
out receiving eculizumab and with less than 50 % of PNH granulocytes or in PNH 
patients receiving eculizumab, indication of warfarin should be carefully investigated. 
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Supportive therapies, including blood transfusions, and therapies for complications, 
such as iron deficiency anemia and renal dysfunction, are also needed. Hematopoietic 
stem cell transplantation is curative therapy for PNH, but indication of it is now 
limited predominantly to PNH with severe bone marrow failure.

Keywords Treatment protocol of PNH • Medication therapy for PNH • Haptoglobin 
therapy • Supportive care for PNH • Hematopoietic stem cell transplantation

15.1  Introduction

Clinically, paroxysmal nocturnal hemoglobinuria (PNH) is characterized predomi-
nantly by intravascular hemolysis via complement (C)-mediated hemolysis, throm-
bosis, and bone marrow failure [1]. C-mediated hemolysis causes anemia, icterus, 
and grossly visible hemoglobinuria and consequently develops cholelithiasis, acute 
or chronic renal dysfunction, or iron deficiency anemia in PNH patients. Recently, 
it has been proposed that many data support the existence of a novel mechanism of 
human disease, hemolysis-associated smooth muscle dystonia, vasculopathy, endo-
thelial dysfunction, and inflammation and oxidation, resulting in adverse clinical 
signs and symptoms by local and systemic NO (nitric oxide) deficiency through 
release of hemoglobin (Hb) in plasma [2]. PNH is a representative disorder with the 
mechanism and signs/symptoms associated with decrease of NO, like renal dys-
function, gastrointestinal dystonias and pain, pulmonary hypertension and dyspnea, 
thrombosis and platelet activation, and erectile dysfunction (Fig. 15.1), resulting in 
a diversity of clinical symptoms/signs in PNH [3], although PNH patients have not 
necessarily all of these symptoms/signs. In addition, extracellular Hb has been 
found to trigger specific pathophysiologies that are associated with adverse clinical 
outcomes in patients with hemolysis, such as acute and chronic vascular disease, 
inflammation, thrombosis, and renal impairment (Fig. 15.1), by the extracellular 
translocation of Hb; attenuation of NO and oxidative reactions, described above; 
release of free hemin; and molecular-signaling effects of hemin [4]. Thrombosis in 
PNH is caused by a combination of several factors, which are activation of platelets; 
intravascular hemolysis following depletion of NO, toxicity of free Hb, and red cell 
microvesicles; deficiency of urokinase-type plasminogen activator receptor; endo-
thelial dysfunction; and thrombin production via C activation pathway [5]. It is well 
known that thrombosis is the most frequent cause of death in American and European 
patients with PNH [6, 7]. Bone marrow failure, associated with putative immuno-
logic mechanisms [8], undertakes leukocytopenia and thrombocytopenia, resulting 
in infection and hemorrhage, respectively, which are the main causes of death in 
Japan [7, 9].

With the accumulation of clinical and pathophysiologic findings in PNH, the 
international PNH interest group (I-PIG) proposed that PNH is classified into three 
subcategories: classic PNH (subcategory A), PNH in the setting of another specified 
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bone marrow disorder (subcategory B), and subclinical PNH (subcategory C) [10]. 
In addition, eculizumab, a humanized monoclonal antibody to the fifth component 
of C5 that inhibits terminal C activation, has been developed with a beneficial effect 
on reducing C-mediated hemolysis in PNH [11]. Therefore, based on the advances 
of diagnostic tools and therapy for PNH, clinical management of treatment for PNH 
should be summed up at this time.

15.2  Treatment Protocol of PNH

It is considered to be difficult that we rigorously determine treatment algorithm of 
PNH, because PNH symptoms and signs are certainly derived from three chief 
pathophysiologies, as described above, but each PNH patient has not necessarily 
one main pathophysiology alone, and the proportion of PNH-type granulocytes 
(PNH clone size) does not necessarily determine the severity of PNH. In addition, 
main pathophysiology of PNH sometimes changes during the period of clinical 
course. However, practical hematologists need to determine the direction of treat-
ment for PNH.  Then, we tried to propose the treatment protocol of PNH by 

Intravascular hemolysis

Saturation of Hb and heme
scavenging mechanisms

Acute and chronic vascular disease
Inflammation
Thrombosis
Renal impairment

Platelet activation 
and aggregation

NO 

Smooth muscle 
dystonias

Impaired regulations 
of smooth muscle tone

Endothelial cell 
dysfunction

(GTP Decreased formation of cGMP)

Local 
vasoconstriction

Vascular 
vasoconstriction

Gastrointestinal 
contractions

Pulmonary hypertension;
Erectile dysfunction

Dysphagia; 
Abdominal pain

Chronic kidney
disease

Intravascular
thrombosis

•Extracellular translocation of Hb
•No and oxidative reactions
•Release of free hemin
•Molecular-signaling effects of hemin

Fig. 15.1 Adverse clinical effects associated with excessive free Hb through intravascular hemo-
lysis in PNH. Intravascular hemolysis via C-mediated hemolysis in PNH develops adverse clinical 
effects, including acute and chronic vascular disease, inflammation, thrombosis, renal impairment, 
and smooth muscle dystonias, by the following four mechanisms: (1) extravascular translocation 
of Hb, (2) NO and oxidative reactions, (3) release of free hemin (ferric protoporphyrin-IX group), 
and (4) molecular-signaling effects of hemin [2, 4]
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summarizing treatment options of three chief pathophysiologies, including observa-
tion, medical therapy, supportive care, and hematopoietic stem cell transplantation 
(HSCT), reported in the past (Fig. 15.2).

15.2.1  Observation

When diagnosing PNH, it is essential to detect PNH-type erythrocytes and granulo-
cytes of peripheral blood by flow cytometry using antibodies to CD55 and/or CD59 
of glycosylphosphatidylinositol-anchored protein (GPI-AP) or FLAER (a fluores-
cently labeled inactive variant of the protein aerolysin) [12, 13]. The PNH Working 
Group of Research Committee for the Idiopathic Hematopoietic Disorders in Japan 
clearly describes that over 1 % of negative and intermediate populations of GPI-AP 
expressions, determined by flow cytometry, in erythrocytes and granulocytes mean 
PNH-type ones (Table 15.1) [14], because PNH patients with over 1 % of them have 

Diagnosis of PNH

Drug and supportive treatmentsObservation

• PNH RBCs � 10%
• Mild cytopenia(s)
• No past history of 

thrombosis
Remission
• Clonal remission

C-mediated hemolysis :
Acute phase :  Elimination of factors triggering hemolytic attacks

Chronic phase :
• Eculizumab
• Glucocorticoid
• Folate ; RBC transfusions

Bone marrow failure :
Acute phase due to parvovirus B19 infection :
• Observation
• Immunoglobulin
• Transfusions
Chronic phase :
• IST (ATG or ATG + CSA)
• Androgens (Methenolone acetate, etc)
• Cytokines (G-CSF, rhEPO, etc); RBC and/or platelet transfusions

Thrombosis :
Acute phase :
• Fibrinolytic therapy
• Heparin
Chronic phase :
• Warfarin

Recurrent, severe  
hemolytic attack

Severe bone 
marrow failure

Recurrent, severe 
thrombosis

Prevention of acute renal failure
• Hp
• High doses of steroid
(discontinuing steroid treatment during infection)
• RBC transfusions
• Fluid replacement

Prevention of Thrombosis
• Warfarin
(Heparin)

HSCT

Fig. 15.2 Treatment protocol in PNH. PNH patients, who have below 10 % of GPI-AP-negative 
erythrocytes, mild cytopenia(s), and no past history of thrombosis at diagnosis, and PNH patients 
with clonal remission during their clinical courses should be observed without treatment for 
PNH. When PNH patients deviate from the observation group, described above, they usually need 
some drug or supportive care for predominant pathophysiology of PNH, including intravascular 
hemolysis via C-mediated hemolysis, bone marrow failure, or thrombosis. Although HSCT is 
curative therapy for PNH, in the eculizumab era, the indication of HSCT for may be limited mainly 
to patients with severe bone marrow failure
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some sort of hemolytic findings [15]. On the basis of the past experience, it is con-
sidered that PNH patients with below 10 % of GPI-negative erythrocytes, mild 
cytopenia(s), no blood cell transfusions, and no past history of thrombosis at diag-
nosis should be observed without treatment for PNH [16, 17].

Eight % (3/38), 15 % (12/80), and > 5 % (11/220) of PNH patients accomplished 
a spontaneous remission during the observation period of > 10 years, less than 20 
years, and 0 and 2–39 years, respectively [6, 18, 19]. In addition, 26 % (7/29) and 
13 % (4/30) of PNH patients treated with high-dose cyclophosphamide and  

Table 15.1 Diagnostic criteria, modified in 2013, by the PNH Working Group of Research 
Committee for the Idiopathic Hematopoietic Disorders [14]

1. As clinical symptoms, visible hemoglobinuria (urine with pale red to dark brown color) is 
observed in addition to anemia and jaundice in most settings. Venous thrombosis, 
hemorrhagic diathesis, and susceptibility to infection are sometimes observed. It does not 
occur congenitally, but occurs in wide-ranging age population centering around young and 
middle-aged people.

2. The following laboratory findings are often seen:
1) Anemia and decreased WBC and platelet counts
2) Elevated concentrations of serum indirect bilirubin and LDH and decreased 
concentration of serum haptoglobin
3) Positive reaction for Hb and hemosiderin in supernatant and sediment, respectively, of 
urine
4) Reduced score of neutrophil alkaline phosphatase and low level of erythrocyte 
acetylcholinesterase
5) Increased proportion of erythroblasts in bone marrow (bone marrow is hyperplastic in 
many cases, but is hypoplastic in some cases)
6) Positive finding of Ham’s test (acidified serum lysis test) or sugar-water test

3. The diagnosis of PNH is suspected in the presence of clinical symptoms and laboratory 
findings, described above, and confirmed by the following laboratory findings:
1) Negative finding for direct Coombs’ test
2) Detection and quantification of hematopoietic cells (especially, erythrocytes) with 
deficiency of GPI-APs

4. Subcategories of PNH are determined by bone marrow aspiration, bone marrow biopsy, 
and its chromosomal examination, but you need not necessarily determine any subcategory 
in the patient:
1) Clinical PNH (with hemolytic findings)
  (1) Classic PNH
  (2) PNH with bone marrow failure
  (3) Mixed-type PNH
2) Bone marrow failure disorders having a thin PNH-type blood cell (the disorders in 
which hemolytic findings are not obvious are referred to as follows and differentiated from 
clinical PNH)

5. Reference information
1) Hemolytic findings include increases of serum LDH, indirect bilirubin, and reticulocyte 
count and decrease of serum haptoglobin; clinical PNH is diagnosed on the basis of >1 % 
of the proportion of PNH-type-III erythrocytes and over 1.5 times of the upper limit in 
serum LDH
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eculizumab, respectively, achieved a clinical remission during the observation 
period of 1.5–11.5 years and 6–80 months, respectively [16, 17]. If PNH patients 
accomplish a spontaneous remission, they need not any therapy, while most PNH 
patients with a therapy-related remission, which almost means a clinical remission, 
but not a clonal remission, need to continue the drug administration.

15.2.2  Medication Therapy

When PNH patients deviate from the observation group, described above or in Fig. 
15.2, they usually need some drug therapy or supportive care, indicating that it 
means expansion of PNH clone size or progress of bone marrow failure. In this sec-
tion, we describe medical therapy for intravascular hemolysis via C-mediated 
hemolysis, bone marrow failure, and thrombosis in PNH.

15.2.2.1  Medical Therapy for Intravascular Hemolysis  
and Extravascular Hemolysis

Eculizumab Therapy

It is well known that eculizumab is very effective for hemolysis in PNH, resulting 
in improvement of anemia, followed by decrease of frequency of red blood cell 
(RBC) transfusions, and of clinical symptoms due to decrease of NO via chronic 
intravascular hemolysis. In the era of eculizumab, it is thought that the frequency 
using prednisolone for chronic hemolysis and hemolytic attacks is significantly 
decreased. However, eculizumab treatment has developed three important adverse 
effects associated with its action mechanism. First, breakthrough hemolysis, which 
is defined as inefficacy in blocking C-mediated hemolysis in the last days before the 
next drug administration [20], was observed during long-term treatment by eculi-
zumab in 17 % (7/41) and 10.7 % (21/195) of PNH patients [20, 21]. Long-term 
treatment by eculizumab almost develops the increase of proportion and number of 
C-sensitive erythrocytes and sometimes elicits appearance of human antihuman 
antibodies or neutralizing antibodies to eculizumab, leading to transient or persis-
tent breakthrough hemolysis. Although any breakthrough hemolysis did not result 
in the discontinuation of eculizumab, if you need, the interval of eculizumab admin-
istration should be shortened. Second, it has been reported that eculizumab elicits 
extravascular hemolysis of C3-bound erythrocytes following C3 opsonization asso-
ciated with reduction of C5 conversion by it [20]. The mean Hb value for PNH 
patients with a positive Coombs’ test was significantly lower that for PNH patients 
with a negative Coombs’ test among 31 eculizumab-treated patients [22]. Although 
it is controversial whether glucocorticoid should be given to eculizumab-treated 
patients with a positive Coombs’ test and progression of anemia [23, 24], the use of 
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prednisolone might be considered for progression of anemia, which needs RBC 
transfusions, following a transient increase of Hb level by eculizumab treatment. 
Third, Nishimura et  al. [25] reported that there were PNH patients with poor 
response to eculizumab treatment in Japan, who had single and heterozygous muta-
tion (c.2654G > A) of C5, leading to a low affinity of eculizumab to C5. In these 
most patients, we are compelled to cancel eculizumab treatment and to initiate pred-
nisolone therapy for C-mediated hemolysis. On the other hand, we have experi-
enced two PNH patients, who had the same mutation as described above and portal 
and/or hepatic vein thrombosis with abdominal pain [25, 26]. Eculizumab treatment 
did not attenuate the value of LDH in these patients. However, abdominal pain and/
or ascites have surprisingly disappeared by eculizumab treatment and then the value 
of D-dimer was also decreased in the PNH patients. It is considered that this effect 
of eculizumab treatment on thrombosis is probably associated with partially poor 
response due to heterozygous polymorphism of C5, suggesting that part of eculi-
zumab may function normally even in the poor responders.

Prednisolone Therapy

Some papers have reported that prednisolone therapy, using alternate day, high-dose 
prednisolone or low-dose prednisolone daily, is beneficial for prevention of hemo-
lysis in some classic PNH patients, but not in bone marrow failure PNH patients, 
during chronic phase [27–29]. During the acute phase of hemolysis, the dose of 
prednisolone is increased, leading to suppression of hemolytic attacks [27]. 
Although it is thought that prednisolone inhibits the activation of C, the action mode 
of prednisolone is not clear at all. Therefore, some hematologists take objection to 
the prednisolone therapy for chronic and acute hemolysis because the effect of pred-
nisolone on hemolysis is uncertain and the adverse effects of it are great. It is con-
troversial whether or not hemolysis in classic PNH patients should be treated with 
prednisolone, but this discussion may be limited to extravascular hemolysis from 
now because eculizumab compared with prednisolone has a more beneficial and 
certain effect on C-mediated hemolysis, as described above.

Haptoglobin (Hp) Therapy

Diminished plasma concentrations of Hp, hemopexin (HXP), and heme were 
reported in patients with various hemolytic diseases [30].Hp and CD163 receptors 
on macrophages coordinate Hb dimer clearance when Hb from RBCs is released 
during hemolysis. When heme is released into plasma, several proteins, such as 
HPX, high- and low-density lipoproteins, albumin, and α-microglobulin, with dif-
ferent affinities to heme collectively bind and clear heme from circulation [31]. All 
4 mechanisms of Hb and hemin toxicity, as described in Fig. 15.1, are specifically 
attenuated by the natural scavenger proteins Hp and HPX [4]. However, no HPX 
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product is available at a quality that would allow more extensive in vivo studies 
beyond murine models, suggesting that expanded studies with HPX treatment may 
not be possible in the near future for larger models of relevant clinical conditions.

A human plasma-derived Hp product was developed by the Japanese Green 
Cross and was approved in 1985 for the treatment of hemolysis due to  extracorporeal 
circulation, burn injuries, and trauma with massive blood transfusions [32–34]. In 
addition, case reports support the successful use of Hp in patients with hemolytic 
anemias [35, 36], including PNH [37]. It is well known that exacerbations of hemo-
lysis in PNH occasionally trigger severe complications, especially acute renal fail-
ure and thrombosis. In order to limit acute renal injury due to exacerbations of 
hemolysis, the primary clinical criteria for Hp administration are the appearance 
and reversal of visible hemoglobinuria. Although the total doses of Hp for acute 
hemolytic conditions are various according to the effect on exacerbated hemoglo-
binuria, the doses of Hp per day in an adult patient with PNH are usually 4000 
U. One bolus of Hp 100 mL includes 2000 U of Hp. It is considered that the admin-
istration of Hp during acute hemolytic condition is also effective for thrombosis, but 
we have not sufficient data with this. Therefore, Hp product may be administrated, 
at least, for breakthrough hemolysis occasionally elicited by eculizumab treatment 
without changing eculizumab administration schedule or a remarkable increase of 
indirect bilirubin due to extravascular hemolysis triggered by eculizumab treatment, 
suggesting that Hp, but not prednisolone, should be commonly administered for 
adverse events, such as breakthrough hemolysis and extravascular hemolysis, by 
eculizumab treatment. In the near future, Hp should be investigated and approved as 
a treatment for exacerbated hemolysis or uncontrolled hemolysis due to hemolytic 
anemias, including PNH, not only in Japan but also in the world. The Benesis 
Corporation reported results of the survey that only 3 of 2483 patients, who under-
went a therapy by a Hp product, had adverse events, such as fall in blood pressure 
(0.08 %) and vomiting (0.04 %) and that none of the patients had any virus 
infection.

Folate

Folate administration is recommended to compensate for the increased utilization of 
folate associated with the burst of erythropoiesis that is a consequence of acute or 
chronic hemolysis [10].

Development of New Medicines

Eculizumab treatment for intravascular hemolysis in PNH raises a varying degree of 
extravascular hemolysis, as described above, disturbing the increase of Hb concen-
tration. Then, we want a better medicine that can prevent both intravascular and 
extravascular hemolysis in PNH. Following in vitro study with an antibody against 
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C3b (mAb 3E7) [38], the fusion protein TT30 that combines regulatory domain of 
factor H (FH) with the iC3b/C3d-binding domains of CD21 [39, 40], and a novel 
inhibitor that links the regulatory and surface recognition areas of FH (mini-FH) 
[41], has been developed. The former is currently evaluated in a phase I clinical trial 
enrolling PNH patients. More recently, it was demonstrated that peptide inhibitors 
of C3 activation effectively prevent in vitro hemolysis and C3 opsonization of PNH 
erythrocytes [42]. In addition, the development of several new therapeutic agents 
besides the drugs described above, which have different mechanisms suppressing C 
activation of alternative pathway and various medication methods of them, is 
advanced. In the future, the efficacy of these drugs, including adverse effects, should 
be clinically evaluated.

15.2.2.2  Treatment for Hypoplastic Bone Marrow in PNH

When considering treatment for PNH patients with hypoplastic bone marrow, 
immunosuppressive therapy (IST) with cyclosporine A (CSA) and/or antithymocyte 
globulin (ATG) and androgens, including methenolone or danazol, are useful as 
well as that for aplastic anemia (AA). IST using ATG is suitable for treatment of 
PNH patients with hypoplastic bone marrow, lower proportions of GPI-AP-negative 
cells, and mild hemolysis, while is not for treatment of classic PNH patients, because 
IST is effective only on bone marrow failure, but not the reduction of size of PNH 
clone [43]. In addition, IST with ATG sometimes elicits the exacerbations of hemo-
lysis in PNH patients with higher proportions of GPI-AP-negative erythrocytes 
[44]. However, Alashkar et al. [45] recently reported a PNH patient with high pro-
portion (97.4 %) of CD59-negative RBC and a hypoplastic bone marrow, who was 
concomitantly treated with IST and eculizumab, resulting in a partial remission 
hematologically without hemolytic and thrombotic events. Subsequently, in PNH 
patients with mild and moderate hypoplasia, it is popular to use androgens, while in 
those with severe and very severe hypoplasia, CSA. It is generally recommended to 
add methenolone to CSA treatment and then danazol to it, if they are refractory to 
treatment with CSA in the latter. Moreover, an efficient option for the treatment of 
hypoplastic PNH using a combination of filgrastim (granulocyte colony-stimulating 
factor, G-CSF) and CSA was proposed [46]. The treatment resulted in a trilineage 
response of hematopoiesis and a decrease of the proportion of GPI-negative granu-
locytes in all the patients treated with this regimen. The responses to recombinant 
human erythropoietin (rhEPO) for treatment of anemia in PNH patients with bone 
marrow failure have been also reported in spite of higher levels of plasma EPO 
[47–49]. Recently, Hill et al. [50] reported a PNH patient with bone marrow failure 
treated with eculizumab, followed by concurrent treatment with rhEPO. Addition of 
rhEPO increased Hb levels and rendered the patient transfusion independent for a 
long period.
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15.2.2.3  Prevention of Thromboembolism by Warfarin

It is well known that the frequency of thrombotic event in Asian patients with PNH 
is significantly lower than that in American and European patients [6, 7, 19], 
although we are not able to explain this difference. It has been believed that primary 
prophylaxis with warfarin should be considered if the PNH clone size is larger than 
50 %, the platelet count is stable at higher than 100×109/L, and there is no known 
contraindication to anticoagulation [51]. However, since it was known that eculi-
zumab compared with warfarin has a beneficial effect on reducing thrombotic 
events in PNH [48], as described in 3.1.5, it is considered that prophylaxis effect on 
thromboembolism with warfarin in PNH is insufficient [52, 53]. Nevertheless, indi-
cation for treatment of warfarin should be reconsidered in PNH patients in the future 
because thrombotic events sometimes or rarely occur even in those without receiv-
ing eculizumab and with less than 50 % of PNH clone size or in those with receiving 
eculizumab, respectively. Also, whether warfarin can be eliminated in PNH patients 
receiving eculizumab is the subject of future investigation. Helley et al. [54] reported 
that treatment with eculizumab in 23 PNH patients was associated with significant 
decreases in plasma markers of coagulation activation, including prothrombin frag-
ment 1 + 2 and D-dimers, and reactional fibrinolysis, including plasmin antiplasmin 
complexes, in addition to those of endothelial cell activation, suggesting useful 
markers when considering indication for warfarin treatment. Finally, warfarin 
should carefully be administered to PNH patients, who especially have thrombocy-
topenia, because of complication of warfarin-induced hemorrhage, including fatal 
hemorrhage [51].

15.2.3  Supportive Care

15.2.3.1  Blood Transfusion

When the effect of drug therapies on hemolysis or bone marrow failure in PNH, 
described above, is not sufficient, PNH patients need RBC and platelet transfusion 
for anemia and hemorrhagic diathesis, respectively. In Japan, RBC transfusions are 
usually performed below 7 g/dL of Hb concentrations with subjective symptoms of 
anemia, while platelet transfusions below 1 × 104/μL with hemorrhagic diathesis. 
The use of saline-washed RBCs has been advocated to minimize hemolysis after 
transfusion to patients with PNH [27], which may be due to the infusion of activated 
C components present in the plasma in the stored blood. However, in 1989, Brecher 
and Taswell [55] indicated that the use of saline-washed RBCs is unnecessary and 
that patients with PNH should be transfused with group-specific blood and blood 
products from the experience in 23 PNH patients who had been transfused with 556 
blood components, including 431 RBC products. At present, when PNH patients are 
transfused, physicians in most hospitals in Japan use packed RBC products supplied 
by the Japan Red Cross, but not saline-washed RBC products, because almost white 
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blood cells (WBCs) and plasma of the blood donor are eliminated from the packed 
products. Naturally, it is allowed to use washed RBC products when PNH patients 
with higher proportions of PNH-type erythrocytes are transfused.

15.2.3.2  Iron Chelation Therapy for Hemosiderosis Associated with RBC 
Transfusions

Bird et al. [56] proposed the disorders of bone marrow failure syndromes, including 
myelodysplastic syndromes (MDS), primary myelofibrosis, MDS/myeloprolifera-
tive neoplasm, AA, pure red cell aplasia, and allogeneic stem cell transplant, which 
may develop hemosiderosis predominantly in the liver, heart, and endocrine in asso-
ciation with RBC transfusions. Although PNH patients develop iron deficiency ane-
mia rather than hemosiderosis in most cases because of the increase of erythropoiesis 
associated with C-mediated hemolysis, there is some possibility that PNH patients 
with hypoplastic bone marrow, myelodysplasia or myelofibrosis may occasionally 
have it as a result of frequent RBC transfusions. To avoid adverse effects by hemo-
siderosis, iron chelation therapy should be considered and administered in these 
patients [57].

15.2.4  Therapy for Complications of PNH

15.2.4.1  Iron Deficiency Anemia

PNH patients often develop iron deficiency anemia due to loss of iron by hemoglo-
binuria and hemosiderinuria. If PNH patients have iron deficiency anemia with sub-
jective symptoms, such as general malaise, vertigo, and palpitation, and Hb 
concentration of below 7 g/dL, oral administration of iron may be initiated. However, 
iron replenishment in most cases results in exacerbations of hemolysis probably due 
to the delivery to the circulation of C-sensitive erythrocytes which derive from the 
burst of erythropoiesis that follows iron administration [27, 29, 58]. Therefore, iron 
replenishment should be discontinued as soon as subjective symptoms from anemia 
disappear despite Hb concentration. If PNH patients with severe iron deficiency 
anemia wish to securely and sufficiently raise Hb concentration, they should receive 
RBC transfusions because they suppress the burst of erythropoiesis of C-sensitive 
erythrocytes.

15.2.4.2  Renal Dysfunction

Chronic kidney disease (CKD) in PNH patients is caused by some factors, such as 
hemosiderin deposition predominantly in the proximal tubules, diffuse vascular 
damage and microthrombosis indicated by autopsy findings of infarction, papillary 
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necrosis, and interstitial scarring, and tubulointerstitial inflammation, associated 
with chronic exposure to free Hb and decrease of NO due to it [59, 60]. In addition, 
it is well known that total NO production is decreased in renal disease due to 
impaired endothelial and renal NO production [61]. Hillmen et al. [62] reported that 
prior to eculizumab treatment, 64 % of PNH patients had evidence of CKD assessed 
by the criteria of the National Kidney Foundation [63]. Subsequently, they demon-
strated that following 36 months of treatment with eculizumab, 93.1 % of PNH 
patients showed either an improvement or stabilization in CKD [21]. It is generally 
known that patients with G3b of the CKD stage, who have below 45 mL/min-
ute/1.73 m2 of glomerular filtration rate, increase overall death, death by cardiovas-
cular disorders, progress to end-stage kidney injury, and rate developing acute 
kidney injury [64], suggesting that eculizumab therapy for PNH patients should be 
initiated before they develop CKD of stage G3b. PNH patients, who have CKD with 
no effects of eculizumab treatment on renal injury and impairment of renal function 
or develop CKD of stages G3b to G5 and acute kidney injury, should be treated for 
various complications triggered by them with conventional and medicine therapies 
and hemodialysis [65]. Nishimura et al. [7] reported that CKD accounts for 8–18 % 
of disease-related mortality. Anemia derived from kidney disorders at the stage of 
G4 of the CKD stage classification is found in half of CKD patients [66].

15.2.5  HSCT

It is well known that HSCT is curative therapy for PNH [10]. In fact, if HSCT is 
successful, the transplanted patients have little relapse of PNH [67]. Allogeneic 
HSCT with myeloablative conditioning had curative, high rates (almost >20 %) of 
graft failure and modest overall survival (almost <60 % at 2 years). In spite of cura-
tive effect of it, the number of PNH patients, who actually underwent HSCT and 
were reported in the world, is much less [67–77] (Table 15.2), because long-term 
survival rate in patients with PNH is better than that in patients with malignant 
hematopoietic disorders, and there is the risk of death through HSCT, although the 
feasibility of non-myeloablative HSCT for PNH with a reduced intensity condition-
ing has been demonstrated [75–77], as shown in Table 15.2. It has been reported that 
50 % survival period of PNH patients in UK, France, Japan, and USA was 10.0, 
14.6, 16.0, and 23.3 years, respectively [6, 7, 9, 19]. Therefore, most PNH patients 
are occasionally observed and then treated with supportive procedures, like transfu-
sion and replacement fluid, and medication. The protocol for treatment of PNH 
according to each pathophysiology is proposed and almost approved by specialists 
of PNH in Japan (Fig. 15.2). Before launching of eculizumab, prednisolone, andro-
gens, and warfarin have played the main roles in treatment of intravascular hemoly-
sis, bone marrow failure, and thrombosis, respectively. However, the roles of these 
drugs and HSCT are changing because of a beneficial effect of eculizumab on 
reducing C-mediated hemolysis in PNH. It has been considered that HSCT for PNH 
is generally applied to patients with severe bone marrow failure, severe and repeated 
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Table 15.2 Reports of HSCT for PNH patients

Author Patients Conditioning Donor Survival

Antin et al. 
[66] (1985)

4 Cy/PCZ/ATG/(n = 2) or Bu/Cy/
PCZ/ATG (n = 2)

HLA-identical 
sibling

4/4

Kolb et al. [67] 
(1989)

1 Bu/Cy HLA-identical 
sibling

1/1

1 None Syngeneic twin 1/1
Kawahara et al. 
[68] (1992)

6 Cy (n = 4) or Bu/Cy (n = 2) HLA-identical 
sibling

6/6 *

2 None Syngeneic twin 2/2 *
1 TBI/Cy Parent 0/1

Bemba et al.
[69] (1999)

16 TBI/Cy (n = 9) or Bu/Cy (n = 6) 
or TBI/Cy (n = 1)

HLA-identical 
sibling

9/16

Saso et al. [65] 
(IBMTR) 
(1999)

48 Cy (n = 3) or Bu/Cy (n = 25) or 
TBI/Cy (n = 20)

HLA-identical 
sibling

27/48

2 TBI/Cy/Bu or CY Syngeneic twin 2/2
1 Bu/Cy Parent 0/1
6 Bu/Cy (n = 4) or TBI/Cy (n = 2) HLA-matched 

unrelated
1/6

Raiola et al. 
[70] (2000)

7 Bu/Cy HLA-identical 
sibling

7/7

Woodard et al. 
[71] (2001)

3 TBI/ATG/Cy/Ara-C HLA-matched 
unrelated

3/3

Lee JL et al. 
[72] (2003)

3 Bu/Flu/ATG HLA-identical 
sibling

2/3

2 Cy/ATG l-locus-mismatched 
related

2/2

Hegenbart 
et al. [73] 
(2003)

2 Flu/TBI HLA-identical 
sibling

4/7

5 HLA-matched 
unrelated

Srinivasan 
et al. [74] 
(2006)

12 Cy/Fly/(ATG) HLA-identical 
sibling

11/12

Parent
l-antigen-mismatched 
sibling

Santarone et al. 
[75] (2010)

26 Bu/Cy (n = 15) or Flu/Thio/
Melph (n = 3)

HLA-identical 
unrelated

15/26

Cy (n = 1), Cy/Thio (n = 1), Cy/
Fly (n = 2), or Cy/Flu/TBI (n = 
5)

HLA-matched 
unrelated
Haploidentical 
mother

(0/1)

l-antigen- 
mismatched sibling

(0/1)

l-antigen- 
mismatched 
unrelated

(0/1)

Abbreviations: Cy cyclophosphamide, PCZ procarbazine, Bu busulfan, TBI total body irradiation, 
Ara-C cytarabine, Flu fludarabine, Thio thiotepa, Melph melphalan
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exacerbations of hemolysis, and severe and repeated thrombosis, who have the risk 
of death. In the eculizumab era, the indication of HSCT for PNH may be limited 
predominantly to patients with severe bone marrow failure [10]. In addition, it must 
be evaluated whether we should add eculizumab to a conditioning regimen of HSCT 
and how eculizumab should be used in the regimen [78].
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Chapter 16
Clinical Effects of Eculizumab in PNH

Jeffrey Szer

Abstract Eculizumab is a humanized monoclonal antibody which binds with high 
affinity to the fifth component of complement preventing its cleavage into C5a and 
C5b. Given that the clinical manifestations of paroxysmal nocturnal haemoglobin-
uria (PNH) are based on the activity of C5b-9, (the membrane attack complex) on 
unprotected PNH erythrocytes, eculizumab was tested as a therapeutic in this dis-
ease in four clinical trials beginning in 2002, including a placebo-controlled double- 
blind study, and was found to have efficacy in reducing markers of intravascular 
haemolysis, improving haemoglobin levels and reducing transfusion requirements 
as well as improving renal impairment, decreasing the rate and risk of thromboem-
bolic phenomena and improving many measurable quality of life parameters. 
Additionally, studies undertaken following the completion of the trials suggest an 
improvement in overall survival such that patients treated with eculizumab for up to 
8 years appear to have survival very similar to an age- and sex-matched population. 
This well-tolerated therapy has maintained all of the clinical benefits seen in the 
clinical trials over long-term use.

Keywords Eculizumab • Complement • PNH

16.1  Introduction

Eculizumab is a largely humanized monoclonal antibody directed against an epit-
ope of the fifth component of complement (C5). It binds with extreme avidity and 
specificity and does so irreversibly, resulting in the prevention of cleavage of the 
molecule to produce C5a and the active C5b-9. The initial studies with this agent as 
a therapeutic were directed at inflammatory diseases felt to be complement depen-
dent such as rheumatoid arthritis and nephritis [1, 2], but given the understanding of 
the pathophysiology of the disease paroxysmal nocturnal haemoglobinuria (PNH), 
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this was felt to be an appropriate target for complement blockade. Available data 
suggested that most if not all of the manifestations of PNH were due to unimpeded 
activity of complement on red blood cells.

16.2  Clinical Trials

The clinical efficacy of eculizumab in PNH was defined by the results of four clini-
cal trials as well as a considerable amount of posttrial experience and, more recently, 
output from the PNH Registry.

16.2.1  Pilot Study

A phase 2 open-label study conducted in 11 patients with clearly haemolytic  
(classical) PNH requiring red cell transfusion support was undertaken in Leeds, 
UK, from May to December 2002 [3]. The effects noticed in this population of 
patients were sufficiently positive to move straight to a placebo-controlled random-
ized study. All 11 adult patients were treated with the now-standard regimen of 
eculizumab, 600  mg by intravenous infusion weekly for 4 weeks followed by a 
900 mg dose 1 week later and then every second week. The study period was 12 
weeks (a total of eight infusions) during which time pharmacokinetic and pharma-
codynamics data were collected as well as parameters of haemolysis and quality  
of life.

All patients completed the study during which time there were no deaths or 
thromboembolic episodes. All patients showed evidence of haemolysis inhibition 
after the first dose of eculizumab as evidenced by decreases in the serum concentra-
tion of lactate dehydrogenase.

One patient in this study showed recurrence of haemolysis before the next dose 
was due based on a drop in serum levels of eculizumab and rise in lactate dehydro-
genase on the day the next dose was due. This was the first patient where a subopti-
mal response was restored by decreasing the dosing interval to 12 days.

The major conclusion of this study was to confirm the importance of comple-
ment activation as the mechanism of haemolysis in PNH.

16.2.2  TRIUMPH Study

This was a placebo-controlled, 26-week, randomized study of eculizumab in 
patients with haemolytic PNH conducted in many centres in nine countries around 
the world [4]. The patient population was 89 patients who had been treated with at 
least four episodes of red cell transfusion in the previous 12 months, and patients with 
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significant marrow failure as evidence by a platelet count of less than 100 × 109/L 
were excluded. These criteria resulted in 89 patients being randomized of 115 
patients who were formally screened for the study. Criteria for inclusion which were 
subsequently adopted by a number of regulatory agencies to define a suitable patient 
population for treatment with eculizumab included the transfusion threshold, a PNH 
erythrocyte clone proportion of at least 10 % and a lactate dehydrogenase concen-
tration of at least 1.5 multiples of the upper limit of the normal range. There was an 
observation period of 2 weeks followed by the treatment regimen of 600 mg weekly 
followed 1 week later by the first of 11 doses of 900 mg of eculizumab or placebo.

The findings of the pilot study were confirmed and reinforced with additional 
understanding of the effect of treatment on transfusion dependence, haemoglobin 
levels, thrombosis and quality of life issues particularly fatigue as well as an under-
standing of the sustainability of effect.

16.2.3  SHEPHERD Study

The previous studies were restricted to patients with haemolytic PNH, without 
significant marrow failure and with a significant transfusion requirement. The 
SHEPHERD study [5] was a more real-world, open-label treatment trial in 97 
patients with PNH defined by a clone size of more than 10 % and an elevated lactate 
dehydrogenase, but a platelet count as low as 30×109/L and a neutrophil count of at 
least 0.5x109/L were acceptable, and only a single erythrocyte transfusion was 
required in the previous 24 months prior to study entry. This study had a treatment 
duration of 52 weeks.

The major conclusions of this study was that patients with these more liberal 
treatment criteria (69 of the 97 would not have been eligible for TRIUMPH study) 
responded as well as those in previous studies similar to those with a heavy transfu-
sion requirement and did so independent of the platelet count: patients with platelet 
counts of less than 65×109/L derived similar benefits from eculizumab treatment as 
those with higher counts. Thus, it was concluded that eculizumab treatment was 
appropriate for a broad population of patients with PNH.

16.2.4  AEGIS Study

This was a confirmatory, open-label study for 12 weeks, undertaken in Japan in 
which 29 patients with PNH with eligibility criteria approximately those of the 
SHEPHERD study were treated with the previously described regimen undertaken 
for registration purposes in Japan [6]. The results were consistent with those seen 
in the SHEPHERD study; however, it was notable that unlike the observations in 
previous trials, two patients in the AEGIS study showed no clinical response to 
eculizumab despite serum levels suggesting that complement should have been 

16 Clinical Effects of Eculizumab in PNH



274

fully blocked. This was subsequently shown to be due to a complement mutation 
preventing the binding of eculizumab and so far only identified in the Japanese 
population [7].

16.2.5  Long-Term Extension Study

Patients in the pilot, TRIUMPH and SHEPHERD, studies (a total of 195 patients) 
were eligible to transition to the long-term extension study where treatment with 
eculizumab was continued in those patients on active therapy on trials or transi-
tioned to active therapy for the placebo-treated patients in TRIUMPH [8].

16.3  Haemolysis

The importance of lactate dehydrogenase (LD) levels as a biomarker of haemolysis 
was demonstrated most clearly in the TRIUMPH study which mirrored each of the 
other trials in results but, because of the presence of a placebo-treated control group, 
confirmed the effectiveness of eculizumab in reducing haemolysis. Figure 16.1 
clearly shows the dramatic drop in LD within 1 week of the first 600 mg dose of 
eculizumab. The median LD level at baseline was 2199 IU/L with a drop to 

Fig. 16.1 This graph shows the degree of intravascular haemolysis according to the mean levels 
of lactate dehydrogenase (LD) from baseline to week 26 in the two patient groups of the TRIUMPH 
trial. The dashed line indicates the upper limit of the normal range for LD.  In the eculizumab 
group, the mean level of LD was reduced to just above the upper limit of the normal range at week 
26; of 41 patients in this group who completed the study, 15 had levels within the normal range. In 
the placebo group, all patients had levels at least five times above the upper limit of normal at week 
26 (From Ref. [4])
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approximately one quarter of that 1 week later and a stable median level just above 
the upper limit of normal at week 4 which was maintained to week 26 when the 
level was 327 IU/L. The South Korean group has additionally confirmed the impor-
tance of an LD level of at least 1.5 multiples of the upper limit of normal as a prog-
nostic marker in PNH [9]. Long-term follow-up studies have demonstrated 
maintenance of this control of intravascular haemolysis to 5 or more years [9, 10].

While the total population of patients demonstrates stability of control, individ-
ual patients do demonstrate transient periods of heightened haemolytic activity as 
evidence by LD elevation. These episodes may be precipitated by other processes, 
most notably infection [11], surgical procedures [12] and pregnancy [13], and may 
require dose increases or reduction in interval of dosing during these periods. There 
is no reason to discontinue eculizumab during such episodes, and any such discon-
tinuation runs the risk of precipitating massive haemolysis although few episodes of 
such occurrences have been documented.

An alternative measure of haemolysis is used in pharmacodynamics assays in 
which serum with known concentrations of eculizumab after intravenous adminis-
tration is used in in vitro assays of haemolysis with a break point of 20 % haemoly-
sis considered significant. Studies were undertaken in each of the clinical trials 
where a trough concentration of eculizumab of less than 35 μg/ml resulted in exces-
sive in vitro haemolysis in a majority of cases. Of the 195 patients in the extension 
study, 49 patients (of 145 patients with samples available) demonstrated levels  
<35 μg/ml.

16.4  Transfusions and Anaemia

In each of the clinical trials, transfusion requirements were found to decrease among 
patients treated with eculizumab. During the 26 weeks of the randomized TRIUMPH 
study [4], the median number of red cell units transfused was 10  in the placebo 
group and 0 in the active treatment group. The mean units transfused were 11 and 3, 
respectively. Figure 16.2 shows that the effect on transfusion requirements contin-
ued to improve over 36 months of follow-up. The proportion of patients completely 
independent of transfusion requirements in the prior 6 months decreased from over 
90 % at baseline to under 40 % at 6–12 months of treatment to under 20 % at 30–36 
months. It was perhaps not surprising that the patients with the highest baseline 
transfusion requirements were less likely to achieve complete transfusion indepen-
dence than those with lower requirements. Many patients in the SHEPHERD study 
had no transfusion requirement despite significant haemolysis as measured by LD 
elevation. Accordingly, while transfusion reduction is an important end point in 
treatment of PNH, it is not seen universally across a real-world population of PNH 
patients.

A significant proportion of patients with PNH is anaemic due to intravascular 
haemolysis and various degrees of marrow aplasia [14]. In the long-term study [9], 
treatment with eculizumab resulted in a steady increase in the haemoglobin 
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 concentration from 93.7 g/l at baseline to 99.2 g/l after 2 weeks of treatment to 
104.7 g/l by 24 months. This response was maintained after 36 months of observa-
tion. An early study showed that the addition of exogenous erythropoietic agents 
[15] improved haemoglobin levels and reduced transfusion rates in some patients. 
Such treatment has not become standard in patients with PNH but may be consid-
ered in patients with significant aplastic anaemia [16].

16.5  Thrombosis

Thrombosis is arguably the most serious complication of PNH and is the major 
cause of deaths of patients with this disease. Perhaps the most significant finding of 
the clinical trials with eculizumab was the extremely low rate of thromboembolic 
phenomena after treatment was initiated. There is a direct correlation between intra-
vascular haemolysis and thrombosis in PNH, but the association is much more com-
plicated than that as a heightened thrombosis risk is the result of interactions 
between the coagulation cascade, complement, PNH erythrocytes and platelets and 
the products of intravascular haemolysis. This has been thoroughly reviewed by 
Hill [17].

The use of primary prophylactic anticoagulation has been common in patients 
with PNH [18]. It has been variably applied to patients who are otherwise asymp-
tomatic who have larger PNH clone populations. The clinical trials of eculizumab 

Fig. 16.2 Percentage of transfusion-independent and transfusion-dependent patients over time. 
Transfusion-independent patients were those who did not require a blood transfusion during the 
previous 6 months; transfusion-dependent patients had received at least one blood transfusion in 
the previous 6 months (From Ref. [8])
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had in common the requirement that no change in prophylactic anticoagulation was 
to occur during the period of study. Thus, patients already on anticoagulants were to 
continue at their usual doses, while those not already receiving such therapy were 
prohibited from commencing it during the study period.

During the 26 weeks of the TRIUMPH study, a single thrombotic event occurred 
in a patient on the placebo arm of the trial. Approximately 20 % of the patients in 
this study had a prior history of thrombosis, and 25 % of the actively treated patients 
and 49 % of the placebo-treated patients were on anticoagulation during the trial. In 
the SHEPHERD study, two patients had thrombotic events. Both had a prior history 
of thrombosis, one occurred a month following early cessation of eculizumab and 
the other about 6 months into study period.

Detailed understanding of the effect of eculizumab on thrombotic risk came from 
the analysis of the extension study. Of the 195 patients, 63 had a prior history of 
thromboembolic events. In the period after active treatment was commenced, seven 
patients (five of whom had had pretreatment thrombosis and four were on antico-
agulants) experienced ten episodes of thromboembolism, three in one patient. These 
events were observed 170–876 days after commencing eculizumab. The analysis 
based on time at risk of developing thrombosis both before and after commencing 
eculizumab showed that the institution of therapy decreased the rate of thrombosis 
from 11 events per 100 patient-years to 2 events per 100 patient-years.

The role of anticoagulants was also examined in this analysis. Patients were 
either treated with anticoagulants prior to therapy (11 patients) or both before and 
during therapy (84 patients), and three patients were commenced on therapeutic 
anticoagulants after developing a thrombosis on eculizumab therapy.

These data do not provide any evidence from which to recommend or not recom-
mend cessation of anticoagulants after the commencement of eculizumab. It was 
noted that 11 patients ceased anticoagulants after commencing eculizumab, none of 
whom had developed a thrombosis after stopping anticoagulation. Also reported in 
this paper was the case of a patient who developed an ultimately fatal small bowel 
thrombosis 19 days after ceasing eculizumab on physician advice [19].

Eculizumab clearly reduces the risk of thromboembolic phenomena in patients 
with PNH. Patients who are commenced on eculizumab therapy prior to a thrombo-
embolic event are unlikely to commence or benefit from primary thromboprophylaxis. 
It is less clear what should happen to patients with a prior thromboembolic event 
prior to commencing eculizumab therapy as well as patients stable on eculizumab 
who develop a potentially high thrombogenic condition such as pregnancy [13].

16.6  Quality of Life

Patients with haemolytic PNH frequently described “feeling better” soon after com-
mencing eculizumab treatment. Objective evidence for such improvement came 
from the detailed quality of life assessments undertaken as primary analysis end 
points in the clinical trials. The major symptom experienced by these patients was 
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fatigue, and the validated FACIT-Fatigue instrument [20] has proven to be a reliable 
measure of the effect of treatment. Overall quality of life was additionally assessed 
using the EORTC QLQ-C30 tool [21]. In the TRIUMPH study paper [4], patients 
treated with eculizumab had a clinically significant improvement in fatigue score of 
6.4 points (4 is considered significant) by week 26, while the placebo patients dete-
riorated by 4.0 points. The deterioration in fatigue scores in the placebo group is 
attributable to frequent visits and rigorous investigations, further demonstrating the 
significance of the positive effect of active inhibition of complement activation on 
these patients. The global health scores were significantly improved in the 
eculizumab- treated patients as well as all five functioning scales, two of three symp-
tom scores (fatigue and pain but not nausea and vomiting) and for three of six 
single- item measures (diarrhoea, anorexia and insomnia). The single-item measures 
that were not significantly improved were financial difficulties, constipation and 
diarrhoea. The same fatigue and quality of life instruments were used in the Japanese 
AEGIS study in which it was again demonstrated that there were significant 
improvements in quality of life and fatigue measures comparing pretreatment val-
ues with those after 12 weeks of treatment [6]. A Cochrane review of outcomes in 
patients treated for PNH suggested that future studies of quality of life issues in this 
patient group should be undertaken using recommendations made by the Foundation 
of Patient-Centered Outcomes Research [22].

Research tools built into the global PNH Registry are likely to provide robust 
quality of life data on these patients over an extended period of observation.

16.7  Smooth Muscle Dystonia

These symptoms in PNH are directly related to intravascular haemolysis and nitric 
oxide depletion by plasma-free haemoglobin and include abdominal pain, dyspha-
gia and erectile dysfunction in males. They are observed in 25–35 % of patients. 
There are a number of case reports that attest to the impressive reversal of these 
symptoms in a majority of patients after intravascular haemolysis has been blocked 
by eculizumab therapy [23, 24].

16.8  Renal Function

Abnormalities of renal function affect a significant proportion of patients with PNH, 
and outcomes were closely monitored during the clinical trials. In the AEGIS study 
of 29 Japanese patients [10], 19 patients had evidence of chronic renal disease at 
baseline, and 12 of them had improvement in renal function, while one patient dete-
riorated. In addition, significantly more patients improved their stage of chronic 
renal failure than deteriorated, while 55 % had no change in stage. Patients with 
earlier stages of chronic renal disease were more likely to improve than those with 
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higher stages, but numbers in this study were relatively small. In the extension study 
[8], renal function was formally assessed at a 6-month interval and was specifically 
addressed in a publication by Hillmen et al. [25]. Renal dysfunction or damage was 
observed in 65 % of the study population at baseline with 21 % of patients with later 
stage (stages 3–5) chronic renal disease or kidney failure. It was concluded that 
eculizumab treatment was safe and well tolerated in patients with renal dysfunction 
and resulted in statistically significant and clinically meaningful improvement 
(reduction) of chronic renal disease stage compared to baseline and to placebo. To 
confirm the AEGIS results, improvement in renal function was more commonly 
seen in patients with baseline chronic renal disease stages 1–2 where there was a 
67.1 % improvement, although improvement was also seen in patients with stages 
3–4 chronic renal disease. Improvements occurred quickly and were sustained. 
Forty (40) of 195 patients normalized renal function from an abnormal level after 18 
months of treatment.

16.9  Pulmonary Hypertension

This less commonly considered complication of PNH has been reviewed and is 
known to contribute to the fatigue and dyspnoea experienced by patients with PNH, 
independent of anaemia [26, 27]. The mechanism of this complication, described as 
occurring in up to 36 % of patients with PNH and haemolysis when screened with 
Doppler echocardiography and levels of pro-brain natriuretic peptide (proBNP), is 
directly related to intravascular haemolysis and nitric oxide consumption with a 
contribution by definable pulmonary emboli. Seventy-three patients in the 
TRIUMPH study were closely evaluated for pulmonary hypertension. Almost half 
(47 %) of the patients had elevated levels of proBNP at baseline, and eculizumab 
treatment resulted in a 50 % reduction in the proportion of patients with elevated 
proBNP by week 26. Intriguingly, these changes began rapidly and were seen as 
early as to weeks after treatment commenced. These changes in proBNP were also 
statistically correlated with improvements in dyspnoea scores [27].

16.10  Survival

None of the clinical trials undertaken examined survival as an end point. Previous 
studies have shown a mortality of up to 35 % at 5 years of observation in patients 
with PNH [28]. During the conduct of the extension study of 195 patients, four died 
while on therapy with eculizumab [8]: three of these deaths were unrelated to ther-
apy or PNH (chronic myelomonocytic leukaemia in a patient with known myelo-
dysplastic syndrome, metastatic gastric cancer and a postsurgical cerebral event). 
The fourth patients died of a thrombotic complication of the small intestine after 
eculizumab was withdrawn by the physician as described previously.
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In an ultrarare disease such as PNH, population-based studies are likely to give 
the best indication of impact on survival of any therapeutic intervention. From a 
post hoc analysis of trial data, the Cochrane analysis referred to above was unable 
to identify any evidence of impact of eculizumab treatment on the survival of 
patients with PNH [22]. A French study [29] suggested an improvement in survival 
of treated patients compared to historical series of patients who were untreated 
although untreated patients in the more recent eras had improved survival compared 
with those of more distant times.

Kelly conducted a case-matched controlled study of the survival of patients with 
PNH treated with eculizumab in the UK compared to the reported population data 
[30]. In this study of 79 patients followed for up to 8 years (mean 3.3 years), sur-
vival of patients with PNH treated with eculizumab was similar to the control popu-
lation, very different to the natural history data previously described in this 
population in which survival of patients with PNH was considerably worse than the 
normal age- and sex-matched population [28]. The effect on survival was more 
obvious in patients 70 years of age or less than those more than 70 years.

16.11  Conclusion

The introduction of eculizumab into the management of patients with haemolytic 
PNH has resulted in demonstrated benefits in outcome with improvements in degree 
of anaemia, transfusion requirements, rates of thrombosis, chronic renal disease, 
pulmonary hypertension and symptoms of muscle dystonia. No evidence has pre-
sented to suggest that eculizumab has any benefit of underlying marrow failure or 
myelodysplastic syndromes which require treatment on their own merits.

The real-life clinical impact of eculizumab on patients with PNH will become 
clearer as data from the international PNH Registry become more complete and are 
appropriately analysed and published.
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Chapter 17
Clinical Effects of Eculizumab in PNH: 
Extravascular Hemolysis After Eculizumab 
Treatment

Rosario Notaro and Antonio M. Risitano

Abstract The most important advance in the management of paroxysmal nocturnal 
hemoglobinuria (PNH) has been the introduction of eculizumab, a human monoclo-
nal antibody against the C5 component of complement, that abrogates intravascular 
hemolysis by preventing the formation of the complement membrane attack com-
plex. Complement blockade by eculizumab has proven to be clinically effective in 
hemolytic PNH, reducing the transfusion requirement in most of patients. However, 
in almost all PNH patients on eculizumab, a proportion of PNH red cells become 
coated with C3 and thus a potential target of phagocytosis by macrophages. This 
phagocytosis results in a variable degree of extravascular hemolysis that in some 
patients may limit the clinical benefit from eculizumab: in fact, at least one in four 
of transfusion-dependent PNH patients remain transfusion dependent even on ecu-
lizumab, and these patients may also have a high risk to develop iron overload. 
Unfortunately, there are not yet established treatments for the cases in which this 
extravascular hemolysis became clinically relevant: it is possible that new strategies 
for complement blockade could overcome this condition.

Keywords PNH • Eculizumab • Intravascular hemolysis • Extravascular hemolysis 
• C3 • C5

17.1  Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) is characterized by the clinical triad 
of intravascular hemolysis, venous thrombosis, and cytopenias [1–4]. The charac-
teristic hemolytic crisis may conceal the fact that in PNH the hemolysis is chronic 
and present at any time [1, 2]: in fact, Ettore Marchiafava in 1928 called the disease 
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PNH with perpetual hemosiderinuria [5]. PNH intravascular hemolysis and, likely, 
the high risk of thrombosis are secondary to the inability of blood cells with the 
PNH phenotype to cope with activated complement. Thus, it was conceivable that 
the inhibition of complement could prevent hemolysis (and, likely, thrombosis). 
However, this idea became a reality only at the beginning of this century with the 
clinical development of a humanized anti-C5 monoclonal antibody, eculizumab [6]. 
The treatment with eculizumab has proved to be safe and highly effective in control-
ling the intravascular hemolysis [7–9]. Thus, this treatment with a single agent has 
radically changed the standard of care for PNH [10]. However, any therapy, even 
when effective, may have limitations and in some case these limitations may pro-
vide new insights into the pathophysiology of the disease, and the therapy with 
eculizumab is not an exception.

17.2  The Impaired Response to Eculizumab

It is really impressive that eculizumab is able to stop or, at least, to markedly reduce 
intravascular hemolysis in almost all treated patient. Despite the excellent control of 
the intravascular hemolysis, testified by the almost normal LDH levels, the hemato-
logical response to eculizumab is variable. Indeed, some patients remain transfusion 
dependent, even though their transfusion requirement may decrease [11, 12]. In the 
registrative clinical trial, after 6 months of follow-up, and in a subsequent trial, after 
12 months of follow-up, the transfusion independence was obtained in 51 % of 
patients [7, 8]: the long-term analysis of these trials found that transfusion indepen-
dence was reached in 65 % of the 134 patients who reached 30 months of follow-up 
and in 82.1 % of the 78 patients who reached 36 months of follow-up [13]. In other 
series, that may include also a fraction of patients enrolled in the above trials, the 
transfusion independence was obtained in a variable proportion of transfused 
patients: from 13 % of 30 patients [12] up to 84 % of 51 patients (update of Risitano 
et al. 2009) [14].

Transfusion independence was the main criterion of response in the initial regis-
trative trials. More recently, different reports have tried to associate clinical response 
to eculizumab with the actual hematological benefit that PNH patients experience 
after long-term treatment with eculizumab. Indeed, persistent need of RBC transfu-
sions identifies the minority of patients who have a limited benefit from eculizumab; 
however, it does not track the fraction of patients who, even if do not require regular 
transfusions, continue to suffer from chronic anemia. Unfortunately, the issue of 
hematological benefit during eculizumab treatment has not been systematically 
addressed in large clinical trials, and the attempts to categorize hematological 
response remain somehow elusive. We have proposed a classification of hemato-
logical response, where transfusion independence associated with stable normal- 
like Hb values (an arbitrary cutoff of 11 gr/dL was utilized) is defined as optimal 
hematological response [11]. All the remaining suboptimal responders are further 
grouped in three response categories: (i) major hematological response is characterized 
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by transfusion independence with stable moderate anemia (Hb >8 g/dL); (ii) partial 
hematological response is defined by >50 % reduction of transfusion needs; and (iii) 
minor hematological response is defined as <50 % reduction of transfusion needs. 
Notably, all these response categories imply an adequate control of intravascular 
hemolysis, defined as marked reduction in LDH levels (patients with no reduction 
in LDH levels are defined as nonresponders, but likely they are limited to the few 
subjects carrying mutations in the C5 gene [15]. According to these categories, in 
our original cohort described in 2009, 15 patients (37 %) achieved an optimal 
response, 18 (44 %) a major response, 5 (12 %) a partial response, and 3 a minor 
response (attributed to progression to aplastic anemia, Fig. 17.1).

Since some degree of bone marrow failure (BMF) is present in any PNH patient, 
BMF may influences the clinical presentation of PNH. It is obvious that comple-
ment blockade is ineffective in PNH/AA patients in which there is a high degree of 
BMF and little or none hemolysis. However, there are patients in which the impaired 
production of red cells cooperates with hemolysis in causing the anemia: it is very 
likely that in these patients, complement inhibition by eculizumab reduces but not 
prevents the need for transfusions.

17.3  Causes of Reduced Hematological Response

The therapy with eculizumab results in the strong control of intravascular hemolysis 
and the consequent marked reduction of LDH levels in almost all PNH patients 
treated with eculizumab. The only significant exception is the patients with a rare 

Fig. 17.1 Heterogeneity of hematological benefit during eculizumab treatment. Patients differ in 
their pattern of response to eculizumab. In this series, over 80 % of patients are transfusion inde-
pendent on eculizumab. This is a higher proportion than in the registration trial, and it may reflect 
selection in that trial for patients who had a high transfusion requirement. About one-half of 
patients on eculizumab still have significant anemia, and unfortunately about 15 % still require 
blood transfusion (Transf.), more or less frequently (Updated from data reported by Risitano et al. 
[11] and Luzzatto et al. [14])
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inherited polymorphism of C5 [15] (see below and Chap. 18 of this book) [16]. The 
regular administration of eculizumab at 14 days intervals maintains the complement 
blockade and effectively controls the intravascular hemolysis; nevertheless, hema-
tological response is extremely heterogeneous among patients, and several factors 
may contribute to reduced hematological benefit. Roughly, three major causes may 
hamper hematological response in PNH during eculizumab treatment: (i) impaired 
red cell production, (ii) persistent intravascular hemolysis, and (iii) de novo extra-
vascular hemolysis (Table 17.1).

17.3.1  Impaired Red Cell Production

As a hemolytic condition, in PNH the increased red cell turnover triggers compen-
satory erythropoiesis, which may eventually require vitamin and especially iron 
supplementation (in the absence of complement blockade, iron deficiency is com-
mon in PNH due to the “perpetual hemosiderinuria” described by Marchiafava) [5]. 
In addition, since some degree of bone marrow failure (BMF) is present in any PNH 
patient, it may also contribute to anemia of PNH patients, up to assume the form of 
the aplastic anemia (AA)/PNH syndrome [3, 4]. Indeed, the degree of BMF has to 
be considered in the context of eculizumab treatment, since it is obvious that com-
plement blockade is ineffective (and thus not indicated) in PNH/AA patients in 
which there is a high degree of BMF and little or none hemolysis. However, there 
are patients in which the impaired production of red cells cooperates with hemolysis 
in causing the anemia: it is very likely that in these patients, complement inhibition 
by eculizumab reduces but not abolishes the need for transfusions. In these patients, 
adequate vitamin and/or iron supplementation may improve hematological benefit 
when the impaired red cell production is mostly due to deficiencies; the use of 
recombinant erythropoietin has also been proven effective in some patients [17]. 
However, in the case of a concomitant immune-mediated BMF, additional etiologi-
cal treatments have to be considered (e.g., immunosuppression or even bone mar-
row transplantation, according to the severity of AA).

Table 17.1 Cause of reduced hematological response

Impaired red cell production Bone marrow failure
Iron and vitamin deficiency
Inadequate Epo production  
(Hill, Haematologica 2007)

Persistent intravascular hemolysis Lack of C5 inhibition because of C5 variants
Aberrant drug turnover (“breakthrough”)
Acute and/or chronic increased complement 
activation.

De novo extravascular hemolysis PNH red blood cells opsonization due  
to C3 binding
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17.3.2  Persistent Intravascular Hemolysis

Even if eculizumab results in sustained control of intravascular hemolysis, in a 
small proportion of patients, complement blockade fades quicker, and it fails in 
controlling intravascular hemolysis before a new dose of eculizumab: this results in 
hemolytic crisis and, frequently, in transfusion requirement. It is likely that in these 
patients, there is a faster drug turnover of eculizumab that causes its insufficient 
concentration (pharmacokinetic breakthrough hemolysis) [18]: in fact, in these 
patients the reduction of the intervals between ECU infusions or the increase of 
ECU dosage usually is able to overcome the hemolysis and the subsequent transfu-
sion requirement. However, to date, formal demonstration of increased drug turn-
over in these patients is lacking, even because the mechanism of clearance of 
eculizumab has not been described. Indeed, given that the majority of eculizumab 
should be circulating as complex with its target C5, it is conceivable that its turnover 
should parallel that of circulating immune complexes (which might be somehow 
modulated by genetic factors).

In addition to this pharmacokinetic breakthrough, some PNH patients on eculi-
zumab may experience episodes of intravascular hemolysis associated with infec-
tion or inflammation, when the activation of complement (possibly via its distinct 
activation pathways) [12, 14, 19] generates high levels of C5 convertase activity that 
can overcome the eculizumab blockade of C5 (pharmacodynamic breakthrough 
hemolysis) [20]. Although, this may produce a drop of hemoglobin, it should not be 
classified as a reduced response: in fact, usually it does not require blood transfu-
sion, and it does not benefit from increasing eculizumab. In any event, in PNH 
patients on eculizumab, the most frequent reason of a reduced response to eculi-
zumab and for persistent blood transfusion requirement is chronic hemolysis with 
elevated reticulocyte count.

17.3.3  De Novo Extravascular Hemolysis

Irrespective of the control of intravascular hemolysis and of impaired red blood cell 
production, another mechanism has emerged as the main reason for suboptimal 
hematological response in PNH patients on eculizumab. In almost all PNH patients 
on eculizumab, a significant fraction of GPI-negative red blood cells (RBC) is opso-
nized by complement component 3 (C3) with the previously negative Coombs test 
becoming positive; and the red cells so opsonized may undergo extravascular hemo-
lysis through C3-specific receptors expressed on splenic and hepatic macrophages 
[11]. C3 decoration on PNH red blood cells is mechanistically linked to the inter-
ception of complement cascade at the level of C5; indeed, even if PNH erythrocytes 
are spared from hemolysis because of the blockade of the terminal effector comple-
ment (which in some way compensate the lack of CD59), they remain unable to 
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control early complement activation on their surface . As a consequence, PNH 
erythrocytes continue to suffer from surface C3 activation and progressively 
accumulate C3 fragments on their surface, as easily detectable by flow cytometry 
(Fig. 17.2) (or even by direct antiglobulin test) [19, 21]. Basically all PNH patients 
on eculizumab exhibit some degree of C3 accumulation on their erythrocytes; and 
the majority of them eventually suffer from some extent of C3-mediated extravas-
cular hemolysis, as testified also by a persistent reticulocytosis. However, 
C3-mediated extravascular hemolysis becomes clinically relevant only in 25–50 % 
of them, eventually resulting in suboptimal hematological response. In fact, 25–35 
% of patients still need transfusions [11, 12, 14, 22, 23]; and the size of the fraction 
of RBC with bound C3 seems to correlate with transfusion requirement (Fig. 17.3) 
[11, 21]. The reason why C3 opsonization and even more the clearance of 
C3-opsonized erythrocytes are different among PNH patients is currently under 
investigation, as discussed below. However, it has to be remarked that, irrespective 
of its clinical relevance, this phenomenon represents a major switch in the patho-
physiology of the disease; indeed, a condition typically characterized by intravascu-
lar hemolysis during eculizumab treatment may change into another one where 
extravascular hemolysis becomes dominant. This change in the pathogenic mecha-
nism may also have additional clinical consequences; for instance, the typical iron 
deficiency consequence of perpetual hemosiderinuria is no longer detectable due to 
the prevention of intravascular hemolysis. Rather, it has been reported that during 
eculizumab treatment, iron overload may develop, especially in case of persistent 
transfusion need [19, 24, 25]; notably, preliminary data suggest that some degree 
of iron overload may become evident even in the absence of transfusions, possibly 

Fig. 17.2 C3 deposition in PNH during eculizumab treatment. Example of C3 deposition detected 
by flow cytometry in a PNH patient on eculizumab. A: isotypic control (FITC) vs. CD59 (APC, 
clone 59-APC, Valter Occhiena). B: C3 (FITC; Ab4214, Abcam) vs. CD59 (APC, clone 59-APC, 
Valter Occhiena). C: C3b/iC3b (FITC, clone 7C12) vs. CD59 (APC, clone 59-APC, Valter 
Occhiena). D: C3dg/C3d (FITC, clone 1H8) vs. CD59 (APC, clone 59-APC, Valter Occhiena)
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due to extravascular hemolysis and continuous increased iron intake triggered by 
persistent anemia (similarly to thalassemias and myelodysplastic syndromes) 
(Fig. 17.4).

17.4  Genetic Determinants of Response to Eculizumab

The heterogeneity of response to eculizumab has raised the possibility that geneti-
cally determined differences may account for inter-patient variability. The most 
obvious evidence for this comes from the observation that patients carrying a rare 
inherited genetic variant of C5, c.2654G → A, harbor an intrinsic resistance to ecu-
lizumab [15]. This C5 variant prevents the binding of eculizumab that, eventually, 
does not control intravascular hemolysis; this rare genetic variant has been found 
only in people of Far East Asian origin with an allelic frequency of 0.017 in Japanese 
population and of 0.004 in Han Chinese population [15]. Furthermore, it is possible 
to hypothesize, but not yet demonstrated, that genetic variants of C5 could account 
for possible leakage in the control of intravascular hemolysis: however, C5 genetic 
variants should not explain differences in C3 opsonization or in the degree of extra-
vascular hemolysis.
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Fig. 17.3 C3 deposition and hematological response to eculizumab. Percentage of C3+ RBCs 
within the PNH RBC population in eculizumab-treated PNH patients achieving optimal (n = 15), 
major (n = 18), or partial (n = 5) hematologic response. Each dot represents a single case; bars 
represent median values. Kruskal-Wallis U test; P = 0.01 (From Risitano et al. [11])
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The variability of mechanisms controlling C3 binding and/or removal of C3+ 
PNH red cells are likely to account for the variability of the proportion of C3+ PNH 
red cells and of the degree of extravascular hemolysis among PNH patients. It pos-
sible hypothesizes that most of this variability results from genetic diversity in 
genes coding for protein of the complement system and of its regulators.

Recently, we found that the Hind III polymorphism of the complement receptor 
1 (CR1) gene is associated with the need of blood of transfusion of patients on ecu-
lizumab [26]. Two codominant alleles of Hind III polymorphism are known: the H 
(common) allele and the L (rare) allele that are associated, respectively, with high 
and with low expression of CR1 on red cells. Patients on eculizumab who still need 
blood transfusion were 18 % among H/H homozygotes (high CR1 levels), 33 % 
among H/L heterozygotes (intermediate CR1 levels), and 68 % among L/L homo-
zygotes (low CR1 levels) (P = 0.016). Thus, higher the density of CR1 molecules on 

Fig. 17.4 Iron compartmentalization by magnetic resonance imaging (MRI) in PNH patients. 
After informed consent, T2* MRI was performed as described in Risitano et al. [24]. (a) Example 
of an untreated PNH patient (UPN NA111): MR image demonstrates a high renal CIC (dashed 
white arrows) and normal hepatosplenic CIC (white arrows). (b) Example of a PNH patient on 
eculizumab experiencing breakthrough (UPN NA102): MR image demonstrates a high renal CIC 
(dashed white arrows) and normal hepatosplenic CIC (white arrows), similarly to untreated 
patients. (c) Example of a PNH patient on eculizumab with complete blockade of intravascular 
hemolysis (UPN NA006): MR image demonstrates normal CIC in the kidneys (dashed white 
arrows), liver, and spleen (white arrows). (d) Example of a PNH patient on eculizumab with iron 
overload (UPN RM003): MR image demonstrates a normal renal CIC (dashed white arrows) and 
high hepatic CIC (white arrow) (From Risitano et al. [24])
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red blood cells better is the response to eculizumab likely through the modulation of 
the C3 binding on red blood cells. In fact, CR1 Hind III genotype correlates, in vivo, 
with the abundance of PNH red cells that have bound C3 and, in vitro, with the 
kinetics of C3 binding (Fig. 17.5).

These results are consistent with the notion that the CR1 genotype may affect the 
regulation of C3 activation (and thus C3 opsonization) at the level of red blood cell 
surface, eventually leading to differences in C3-mediated extravascular hemolysis 
and hematological response to eculizumab treatment. This emerges as a novel 
example of pharmacogenetics, which on the other hand seems do not fully explain 
the extreme heterogeneity of hematological response to eculizumab. Mutations, that 
may reach polymorphic frequency, are known in several other complement and 
complement-related genes, and all together they may potentially shape the individ-
ual genetic background affecting the response to eculizumab treatment in each PNH 
patient. Genetic variations in complement factor H (and complement factor 
H-related proteins), complement factor I, membrane cofactor protein, and complement 
component 3 (C3) have been associated to other complement-mediated disease, 
such as atypical hemolytic-uremic syndrome and age-related macular degeneration. 

Fig. 17.5 Kinetics of in vitro C3 binding according to CR1 genotype. Hind III CR1 genotype 
dictates the rate of C3 binding to PNH red cells in vitro. When eculizumab-containing sera are 
added to red blood cells, the rate of novel C3 binding to PNH red blood cells is significantly dif-
ferent depending on the CR1 genotype: H/H (n = 6) vs. H/L (n = 3), P = 0.0425; H/L (n = 3) vs. 
L/L (n = 2), P = 0.0173; for the comparison H/H (n = 6) vs. L/L (n = 2), P < 0.0001. Standard 
deviation is reported for each experimental point. H/H: homozygotes for the high expression allele 
of CR1 Hind III polymorphism. L/L: homozygotes for the low expression allele of CR1 Hind III 
polymorphism. H/L: heterozygotes for CR1 Hind III polymorphism (From Rondelli et al. [26])
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Limited data related to these genes are available in PNH patients. We have found no 
correlation between the C3 genotype and the need for blood transfusion, even if 
another group has reported that different C3 genotypes may account for different 
likelihood of transfusion independence during eculizumab treatment [27]. Data 
about the other genes commonly involved in complement-mediated diseases are 
lacking.

17.5  Management of Extravascular Hemolysis

Since the C3-mediated extravascular hemolysis is present in almost all PNH patients 
on eculizumab, a relevant clinical problem is how to manage that fraction of patients 
in whom it creates persistent transfusion dependence (or of persistent symptomatic 
anemia). It has been suggested to treat this condition by using the corticosteroid. 
However, it is really questionable whether corticosteroids might be effective: in 
fact, apart from a clinical report with short follow-up [28], our and others’ experi-
ence in more than 15 patients, suggests that it is not effective [29]. In addition, the 
serious long-term side effects of corticosteroid should prevent their use in patients 
with such a chronic disease. The usage of other forms of immunosuppression and of 
intravenous immunoglobulin has been proposed, but there are no data (as well as 
limited rationale).

Splenectomy and selective splenic artery embolization have been anecdotally 
reported effective in three patients. In two patients on eculizumab with persistent 
requirement of blood transfusions, the selective splenic artery embolization sple-
nectomy was performed mainly because of pancytopenia and splenomegaly; the 
pancytopenia improved in both patients, and the transfusion requirement was 
reduced in one and abolished in the other [30]. In one case a video-laparoscopic 
splenectomy has been performed in a patient with normal white cells and platelet 
counts because of the persistent blood transfusion requirement on eculizumab and a 
documented spleen and liver captation of 51Cr-labeled RBC: the procedure was 
uneventful, and the patients remain free of transfusion after more than 7 years  
(Fig. 17.6) [31]. For long-term complications (increased risk of infection and  
thrombosis), one would never recommend it as a standard measure.

However, it could be indicated in patients in which the splenomegaly and/or the 
splenic captation of RBC is well documented; in these case the selective splenic 
artery embolization should be chosen over surgical splenectomy because of the 
reduced risk of complication and the maintenance of some splenic tissue that could 
reduce the risk of infections.

Speculative approaches for the future might include (a) targeting the comple-
ment cascade upstream of C5, (b) interfering with the interactions between 
C3-opsonized red cells and macrophages, and (c) targeting the interaction between 
C3 and the red cells themselves. Of course it is unlikely that we can safely get rid of 
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complement altogether, and it remains to be seen whether such modes of complement 
blockade will be as safe as blocking just C5. This topic is extensively covered in the 
Chap. 18 of this book [32].
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Fig. 17.6 Effect of splenectomy on C3-mediated extravascular hemolysis. Laboratory parameters 
in relation to anticomplement treatment and splenectomy. Eculizumab (Soliris, Alexion 
Pharmaceuticals) was started in September 2005 (red arrow), according to the standard schedule 
(600 mg weekly × 4 weeks, then 900 mg fortnightly). Splenectomy was performed in May 2006 
(black arrow), by video laparoscopy, supported by vaccinations and antibiotics. No infections or 
other clinical complications have been recorded to date. The red squares depict the transfusional 
requirement (as number of packed red cell units per month); the need for transfusion (17 units in 
the previous 12 months) remained stable during the TRIUMPH study (placebo arm) and was sig-
nificantly reduced after introduction of eculizumab, which resolved intravascular hemolysis with 
LDH normalization (blue line). However, transfusion independence with hemoglobin stabilization 
(red line) was achieved only after splenectomy, and Hb levels remained stable over time even at 9 
years from splenectomy, with subsequent reduction of erythropoietic response (reticulocyte count, 
orange line). Bilirubinemia (green line) was persistently elevated (almost entirely unconjugated) 
with some fluctuations, in part due to associated Gilbert syndrome (genetically confirmed by the 
presence of homozygous (TA)7 polymorphism of the UGT1A1 gene) (update of Risitano et al. [31])
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Chapter 18
Clinical Effects of Eculizumab in PNH: Poor 
Responders to Eculizumab

Jun-ichi Nishimura, Taroh Kinoshita, and Yuzuru Kanakura

Abstract Eculizumab is a humanized monoclonal antibody that targets the termi-
nal complement protein C5 and inhibits terminal complement-mediated hemolysis 
associated with paroxysmal nocturnal hemoglobinuria (PNH). Seventeen Japanese 
patients and one native Argentinian patient were identified as having a poor response 
to eculizumab. C5 gene analyses of patients with PNH who had a good or poor 
response to eculizumab were compared, and recombinant C5 (rC5) proteins were 
assessed. A single missense C5 heterozygous mutation, c.2654G > A, which pre-
dicts p.Arg885His, was commonly identified in the Japanese poor responders but 
not in the good responders. Among the approximately 500 Japanese patients treated 
with eculizumab, 17 (3.4 %) were identified as poor responders; a similar preva-
lence of the polymorphism was also observed in healthy volunteers (3.5 %). This 
polymorphism had spread to at least one other East Asian country. Comparative 
studies of wild-type rC5 with mutant rC5 (rC5 m) showed eculizumab did not block 
the hemolytic activity supported by rC5 m; rather, it was completely blocked by 
N19/8, an anti-C5 monoclonal antibody that binds to a different site on C5 than 
eculizumab. Furthermore, rC5 m was also found to be incapable of binding to ecu-
lizumab. A separate poor responder (from Argentina) also had a mutation in this 
region, c.2653C > T, which predicts p.Arg885Cys, further supporting the impor-
tance of this site in C5 and the potential for ethnic diversity with respect to this 
phenomenon. These data are consistent with the hypothesis that the functional 
capacity of the rC5 m, together with its inability to bind to and undergo blockade by 
eculizumab, explains the poor response in patients carrying this mutation. The 
research article entitled “Genetic Variants in C5 and Poor Response to Eculizumab” 
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was originally published in the “New England Journal of Medicine” (Original 
Article, Nishimura J, et al., Genetic Variants in C5 and Poor Response to Eculizumab, 
370, 632–639, Copyright © (2014) Massachusetts Medical Society. Reprinted with 
permission.), and it is reviewed herein with some updated data.

Keywords Eculizumab • Complement-mediated hemolysis • Paroxysmal noctur-
nal hemoglobinuria • Polymorphism

18.1  Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) arises as a consequence of clonal 
expansion of hematopoietic stem cells that have acquired a somatic mutation in the 
phosphatidylinositol glycan class A (PIGA) gene [1–3]. The resulting hematopoi-
etic cells are deficient in the glycosylphosphatidylinositol (GPI)-anchored regula-
tory proteins CD55 and CD59, which account for the intravascular hemolysis that is 
the primary clinical manifestation of PNH [4–6]. PNH frequently arises in associa-
tion with bone marrow failure disorders, particularly aplastic anemia. Thrombosis is 
a major cause of morbidity and mortality, particularly in Caucasian patients with 
PNH [7–9].

Eculizumab is a humanized monoclonal antibody that specifically binds to the 
terminal complement protein C5, inhibiting its cleavage into C5a and C5b by C5 
convertases. It thereby prevents the release of the inflammatory mediator C5a and 
the formation of the cytolytic pore C5b-9 [10, 11]. C5 blockade preserves the criti-
cal immunoprotective and immunoregulatory functions of upstream components 
that culminate in C3b-mediated opsonization and immune clearance. As such, ecu-
lizumab is highly effective in reducing intravascular hemolysis in PNH. It decreases 
or eliminates blood transfusion requirements and improves quality of life and 
reduces the risk of thrombosis in patients with classic PNH and in those who develop 
PNH secondary to aplastic anemia [12–16]. Since the approval of eculizumab by 
authorities outside of Japan, more than 99 % of patients administered the drug have 
responded to treatment, as measured by a decrease in hemolysis. However, in the 
Japanese AEGIS PNH-eculizumab study, 2 of the 29 treated patients (6.9 %) were 
identified as poor responders [17, 18]. Poor response is defined as a condition in 
which levels of lactate dehydrogenase (LDH) remain markedly high during treat-
ment with eculizumab, regardless of improvements in other laboratory tests or clini-
cal symptoms. Recently, approximately 500 Japanese patients were treated with 
eculizumab, 17 of which were identified as poor responders (3.4 %), all of whom 
share the same single polymorphism. In an original article, our group sought to 
elucidate the molecular basis for the poor response in this small subset of Japanese 
patients with PNH by applying a bedside-to-bench approach. In doing so, a C5 
mutation was identified in these poor responders that prevents binding and blockade 
by eculizumab, thereby retaining its functional capacity to cause hemolysis. Herein, 
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the original research article entitled “Genetic Variants in C5 and Poor Response to 
Eculizumab” is reviewed with some updated data [19]. All blood samples were col-
lected by venipuncture after obtaining informed consent according to the Declaration 
of Helsinki. Approval was obtained for these studies from the Institutional Review 
Board at the institutes taking care of the poor responders as well as Osaka University.

18.2  Japanese Poor Responders from the AEGIS Clinical 
Study

During the 12-week eculizumab treatment period in the AEGIS study, two patients 
exhibited markedly elevated levels of LDH that did not decrease, suggesting that 
eculizumab did not protect their erythrocytes from uncontrolled complement activa-
tion (Fig. 18.1a). This was confirmed in a subsequent pharmacokinetic/pharmaco-
dynamic analysis. Despite the fact that peak and trough levels of eculizumab during 
this study remained well above the minimum level (>35 μg/ml) required to com-
pletely inhibit complement-mediated hemolysis in PNH patients (Fig. 18.1b), the 
rates of hemolysis in the two poor responders were unaffected under conditions in 
which hemolysis in responders was completely suppressed (Fig. 18.1c).

These observations were corroborated through further studies on the effect of 
exogenous eculizumab on the hemolytic activity of patient serum sampled before 
administration of the drug. Although in vitro hemolytic activity in sera collected 
from a healthy volunteer and an eculizumab responder were completely inhibited 
by eculizumab at serum concentrations of 6.25 μg/ml and 12.5 μg/ml, respectively, 
levels as high as 2000 μg/ml eculizumab did not inhibit in vitro hemolysis in the 
sera of the two poor responders (Fig. 18.2a). In contrast, results with N19/8 (an anti-
 C5 monoclonal antibody that binds to a different site on C5 than eculizumab) 
showed that suppression of complement-mediated hemolysis was similar in the 
healthy volunteer, an eculizumab responder, and the two poor responders (Fig. 
18.2b).

18.3  Nature and Prevalence of the C5 Mutation Identified 
in AEGIS Poor Responders

All 41 exons of the C5 gene were amplified with primer sets specifically designed 
for each exon, using genomic DNA prepared from mononuclear cells of poor 
responders. All resultant polymerase chain reaction (PCR) products were then 
directly sequenced. A single missense C5 heterozygous mutation was identified in 
both poor responders at exon 21, c.2654G > A, which predicts p.Arg885His. This 
mutation was not seen in the seven eculizumab responders (Fig. 18.3a). In addition, 
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it was confirmed that the 15 other poor responders identified in Japan following the 
launch of eculizumab had the same C5 gene mutation. As noted above, the 17 poor 
responders who share this mutation have been identified from a total of approxi-
mately 500 Japanese patients administered eculizumab (3.4 %).

Next, the prevalence of this mutation was analyzed in the healthy Japanese popu-
lation using a gel-based assay in conjunction with DNA samples. It was determined 
that 10 of 288 healthy volunteers in Japan had the same heterozygous mutation  
(3.5 %), which is consistent with the prevalence observed in the Japanese PNH 
patient population (Table 18.1). To determine the distribution of this polymorphism 
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Fig. 18.1 Pharmacokinetic and pharmacodynamic analyses of two poor responders from the 
AEGIS study (Original Article, Nishimura J, et al., Genetic Variants in C5 and Poor Response to 
Eculizumab, 370, 632–639, Copyright © (2014) Massachusetts Medical Society. Reprinted with 
permission). Panel A shows LDH levels in the two poor responders, UPN1 (●) and UPN2 (○), 
which were not reduced during the 12-week treatment period, as well as in all 29 patients with 
PNH enrolled in the AEGIS study (□), in whom LDH was normalized. Panel B shows levels of 
eculizumab in the two poor responders, which were consistently >50 μg/ml throughout the treat-
ment period; a typical responder (▲) is also shown. Panel C shows in vitro hemolytic activity in 
serum samples from the two poor responders, which, like LDH, was unaffected by treatment with 
eculizumab, whereas the typical responder had completely suppressed hemolytic activity through-
out the treatment period
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in other ethnic populations, several DNA panels were screened. The c.2654G > A 
polymorphism was identified in 1 out of 120 Han Chinese volunteers, but was not 
present in samples from 100 British people or in samples from 90 people of Mexican 
ancestry (Table 18.1).
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Fig. 18.2 The effect of exogenous eculizumab and a different anti-C5 antibody (N19/8) on the 
hemolytic activity of patient sera before drug administration (Original Article, Nishimura J, et al., 
Genetic Variants in C5 and Poor Response to Eculizumab, 370, 632–639, Copyright © (2014) 
Massachusetts Medical Society. Reprinted with permission). Panel A shows the effect of exoge-
nously added eculizumab on in vitro hemolysis; exogenous eculizumab up to a final concentration 
of 2000 μg/ml did not inhibit in vitro hemolysis in the predrug sera of the two poor responders, 
UPN1 (●) and UPN2 (○), whereas a response was seen in serum from a responder (▲) and a 
healthy volunteer (■). Panel B shows the effect of an anti-C5 antibody to a different epitope 
(N19/8), which suppressed complement-mediated hemolysis in sera from the healthy subject, the 
responder, and the two poor responders shown in panel A

G

Japanese 
Responders

Argentina 
Poor responders

C/TG/A

Japanese 
Poor responders

Fig. 18.3 Genetic polymorphism of C5 found in Japanese and Argentinian poor responders 
(Original Article, Nishimura J, et al., Genetic Variants in C5 and Poor Response to Eculizumab, 
370, 632–639, Copyright © (2014) Massachusetts Medical Society. Reprinted with permission). 
The panel shows the sequence of the C5 polymorphism found in Japanese and Argentinian poor 
responders in comparison with the more frequently observed sequence in responders. A heterozy-
gous missense mutation in the exon 21, c.2654G > A, predicting p.Arg885His, was identified in all 
Japanese poor responders but not in responders. A very similar mutation, c.2653C > T, which 
predicts p.Arg885Cys, was identified in an Argentinian poor responder
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18.4  Functional Properties of Mutant C5 Identified 
in Japanese Poor Responders

To close the genotype-phenotype loop, electrophoretically pure recombinant C5 
(rC5) and mutant C5 (rC5 m) containing c.2654G > A were generated and function-
ally compared in various in vitro experiments. As a preliminary experiment, it was 
confirmed that native human (n)C5, rC5, and rC5 m restored classical pathway lysis 
at equivalent levels when added to C5-depleted serum (data not shown). Eculizumab 
did not block classical pathway lysis reconstituted with rC5 m but did block rC5 and 
nC5-dependent lysis (Fig. 18.4a). By contrast, as observed with patient sera, N19/8 
inhibited lysis reconstituted with nC5, rC5, and rC5 m (Fig. 18.4b). Finally, although 
eculizumab bound rC5  in nanomolar concentrations using surface plasmon reso-
nance, including clear association and dissociation phases, there was no detectable 
binding with rC5 m in the same assay up to the highest concentration (1 μM) of 
eculizumab tested (Fig. 18.4c).

18.5  Nature and Prevalence of a C5 Mutation Identified 
in a Native Argentinian Poor Responder

A poor responder whose level of LDH remained markedly high during treatment 
with eculizumab was referred to us from Argentina. Although the known C5 poly-
morphism, c.2654G > A, was not identified in this patient, a new mutation, c.2653C 
> T, which predicts p.Arg885Cys, was found in the nucleotide next to the known 
polymorphism (Fig. 18.3). To analyze the prevalence and distribution of this new 
polymorphism, the same DNA panels described above were also screened. This 
mutation was not identified in the 120 Han Chinese, the 100 British, or the 90 peo-
ple of Mexican ancestry, suggesting that the prevalence of this polymorphism might 
be too low to be detected with this small sample size (Table 18.1).

Table 18.1 Ethnic distribution of the C5 polymorphisms

Origin
Analyzed 
numbers Japanese c.2654G > A

Argentinian 
c.2653C > T

Japanese 288 10 (3.5 %) –
British from England and 
Scotland

100 0 (0 %) 0 (0 %)

Han Chinese 120 1 (0.8 %) 0 (0 %)
Native Mexican American  90 0 (0 %) 0 (0 %)

J. Nishimura et al.
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18.6  Conclusions

Two patients with PNH enrolled in the Japanese AEGIS study did not exhibit the 
characteristic response to eculizumab treatment. Sera from these poor responders 
exhibited hemolytic activity even in the presence of high concentrations of exoge-
nously added eculizumab. However, the hemolytic activity was completely blocked 
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Fig. 18.4 The effect of the Japanese C5 polymorphism on the functional properties of C5 (Original 
Article, Nishimura J, et al., Genetic Variants in C5 and Poor Response to Eculizumab, 370, 632–
639, Copyright © (2014) Massachusetts Medical Society. Reprinted with permission). Panels A 
and B show the effect of exogenous eculizumab and N19/8, respectively, on in vitro hemolytic 
activity reconstituted with either normal human serum (▼) or C5-depleted serum containing 
either native human C5 (nC5, ▲), recombinant C5 (rC5, ■), or recombinant mutant C5 (rC5 m, ●). 
Eculizumab did not block lysis reconstituted with rC5 m but did block rC5- and nC5-dependent 
lysis. In contrast, N19/8 inhibited lysis reconstituted with nC5, rC5, and rC5 m. Panel C shows the 
binding by surface plasmon resonance (Biacore 3000) of eculizumab to rC5 with or without the 
mutation. Eculizumab bound rC5 but did not bind rC5 m at concentrations of less than 5 nM. 
Increasing the concentration of eculizumab up to 1 μM failed to elicit detectable binding to rC5 m
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by an anti-C5 monoclonal antibody (N19/8), which binds to a different site than 
eculizumab. A single missense C5 heterozygous mutation, c.2654G > A, was identi-
fied in all of the 17 Japanese poor responders and in none of the responders. This 
polymorphism exhibited a very similar prevalence in patients with PNH (3.4 %) and 
the healthy population (3.5 %) and has been identified in one other Asian country. It 
was then showed that the hemolytic activity supported by this structural variant 
in vitro was not blocked by eculizumab, but was fully blocked by N19/8, and that 
the variant was incapable of binding eculizumab. Collectively, these data support 
the hypothesis that the functional capacity of the mutant C5, together with its inabil-
ity to bind to eculizumab, accounts for the poor response in patients carrying this 
mutation.

A new polymorphism, c.2653C > T, which predicts p.Arg885Cys, was indepen-
dently identified in a native Argentinian, thus indicating the importance of this site 
in C5 recognition by eculizumab and the potential for ethnic diversity with respect 
to this phenomenon. The Arg885His/Cys mutations are proximal to the C5 MG7 
domain, which is near the known epitope for the binding of eculizumab [20] and is 
within the contact region between C5 convertase and bound C5 substrate, as inferred 
by Laursen et al. [21]. Evidently, considering the high specificity of monoclonal 
antibody binding, although these mutations disrupt the eculizumab epitope, they 
maintain the capacity of rC5 m to undergo cleavage by C5 convertase. Therefore, it 
was concluded that poor response to eculizumab in a subset of Japanese patients 
could be explained by the inability of a subset of lysis-competent C5  in these 
patients to bind and undergo blockade by eculizumab. Polymorphisms in the target 
proteins of antibody-based treatments that are used for other diseases might also be 
a point of consideration for poor responder cases (Fig. 18.5) [22–24].

Responders

Poor responders

Reaction

Blocking the binding of the ligand to the target

Insufficient binding of the antibody to the target 

Target with 
polymorphism

Reaction proceeds  hemolysis  in PNH

Target

Antibody

X

X

Ligand

Fig. 18.5 The mechanism of poor response to antibody therapeutics by genetic polymorphisms of 
the target molecule
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Chapter 19
Hematopoietic Stem Cell Transplantation 
in PNH

Gérard Socié and Régis Peffault de Latour

Abstract The only curative treatment for PNH is hematopoietic stem cell trans-
plantation (HSCT). However, the risk of treatment-related mortality after HSCT is 
relatively high, with graft-versus-host disease (GvHD) accounting for most of the 
transplant-related deaths. In recent years, the introduction of eculizumab, a human-
ized monoclonal antibody directed against the terminal complement protein C5, has 
had a major impact on the management of PNH. Eculizumab is highly effective in 
reducing intravascular hemolysis and seems to reduce the risk of thrombosis mark-
edly. The decision to perform an HSCT in PNH has usually been deferred until 
disease progression to recurrent, life-threatening thromboembolism, refractory or 
transfusion-dependent hemolytic anemia, or development of severe aplastic anemia. 
Indications for HSCT should weight the natural history of the disease, the prognos-
tic risk factors, as well as specific complications related to transplantation. Here we 
reviewed both single-center studies and registry studies to identify the best candidates 
eligible for an HSCT in patients with PNH in the complement inhibitors era.

Keywords Hematopoietic stem cell transplantation • Paroxysmal nocturnal hemo-
globinuria • Thrombosis • Aplastic anemia • Hemolytic anemia
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19.1  Introduction

Although allogeneic hematopoietic stem cell transplantation (HSCT) is the only 
curative treatment for paroxysmal nocturnal hemoglobinuria (PNH), its place, 
timing, and modalities are still highly controversial. It has been over 40 years since 
the first report by the Seattle group of a patient transplanted from his twin brother 
[1]. In the era of eculizumab, identifying patients with PNH who may benefit from 
allogeneic stem cell transplantation is challenging. A systematic search for reports 
of HSCT for PNH through the National Library of Medicine (PubMed) disclosed as 
of August 1, 2014, 279 articles matching the criteria “paroxysmal nocturnal hemo-
globinuria” and “transplantation.” Of these 279 articles, meaningful information on 
patients’ data was available from 33 articles that have been used for the purpose of 
this chapter [2–33]. Since PNH is a rare disease, a number of patients in each series 
are limited with only three single-center studies involving more than 15 patients [4, 
16, 33]. Registry data from the International Bone Marrow Transplant Registry 
(IBMTR) [20], from the Italian group for research in HSCT (Gruppo Italiano 
Trapianto Midollo Osseo or GITMO) [28], and from the European Group for Blood 
and Marrow Transplantation (EBMT) [31] are also summarized. Finally, current 
issues in 2014 on HSCT for PNH are discussed.

19.2  Transplantation for PNH: Single-Center Experience

Data on 108 patients could be traced from the literature with special attention to 
duplicate patient reporting [2–33].

From these 108 patients, 8 have been transplanted from a twin donor [1, 5, 7, 11, 
14, 16, 17]. In these syngeneic transplants, four patients have been transplanted 
without conditioning, and four either rejected their graft or relapsed posttransplant. 
It is of note that the first patient transplanted [1] with a twin in the 1970s had very 
late relapse and that relapse of PNH was associated with the emergence of a new 
mutation in the PIG-A gene [34]. Other authors have used conditioning regimen 
before HSCT from twin donors (n = 3) of whom only one showed evidence of 
relapse. Thus, from this limited data set, it appears that before syngeneic transplan-
tation, conditioning regimen seems to be mandatory.

Among the 100 patients who underwent an allogeneic transplant, 69 have been 
transplanted from an HLA-identical sibling, 17 from an unrelated donor, 9 from 
unrelated cord blood, and 5 from a haploidentical family member.

Fifty-two patients received a myeloablative conditioning that was irradiation 
based in 20 (38 %), busulfan based in 18 (34 %), and used cyclophosphamide/ATG 
as in aplastic anemia in 7 patients (13 %) (other various conditionings were deliv-
ered in 7 patients). The follow-up of these patients transplanted after a myeloabla-
tive conditioning ranges from a few months to over 15 years. Most recently, the use 
of non-myeloablative conditioning (NMA) [13, 22, 24] has been advocated in this 
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disease (n = 34 patients) using either fludarabine and 2 Gy total body irradiation [13] 
(n = 7) or fludarabine cyclophosphamide (n = 27) [24, 33]. Although the preliminary 
results of these non-myeloablative regimens are really interesting, the follow-up of 
these patients is still short, and graft-versus-host disease (GvHD) remains a 
problem.

Both after myeloablative and NMA conditioning, the indication for transplanta-
tion seemed to be mainly aplastic anemia in 60 % of the case and mainly hemolysis/
thrombosis in 40 % of the case. Severe acute GvHD of grade II or more was reported 
in 37 % of the case and was, as expected, the major cause of death. From all these 
studies, 75 % of the patients have been reported to be alive at last follow-up (months 
to years). Only one study provided a Kaplan-Meier estimates of 58 +/−13 % overall 
survival at 5 years [4], a figure far less optimistic than the one depicted from the 
75 % crude incidence from all other reports. It is highly likely that this is related 
with publication bias, with centers who did not report small numbers of patients 
with bad outcome.

19.3  Transplantation for PNH: Registry Studies

The outcome of 57 consecutive allogeneic bone marrow transplants for PNH, 
median age 28 (range 10–47) years, reported to the IBMTR between 1978 and 1995 
by 31 centers was analyzed in 1999 [20]. Source of hematopoietic cells consisted of 
matched related donor (n = 48), syngeneic (n = 2), or alternative donors (6 matched 
unrelated donor and 1 haploidentical donor). The majority of patients received a 
myeloablative conditioning regimen (busulfan plus cyclophosphamide, 53 %, and 
total body irradiation plus cyclophosphamide, 21 %). Sixteen were grafted for an 
aplastic anemia/PNH syndrome. The incidence of acute GvHD of grade II or more 
was 34 %, and that of chronic GvHD of 33 %. The 2-year probability of survival in 
48 recipients of HLA-identical sibling transplants was 56 % (95 % confidence inter-
val 49–63 %), and the median follow-up was 44 months. Two recipients of identical 
twin transplants remained alive 8 and 12 years after treatment. Only 1 of 7 alterna-
tive donor allograft recipients was alive at the 5-year follow-up. The most common 
causes of treatment failure were graft failure (n = 7) and infections (n = 3). This 
study suggested that TRM may be more pronounced in recipients of alternative 
donor allografts. Nonetheless, the study was limited by its retrospective nature and 
the relative small sample size.

More recently, Santarone et  al. on behalf of the Gruppo Italiano Trapianto 
Midollo Osseo (GITMO), report on a retrospective study of 26 patients (median 
age, 32 years) who received an HSCT for PNH (4 AA/PNH) in Italy between 1988 
and 2006 [28]. HLA-matched sibling donors were used for 22 patients; one patient 
received stem cells from a matched unrelated donor, and three received stem cells 
from mismatched donors (two related and one unrelated). A myeloablative condi-
tioning regimen (busulfan + cyclophosphamide) was used for 15 patients. The 
remaining 11 patients received a variety of different reduced intensity conditioning 
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regimens, most being cyclophosphamide or fludarabine based. Graft-versus-host 
disease prophylaxis was highly variable but largely cyclosporine based. Acute graft- 
versus- host disease greater than stage 2 occurred in 3 of the 26 patients; chronic 
graft-versus-host disease occurred in 10 of 20 evaluable patients with 4 (16 %) expe-
riencing extensive chronic graft-versus-host disease. The 10-year probability of sur-
vival was 57 % for all patients, with a median follow-up of 131 months. There was 
one primary graft failure in a patient receiving a myeloablative conditioning regi-
men and one secondary graft failure in a patient who received a reduced intensity 
conditioning bone marrow transplantation; both patients eventually died from com-
plications of a second transplant. The transplant-related mortality at 1  year was 
26 % in patients receiving a myeloablative conditioning regimen and 63 % in the 
group that received a reduced intensity conditioning regimen.

The largest study published so far was the report of the European group for 
Blood and Marrow Transplantation (EBMT) experience in 2012 [31]. The charac-
teristics and overall survival of 211 patients transplanted for PNH in 83 EBMT 
centers from 1978 to 2007 were analyzed. The three main indications for SCT were 
aplastic anemia (n = 100, 48 %), severe recurrent hemolytic crisis (n = 64, 30 %), and 
thrombosis (n = 47, 22 %). Engraftment failed in 14 (7 %) of the 202 transplanted 
patients for whom there was documentation on this aspect. Eighty-five patients 
developed acute GvHD leading to a CIF of grade II–IV acute GvHD of 40 % (95% 
CI 34–47 %). Fifty-seven patients developed chronic GvHD (extensive, n = 24) lead-
ing to a CIF of 29 % (95% CI 23–36 %) at 5 years. After a median (±standard error) 
follow-up time of 61 ± 6 months, 64 patients had died, and the 5-year OS probability 
was 68 % ± 3 % (Fig 19.1a). Infections and GvHD were the main causes of death. 
None of the variables investigated for an association with transplant outcome was a 
statistically significant predictor of survival, except for the indication for HSCT 
with outcome being worse if the indication for HSCT was thromboembolism 
(p = 0.03). The 5-year OS probability was 54 ± 7 % in the case of TE, 69 ± 5 % in the 
case of AA without TE, and 86 ± 6 % in the case of recurrent hemolytic anemia 
without TE or AA (Fig. 19.1b). Of note, donor type (unrelated versus sibling) led to 
similar results. Risk factors for survival were also analyzed in patients who were 
transplanted for TE (n = 47) or for AA without TE (n = 100). In multivariate analysis, 
no factor related to survival was identified in patients transplanted for TE. A long 
delay (>1 year between the diagnosis of AA and transplantation) (P = 0.007) and 
transplantation performed before or in 2002 (p = 0.05) were associated with poor 
survival in patients transplanted for AA.

In this large study, a comparison with a cohort of 402 non-transplanted patients 
with PNH diagnosed between 1950 and 2005 in 92 French centers was conducted. 
The occurrence of complications (i.e., thromboembolism and aplastic anemia) 
using either an individual or a stratum-matching procedure was compared between 
both cohorts. Twenty-four pairs of transplanted and non-transplanted patients with 
thromboembolism were identified for the matched comparison, with worse overall 
survival for the transplanted patients (hazard ratio = 10.0; 95 % confidence interval, 
1.3–78.1; P = 0.007). This was confirmed by the global matching procedure 
(P = 0.03). As regards aplastic anemia without thromboembolism, 30 pairs were 
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identified for the matched comparison. It was not observed that transplanted patients 
had a significantly worse overall survival (hazard ratio = 4.0; 95 % confidence inter-
val, 0.9–18.9; P = 0.06). A global matching procedure was not feasible.

The conclusions of this large study were as follows: (1) HSCT could no longer 
be considered as a standard of care of PNH patients with thromboembolism when 
eculizumab is available. (2) regarding the good results of HSCT in the case of recur-
rent hemolytic crises, HSCT can be a valuable option for patients living in countries 
which cannot afford eculizumab regardless of the type of donor, and (3) AA-PNH 
patients still seem to be appropriate candidates for SCT if they have severe 
disease.

19.4  Current Issues in Transplantation for PNH

The main issue for transplantation in PNH is the highly polymorphic presentation 
of the disease and its often unpredictable course. Data from the French Society of 
Hematology on 460 patients represent today the largest data set on PNH analyzed, 
so far [35]. The analysis of the French cohort showed that the median survival time 
of patients with PNH is 22 years, thus making the hazardous decision on HSCT hard 
to take. However, this study also pointed out some risk factors associated with a 
worse outcome. Although some of the risk factors are of little help for transplant 
decision (diagnosis before 1996, hazard ratio 2.6; age older than 40 years, HR 2.2), 
other factors may help physicians in their decision such as blood count at time of 
PNH diagnosis (hemoglobin level less than or equal to 100 g/L (10 g/dL) with an 
HR of 3.0 and neutropenia with an HR of 1.7) as well as severe complications 
occurring during follow-up such as progression to bicytopenia or pancytopenia 
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Fig. 19.1 Overall survival (panel a) and risk factors associated with overall survival (panel b) in 
211 patients transplanted for PNH (EBMT study). Panel a: all patients are presented. Median fol-
low-up is 61 months. Panel b: overall survival according to indications for transplantation is pre-
sented. Sixty-four patients were transplanted because of recurrent hemolytic crisis, 100 for aplastic 
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(HR, 3.5), development of thrombosis (HR, 15.4), and myelodysplastic syndrome 
or acute myeloid leukemia (HR, 15.2).

This large retrospective study has also allowed analyzing, for the first time, the 
disease subcategories at diagnosis and their complications during follow-up. 
Although clinical presentation and prognosis factors are different between classic 
PNH and AA-PNH syndrome, outcomes do not appear to be clearly different and 
are affected mainly by post-diagnosis complications, notably thrombosis, which is 
the main prognosis factor in all disease subcategories. Myelodysplastic syndrome 
and acute myeloid leukemia are classic but rare complications of PNH. Overall, 
speaking about indication for HSCT in PNH depends on which disease subcategories 
(i.e., classic PNH or AA-PNH) and/or complications (i.e., thrombosis or secondary 
MDS/AML) the patients are presented at time of HSCT.

19.4.1  HSCT and AA-PNH Syndrome

The introduction of flow cytometry (FC) in the 1990s as a diagnostic tool allows the 
detection of small clones that would otherwise not be identified. Of note, not only 
have diagnostic tools changed since the 1990s but also clinical presentations 
(R. Peffault de Latour, unpublished data, March 2007). The use of FC has thus made 
it possible to more frequently diagnose patients with PNH, compared with the clas-
sic Ham test, especially for patients with AA-PNH in the recent period.

In patients with overt AA-PNH syndrome (i.e., aplastic anemia with a “small” 
PNH clone) and no hemolysis, the reference treatment is the same than patients with 
AA and no PNH. Bone marrow transplantation (BMT) from a HLA-identical related 
donor is thus the treatment of choice for young patients with a severe disease. 
Cyclophosphamide (CY) with antithymocyte globulin (ATG) as conditioning 
regimen and the association of cyclosporine plus methotrexate as graft-versus-host 
disease prophylaxis represent an effective treatment, with rate of engraftment of 
95 % and overall survival near 90 % [36]. All these aspects, marrow source, condi-
tioning with CY + ATG, and GVHD prophylaxis by cyclosporine + methotrexate 
represent the gold standard in transplantation for acquired aplastic anemia in 
patients transplanted from an HLA-identical sibling donors. All deviations from this 
standard lead to poorer outcomes. Given these excellent results, survival is thus no 
more the sole concern in this situation, and prevention/early detection of late com-
plications after BMT is currently the main objective of allogeneic BMT in this set-
ting. For patients who lack an HLA-identical sibling donor, immunosuppressive 
therapy (IST) remains the treatment of choice which has been just reviewed [37]. 
However, 30–40 % of the patients will eventually relapse or be refractory to IST and 
will thus be considered for transplantation using an alternative donor. A molecularly 
HLA- matched unrelated donor is in this situation the best alternative possibility 
(Fig. 19.2). The use of other alternative sources of stem cells including cord blood 
or haploidentical familial donor has been recently reviewed [38].
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19.4.2  HSCT and Recurrent Hemolytic Crisis and/or 
Thrombosis

In recent years, the introduction of eculizumab, a humanized monoclonal antibody 
directed against the terminal complement protein C5, has had a major impact on the 
management of PNH.  Eculizumab is highly effective in reducing intravascular 
hemolysis and seems to reduce the risk of thrombosis markedly and eventually 
improved overall survival [39–42]. However, roughly 50 % of patients will require 
transfusions under eculizumab [40]. It increases the risk of meningococcal sepsis, 
and the very long-term survival with eculizumab is not yet well known. Moreover, 
eculizumab is expensive (around € 300,000 per year for each patient), does not 
eradicate the PNH clone, and must be given lifelong. As previously described, 
HSCT offers a chance for cure, but rates for mortality and morbidity are high.

The excellent overall survival [42] and the benefit in terms of quality of life [40] 
in patients with PNH and recurrent hemolytic crisis favor the use of eculizumab in 
this situation (Fig. 19.2). However, in the large retrospective study of the EBMT, 64 
patients were transplanted because of recurrent hemolytic crisis with an excellent 
5-year overall survival of 86 ± 6 %. However, those latter patients may be exposed in 
the future to a 30 % risk of chronic GvHD at 5 years post-HSCT. HSCT can thus be 
a valuable option for patients living in countries, which cannot afford eculizumab 
regardless of the type of donor.

Regarding thrombosis complication, the results of the matching comparison in 
the EBMT before eculizumab era suggested that HSCT can no longer be considered 
a standard of care for PNH patients with thromboembolism due to an unacceptable 
high rate of toxicity. The place of a reduced intensity-conditioning regimen in PNH, 
especially for patients with moderate organ dysfunction who may not tolerate a 
myeloablative regimen, is still unknown. Published studies on the subject are scarce 
to draw any meaningful conclusion. Moreover, In the EBMT study, 42 patients 
received a fludarabine-based reduced intensity conditioning regimen and showed no 
difference in terms of treatment-related mortality or OS [31]. However, the retrospec-
tive setting of this study as well as the heterogeneity of the conditioning regimens 
precluded further analyses. Overall, HSCT should be considered in this situation 
only for patients with thromboembolism while on eculizumab (Fig. 19.2).

19.4.3  HSCT and Myelodysplastic Syndrome or Acute Myeloid 
Leukemia I Patients with PNH

Myelodysplastic syndrome and acute myeloid leukemia are classic but rare compli-
cations of PNH, with a more than 100-fold increased risk compared with age- 
matched controls. The association with poor prognosis of this complication in PNH 
has been extensively reported [35, 43, 44]. However, only two series have analyzed 
the outcomes of those patients more precisely, mainly in the context of AA [45, 46]. 
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Overall, data indicate that allogeneic HSCT leads to prolonged survival in close to 
one-half of the patients transforming to MDS or AML from SAA, with better out-
come for patients untreated at time of HSCT and patients in remission compared 
with patients with refractory disease.

19.5  Conclusions and Perspectives

In conclusion, given the results of the comparison between transplantation and best 
supportive care before eculizumab was available for patients with PNH and TE 
complications [31], HSCT can no longer be considered as a standard of care of PNH 
patients with TE when eculizumab is available. The same conclusion can be made 
regarding hemolytic PNH without TE.  However, regarding the good results of 
HSCT in the case of recurrent hemolytic crises, HSCT can be a valuable option for 
patients living in countries, which cannot afford eculizumab, regardless of the type 
of donor. AA-PNH patients are candidates for HSCT if they have a severe disease 
and a matched family donor available. In the absence of an HLA-identical sibling 
donor, the current standard, first-line treatment for AA-PNH syndrome is IST com-
bining horse antithymocyte globulins and cyclosporine. If refractory to IST, a 
matched unrelated donor can be proposed whatever the PNH status is.

Some questions are still open. Should we give eculizumab to a young patient 
(less than 18 years old) with recurrent hemolytic crisis without thrombosis and an 
available matched family donor? Eculizumab does not eradicate the PNH clone and 
must be given lifelong. Moreover, mortality and morbidity are classically low for 
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Fig. 19.2 PNH treatment algorithm in 2014. AA aplastic anemia, IST immunosuppressive treat-
ment, HSCT hematopoietic stem cell transplantation
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young patients transplanted from siblings. In case of recurrent thrombosis under 
eculizumab and anticoagulation, it is difficult not to proceed to HSCT since throm-
bosis remains in PNH the most important risk factor associated with survival.

Although the preliminary results of non-myeloablative regimens are really inter-
esting, the follow-up of these patients is still short, and graft-versus-host disease 
(GvHD) remains a problem. More work is on the way, and progress should be done 
quickly in this field. Finally, experimental transplantation is also emerging in PNH 
patients with few publications on both haplo and cord blood HSCT reported. For the 
moment, patients with PNH transplanted in this setting should be included only in 
experimented centers within well-designed prospective trials.

Disclosure of Conflicts of Interest GS and RPL are consultants for Alexion Pharmaceuticals.
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Chapter 20
Future Strategies of Complement Inhibition 
in Paroxysmal Nocturnal Hemoglobinuria

Antonio M. Risitano

Abstract The treatment of paroxysmal nocturnal hemoglobinuria (PNH) has dra-
matically changed since the availability of the first clinical complement inhibitor 
eculizumab. Eculizumab treatment has been proven terrifically effective in control-
ling intravascular hemolysis of PNH; however, unmet clinical needs are emerging, 
starting with the possible occurrence of C3-mediated extravascular hemolysis. 
Indeed, scientific and commercial reasons have triggered the development of a num-
ber of novel anticomplement agents. Different strategies are currently under inves-
tigation, which may target distinct steps and pathways of the complement system. 
Indeed, starting from the anti-C5 therapy that is already in the clinic, novel 
approaches are investigating the possibility of intercepting the complement cascade 
upstream, at the level of C3 and C3 convertase or of other initiating factors. Here we 
will review the majority of these strategies, focusing on available data in PNH and/
or other preclinical models. The possible relevance for clinical application in PNH 
will be highlighted, based on well-established and emerging knowledge of molecu-
lar complement derangement in PNH.

Keywords PNH • C3 • C5 • CCP • CAP • CMP

20.1  Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) [1–3] is a rare hematological disorder 
due to a somatic mutation in the phosphatidylinositol glycan class A (PIG-A) gene 
[4, 5], which impairs the biosynthesis of the glycosyl-phosphatidylinositol (GPI) 
anchor and the subsequent expression of a number of surface proteins on blood 
cells. Epidemiology, pathophysiology, clinical presentation, and treatment of PNH 
have been extensively described in other chapters of this book; thus they will not be 
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reviewed here. However, for a comprehensive discussion of anticomplement thera-
pies, we feel appropriate a brief recall about some pathogenic mechanisms account-
ing for the clinical manifestations of PNH (which include hemolytic anemia, 
thrombophilia, and bone marrow failure). Indeed, among the several GPI-linked 
proteins which are lacking on PNH cells, two of them are physiological comple-
ment regulators and play a pivotal role in the pathophysiology of hemolytic anemia 
of PNH, possibly also contributing to the typical thrombophilia. CD55 (also known 
as decay accelerating factor, DAF) is a regulator of early complement activation [6], 
which physiologically inhibits the formation of C3 convertase (both C3bBb and 
C4b2a) and also promotes its decay [7]. CD59 (also known as membrane inhibitor 
of reactive lysis, MIRL) is rather a regulator of the terminal effector complement 
[8], which interacts with C8 and C9 inhibiting the incorporation of this latter onto 
the C5b-C8 complex, eventually preventing the assembly of the membrane attack 
complex (MAC) [9]. CD55 and CD59 are extremely important on red blood cell 
surface, which do not express other membrane complement inhibitors such as mem-
brane cofactor protein (CD56), to prevent that harmful complement which may 
result in the destruction of cells. Thus, the concomitant lack of CD55 and CD59 
renders PNH erythrocytes susceptible to complement activation, accounting for the 
chronic intravascular hemolysis which is the hallmark of PNH. The hierarchical 
contribution of CD55 and CD59 suggests that CD59 is the key protective molecule 
which, when absent, accounts for hemolysis [10]. Indeed, patients with an inherited 
isolated deficiency of CD55 (the so-called Inab phenotype) do not suffer from 
hemolysis [11, 12], and even in vitro data suggest that redundant mechanisms (pos-
sibly including CD59 itself) usually overcome the isolated deficiency of CD55 [13]. 
In contrast, anecdotic cases of inherited CD59 deficiency led to a clinical phenotype 
undistinguishable from PNH [14, 15], with susceptibility to hemolysis in vitro and 
in vivo.

20.2  The Need of Alternative Strategies of Complement 
Inhibition

The treatment of PNH has dramatically changed since the availability of the first 
complement inhibitor eculizumab (Soliris®, Alexion Pharmaceuticals), as discussed 
elsewhere in this book [16]. Eculizumab is a humanized monoclonal antibody 
(mAb) [17] which binds the terminal complement component 5 (C5), thereby inhib-
iting its cleavage to C5a and C5b and thus preventing the assembly of the MAC. The 
clinical efficacy of eculizumab has been demonstrated in two large multinational 
trials where it has been proven highly effective in controlling intravascular hemoly-
sis of PNH patients, leading to reduced transfusional need, hemoglobin stabiliza-
tion, and resolution of all hemolysis-related symptoms [18, 19]. Furthermore, 
eculizumab seems to reduce the risk of thromboembolic events in this patient cohort 
[20], possibly due to the pathogenic linkage between intravascular hemolysis and 
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thrombosis (e.g., nitric oxide consumptions [21], pro-thrombotic microvesicles) or 
to any direct effect on complement-mediated thrombophilia (i.e., on PNH platelets) 
[22]. Preliminary data on survival seem to suggest that eculizumab may also 
improve survival in PNH [23], as expected given its effect on the main cause of 
death in PNH (i.e., thrombosis).

However, as usually in medicine, new therapies may also hide some pitfalls that 
emerge only once physicians became more familiar with such novel treatments. 
Eculizumab does not make an exception, even if in this case the pitfalls seem not 
related to the drug itself, but rather to pathogenic insights that we are learning, 
thanks to the eculizumab treatment. As discussed in Chap. 17 of this book [24], 
response to eculizumab is heterogeneous among patients: according to the registra-
tion trials, only about half of the patients actually achieve transfusion-independence 
during eculizumab treatment [18, 19]. In subsequent post-marketing experience, 
this percentage seems lower, but in any case around 25–40 % of patients continue to 
require some blood transfusions to sustain their hemoglobin levels [25, 26]. Different 
factors may be responsible for this insufficient hematological response to eculi-
zumab. Bone marrow failure is the most obvious reason for a poor hematologic 
response, which is clearly identified by low/inadequate reticulocyte counts in 
patients who do not show any laboratory sign of hemolysis. For these patients ecu-
lizumab treatment might be considered sensu stricto effective, and it is rather the 
pertinence of anticomplement treatment that could be questioned, given that alter-
native or additional treatments specifically aiming to treat the bone marrow failure 
are appropriate (i.e., bone marrow transplantation or immunosuppression) [27]. 
Another possible reason for insufficient response is residual intravascular hemoly-
sis, which appears recurrently in the few hours preceding the next dosing of eculi-
zumab. This phenomenon is known as “breakthrough” intravascular hemolysis, and 
it has been described in about 10–15 % of PNH patients [28], potentially requiring 
increased dosages of eculizumab. However, irrespective of these two possibilities, 
the most common cause of residual anemia during eculizumab treatment is 
C3-mediated extravascular hemolysis, which mechanistically pertains to all PNH 
patients on eculizumab, even if its clinical impact is largely heterogeneous and 
unpredictable. This novel pathogenic mechanism has been described recently by 
our group and subsequently confirmed by other investigators [25, 26, 29–31]; Chap. 
17 of this book provides a comprehensive overview of this phenomenon [24]. In 
brief, PNH erythrocytes, which are spared by hemolysis thanks to the C5-blockade 
provided by eculizumab, remain susceptible to membrane complement activation 
due to the lack of CD55. As a result, they progressively accumulate on their surface 
C3 fragments, which eventually work as opsonins leading to phagocytosis by pro-
fessional cells like liver and spleen macrophages. This mechanism of extravascular 
hemolysis occurs through the recognition of C3 opsonins by specific complement 
receptors expressed on phagocytic cells, resulting in a selective destruction of PNH 
erythrocytes which have been exposed to threshold complement activation.

These observations demonstrate that complement may result harm to PNH eryth-
rocytes irrespective of eculizumab, because of either residual intravascular hemoly-
sis or supervening extravascular hemolysis, eventually accounting for insufficient 
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response to eculizumab. Recently, it has been documented that individual genetic 
background may contribute or even determine the occurrence of these phenomena. 
The most terrific observation came from Japan, where some patients exhibited per-
sistent massive intravascular hemolysis irrespective of eculizumab treatment [32]. 
Genetic and functional studies demonstrated that such intrinsic resistance to eculi-
zumab was associated to a relatively common (in Japan) polymorphism of C5 gene, 
which codes for a protein that does not bind to eculizumab and thus continues to be 
cleaved by C5 convertase even in the presence of high levels of eculizumab [32]. 
Effects of polymorphisms of other complement genes are more subtle and may have 
a broader pathogenic effect. For instance, a common CR1 polymorphism determin-
ing lower CR1 surface expression (and thus impaired membrane-bound comple-
ment regulation) has been found associated with a lower hematological response to 
eculizumab [33]. Mechanistically, the impaired CR1 function on PNH erythrocytes 
(once added to CD55 deficiency) results in increased complement activation, which 
eventually leads to more pronounced C3 opsonization and subsequent extravascular 
hemolysis, in presence on pharmacological levels of eculizumab. However, this 
boosted complement activation might also contribute to residual intravascular 
hemolysis due to a breakthrough that is better described as harmacodynamics, pos-
sibly due to a huge amount of C5 convertases that may compete with eculizumab for 
the few free C5 molecules (newly synthesized or available from an on-off rate from 
eculizumab itself). In contrast, data on the effect of C3 polymorphism are still con-
tradictory; indeed, it has been reported that a specific C3 polymorphism may be 
associated with poor response to eculizumab [34]. However, functional data are 
lacking, and these results are in conflict with previous observation from a different 
group [33]. Given the plethora of data dealing with the effect of other genetic vari-
ants (especially of complement factor H and complement factor H-related proteins) 
and complement activation in other diseases (atypical hemolytic-uremic syndrome, 
C3 glomerulopathy, dense deposit disease) [35, 36], it would not be surprising that 
in the near future additional polymorphisms with specific prognostic impact may be 
identified.

Thus, several reasons may limit the hematological benefit during eculizumab 
treatment, and there is an obvious unmet clinical need in the treatment of PNH. The 
development of novel strategies of complement inhibition and/or modulation will 
hopefully offer to patients and physicians treatment options to overcome this clini-
cal issue.

20.3  Classification of Novel Complement Therapeutics

For the purpose of this review, novel complement therapeutics will be classified 
according to their specific target in the complement cascade (see also Fig. 20.1); 
indeed, based on this classification and on the recent pathogenic insights described 
above, one may anticipate the possible biological effects of these compounds, 
in vitro as well as possibly in vivo. An alternative classification might categorize 
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these agents according to the class of the molecules, which includes monoclonal 
antibodies, other engineered large proteins, small peptides, chemicals, and even 
novel technology molecules (e.g., small interfering RNAs). Table 20.1 includes an 
updated list of the most relevant candidate complement inhibitors, for which public 
information or data are available; the status of development and the corresponding 
references are reported too, in addition to the specific target. Given the complexity 
of the complement cascade and the high number of proteins involved in its proper 
functioning, a simplified view may focus on the two key steps of this system, which 
are the initial complement activation and amplification and the subsequent tissue 
damage mediated by complement effector molecules. Indeed, a rough distinction 
among complement inhibitors may dissect between agents that inhibit the damage 
mediated by effector complement and agents which are able to prevent the arming 
of the terminal complement by inhibiting early complement activation. C5 and C3 
are the key molecules that one may wish to target to inhibit terminal effector com-
plement or early complement activation, respectively.
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C3b

C3

C3
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Fig. 20.1 Complement system and its targeted modulation. Overview of the complement cascade, 
including all main functional components and physiologic regulators. The three activating path-
ways (alternative, classical, and mannose/lectin) are individually depicted, together with the alter-
native pathway amplification loop. Candidate inhibitors are grouped according to their specific 
target; their modulatory effects are indicated by red lines intercepting specific steps of the comple-
ment cascade. See also main text for a more detailed description
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20.3.1  Inhibitors of Terminal Effector Complement

The inhibition of the terminal effector complement has been pioneered by the anti-
 C5 monoclonal antibody eculizumab, which is currently the only complement 
inhibitor approved for the treatment of PNH. As discussed elsewhere in this book, 
the use of eculizumab demonstrated that a pharmacological inhibition at the level of 
C5 results in a sustained control of intravascular hemolysis of PNH, with the few 
caveats discussed above. For PNH, it is obvious that the pharmacological effect 
relies on the prevention of C5 cleavage by the C5 convertase, which eventually dis-
ables C5b from starting MAC assembly via its interaction with C6, C7, C8, and C9. 
Even if the anti-C5 eculizumab also prevents the release of C5a, this effect should 
not play any role in the control of hemolysis and other clinical manifestations of 
PNH, at least according to current knowledge. Thus, eculizumab is the paradigm of 
inhibition of the effector complement and the only approved drug with this mecha-
nism of action. Nevertheless, there are several novel compounds which target C5 
and may offer some alternative to eculizumab, or even differentiating from it 
because of their specific pharmacological properties.

Staying in the field of monoclonal antibodies (mAbs), there are at least two addi-
tional anti-C5 monoclonal antibodies which are currently in clinical or preclinical 
development. Even if they should not differ too much from eculizumab in their 
mechanism of action and thus in their clinical efficacy, the interest for alternative 
anti-C5 mAb has been strengthened by the recent description of the Japanese C5 
polymorphism which impairs the C5 binding to eculizumab. In vitro data from the 
same group have demonstrated that this specific C5 polymorphism abolishes the 
binding of C5 to eculizumab, but not to other anti-C5 mAb specific for different C5 
epitopes, such as N19-8 [32]. LFG316 (Morphosys®) is a fully human combinato-
rial antibody libraries of anti-C5 mAb produced by Novartis, which is under clinical 
development for age-related macular degeneration (AMD) and other ophthalmo-
logic diseases. The agent is now in phase II, and after initial testing employing local 
administration, it is now under investigation as systemic treatment by intravenous 
injection (NCT01624636) [37]. An additional candidate agent is Mubodina® 
(Adienne Pharma & Biotech), an anti-C5 “minibody,” consisting of an engineered 
antibody fragment which includes the antigen-specific VL and VH domains of its 
parental anti-C5 mAb [38]. The original anti-C5 mAb was initially isolated as a 
single-chain variable fragment (scFv) from phage display library derived from rear-
ranged V gene amplicons obtained from normal peripheral lymphocytes [39]. The 
minibody Mubodina® prevents the cleavage of C5 and inhibits the generation of 
inflammatory molecule C5a and of C5b and the subsequent lytic MAC [40]. 
Mubodina® has been approved as orphan drug for some kidney diseases by both 
FDA and EMA. Even if either Morphosys or Mubodina has not been tested in vivo 
for PNH yet, nor in vitro data are available, both agents can reasonably be consid-
ered alternative agents to be tested in PNH, especially in the few patients with 
intrinsic genetic resistance to eculizumab. In addition, further derivatives of the 
original anti-C5 scFv are pioneering the possibility of targeting the anti-C5 agent at 
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specific sites; this strategy, which exploits anti-C5 scFv fused with specific tag pep-
tides, has proven effective in an animal model of arthritis [41] and might be devel-
oped also for erythrocytes. Thinking about a possible clinical use of other anti-C5 
mAbs in PNH, it is expected that efficacy and toxicity may parallel those of eculi-
zumab, and in particular no benefit can be expected on possible C3-mediated extra-
vascular hemolysis. However, it cannot be excluded that antibody-specific 
association and dissociation rates for C5 may result in differences of pharmacoki-
netic and/or harmacodynamics properties, with possible clinical consequences. For 
instance, different anti-C5 mAb may entail specific risk of breakthrough hemolysis, 
eventually requiring different treatment schedules. Compliance to frequent hospi-
talizations still represents a problem for some PNH patients on eculizumab; if any 
of these novel mAbs may allow a longer interval between dosing and different 
administration routes (i.e., subcutaneous), this would offer a possible clinical ben-
efit over the current eculizumab treatment.

The spectrum of C5 inhibitors also includes agents other than mAbs. Among 
these, a novel complement inhibitor of the lipocalin family isolated from the tick of 
Ornithodoros moubata is emerging as an interesting candidate molecule [42]. This 
inhibitor is a small (16 kDa) protein named coversin (also known as OmCI, Volution 
Immuno Pharmaceuticals) which binds to human C5 and prevents its cleavage by 
C5 convertases [43, 44]; coversin exhibits also additional anti-inflammatory effect 
by binding to leukotriene B4 [43, 44]. Preliminary in vitro data in PNH suggest pos-
sible inhibitory effects on intravascular hemolysis, as well as some effect in prevent-
ing C3 opsonization [45]. Coversin has been recently investigated in vivo in a phase 
I study in healthy volunteers, which demonstrated amenable pharmacokinetic and 
pharmacodynamic profiles; indeed, complement inhibitory levels may be achieved 
after subcutaneous injections and retained for several hours after dosing [45]. Based 
on these data, a clinical translation plan for PNH patients has been announced [45]; 
further clinical trials will also have to rule out possible concerns about the immuno-
genicity of such evolutionary distant protein. Even if this agent might provide an 
effective alternative for terminal complement interception at the level of C5 (likely 
with cheap production cost), at the moment robust preclinical data in PNH are lack-
ing (or unpublished); furthermore, it is not clear if this anti-C5 agent could also 
interfere with early complement activation and C3 opsonization on PNH erythro-
cytes. Similar concerns about an inexplicably broad anticomplement effect can be 
applied to another complement inhibitor recently reported potentially effective for 
PNH. Indeed, aurin tricarboxylic acid (ATA) has proven effective in protecting PNH 
erythrocytes in a CH50 assay employing zymosan as complement activation trigger 
[46]. According to the authors, ATA inhibited not only MAC-mediated hemolysis 
but also possible C3 deposition on surviving erythrocytes, consistent with a dual 
effect of ATA on both MAC assembly [48] and alternative pathway C3 convertase 
[47]. However, it is not clear whether these effects of ATA are actually target spe-
cific, or rather some broader inhibition of proteases which may impair the function 
of several unrelated proteins, not restricted to complement components. Furthermore, 
these data on PNH in vitro have not been confirmed by other groups (Risitano et al. 
unpublished data).
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Four novel classes of compounds are currently exploiting new technologies for 
possible clinical application of C5 inhibition. Aptamers are large (either oligonu-
cleic or peptide) compounds which selectively bind to specific molecules, eventu-
ally impairing their function [49]. They are usually created by using large random 
sequence pools, from where target-specific molecules are selected. ARC 1905 
(Zimura™, Ophthotech Corp. Princeton, NJ) is a pegylated, stabilized oligonucleic 
aptamer targeting C5 [50]. ARC 1905 is currently in phase II clinical investigation 
for ophthalmologic disease (AMD) as topic agent (NCT00950638) [51]; however, 
ARC 1905 or other anti-C5 aptamers might also be considered in the future for 
systemic C5 inhibition. A further evolution of this technology by SELEX (system-
atic evolution of ligands by exponential enrichment) led to the discovery of 
SOMAmers (slow off-rate modified aptamers), which may have a more favorable 
PK/PD profile for therapeutic application. SOMAmers® specific for different key 
components of the complement cascade (C5, C3, FD, and FB) are currently under 
preclinical development by SomaLogic (Colorado, USA) [52]; they promise to 
increase the growing arsenal of complement inhibitors to be tested in PNH. A simi-
lar technology which exploits target-specific inhibition is developed by the Swedish 
company Affibody. Affibody molecules are small antibody mimetic proteins (about 
6 kDa) consisting of a three-helix bundle domain with favorable folding and stabil-
ity; from this original scaffold, a combinatorial protein engineering approach results 
in small non-immunoglobulin proteins displaying high affinity binding to a wide 
range of protein targets [53]. Affibodies specific for C5 have been developed; 
recently, a C5-targeting affibody fused to an albumin-binding domain has been cre-
ated by Swedish Orphan Biovitrum (SOBI002; 12 kDa). SOBI002 has been shown 
binding to human C5 with low-nanomolar affinity (KD ~ 1 nM), resulting in effec-
tive prevention of its cleavage and thus of activation of the effector complement 
(downstream C5: C5a and C5b toward to MAC), with IC50 values in the low nM 
range. The fusion with the albumin-binding moiety led to an increase in its half-life 
and stability in both rodent and nonhuman primate (cynomolgus monkey) plasma, 
with terminal half-life above 2  weeks [54]. In addition, the compound showed 
excellent bioavailability (>79 %) by subcutaneous injection in cynomolgus mon-
keys, anticipating very favorable pharmacokinetic properties for sustained clinical 
inhibition [54]. SOBI002 has been shown effective in preclinical models of comple-
ment (C5)-mediated diseases, and a phase I study evaluating safety, tolerability, and 
PK/PD in healthy volunteers has recently started (NCT02083666) [55].

A different approach to identify candidate complement inhibitors has been 
exploited at Ra Pharma, where scientists have developed a method of ribosomal 
synthesis of unnatural peptides [56] to produce massive peptidomimetic libraries 
for further drug screening. This technology led to the identification of small, cyclic, 
peptide-like polymers with backbone and side-chain modifications, called 
Cyclomimetics. Cyclomimetics™ have unique, beneficial properties as compared 
with natural peptides, including a low risk of immunogenicity (due to poor MHC 
presentation) and increased cell permeability, stability, potency, and bioavailability 
(due to the structural modifications). RA101348 is the lead anti-C5 macrocyclic 
peptide which is currently in preclinical investigation [57].
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Finally, also RNA therapeutics have been developed for clinical complement 
inhibition, targeting liver-expressed genes such as C5 [58]. Indeed, a GalNAc- 
conjugated anti-C5 siRNA duplex (developed by Alnylam Pharmaceuticals) showed 
robust (>95 %) silencing of C5 production in rodent as well as human hepatocytes. 
In animal models, C5 silencing was achieved after subcutaneous injections of the 
siRNA, resulting in sustained and durable (recovery started 2 weeks after single 
dose injection) complement inhibition as effective as 90 %. This agent is currently 
under preclinical investigations in nonhuman primates, as well as in PNH in vitro. 
In addition, Alnylam is exploiting the same technology to target other complement 
proteins such as factor B [58], with the aim to silence early complement activation 
and in particular the alternative complement pathway (see below). Even if siRNA- 
mediated complement inhibition is an elegant and promising novel therapeutic 
approach, further studies are needed to confirm its clinical feasibility (as well as 
efficacy, given that residual low activity might be a concern).

20.3.1.1  Other Terminal Effector Complement Inhibitors

After the development of eculizumab, C5 has been considered the best target to 
inhibit terminal effector complement. However, it has to be remarked that, at least 
for PNH, additional strategies may exploit the possibility to correct the deranged 
surface complement regulation by restoring CD59 function on PNH erythrocytes. 
For instance, a soluble, synthetically modified recombinant human CD59 has been 
shown effective in attaching to PNH erythrocytes, thereby protecting them from 
complement-mediated hemolysis in vitro [59]. Even if the clinical translation of this 
compound (Adprotech, Inflazyme Pharmaceuticals) has now been stopped, this 
approach might be reconsidered in the future, even with the development of CD59- 
based large engineered proteins (such as the complement receptor 2-CD59 fusion 
protein TT33, Alexion Pharmaceuticals).

20.3.2  Inhibitors of Initiating Complement

As discussed above, the early phases of complement activation have emerged as a 
relevant pathogenic event in PNH independently from the typical MAC-mediated 
intravascular hemolysis resulting from the terminal effector complement. Thus, dif-
ferent strategies to inhibit the initiation of the complement cascade are currently 
under investigation, with the dual aim of preventing C3-mediated initiating events 
as well as to potentiate the inhibition of terminal complement; this may result in a 
better clinical efficacy in PNH. A number of early complement inhibitors are cur-
rently under development (see Table 20.1); even if all of them eventually result in 
C3 inhibition (given that C3 activation is the key event in complement activation, 

20 Future Complement Inhibition in PNH



330

needed for enabling its harmful effects), they may be classified according to their 
specific target (Fig. 20.1). Indeed, inhibitors of C3 itself exist and include antibodies 
(or antibody-derived proteins), small compounds, and novel technology molecules. 
However, several agents prevent C3 activation by acting even upstream, on the very 
initial events which eventually result in C3 activation. To note, given that these 
events involve different initiating pathways which may occur separately (and may 
have distinct role in different diseases), upstream complement inhibitors include 
agents which may selectively shut down each of the complement-initiating path-
ways – the alternative pathway (AP), the classical pathway (CP), and the mannose/
lectin pathway (MP). Thus, for the sake of clarity, C3 inhibitors will be classified 
according to their mechanism of action, irrespective of the class of molecule to 
which they pertain; a brief recall of complement biology is also included (reviewed 
in Chap. 4 of this book) [60].

20.3.2.1  Broad C3 Inhibitors

As mentioned above, C3 is the pivotal molecule of the complement system and its 
cleavage to C3a and C3b by C3 convertases is the key event of complement activa-
tion; thus, the most obvious target for inhibiting C3 activation is C3 itself. However, 
C3 is a large protein (183 kDa) which is very abundant in the human plasma (~1 mg/
mL). For this reason, C3 is not usually considered a druggable target by conven-
tional strategies, and even mAbs specific for native C3 are not considered adequate 
for clinical development. However, given that C3 activation process includes several 
protein-protein interactions with subsequent structural transitions [61, 62], candi-
date inhibitors may also target specific binding sites of C3 and may work by affect-
ing such protein-protein interactions. Indeed, a recent strategy attempted to target 
activated C3 fragments (C3b/iC3b) rather native C3 for therapeutic C3 inhibition, 
by using an anti-C3b/iC3b mAb (clone 3E7) [63]. This mAb, as well as its human-
ized (de-immunized) derivative H17 (Elusys Therapeutics), has been tested in PNH 
in vitro, showing a complete abrogation of hemolysis as well as of C3 deposition on 
surviving PNH erythrocytes [63]. Notably, these mAbs seem to be specific for C3b/
iC3b included in the AP C3 convertase, given that hemolysis driven by the CP was 
not affected by the use of the either 3E7 or H17. Indeed, 3E7 and H17 bind to C3b 
and prevent its interaction with complement factor B (FB) for AP C3 convertase 
formation; thus, these mAbs might be better classified as AP inhibitors (see below) 
rather than broad C3 inhibitors. Albeit mechanistically intriguing, these results still 
do not provide a candidate agent for clinical translation for PNH. Indeed, by binding 
to C3 fragments which activate on PNH erythrocyte surface, these antibodies with 
their Fc moieties (IgG1 isotype) provide additional opsonins eventually worsening 
rather than reducing phagocyte-mediated extravascular hemolysis (which now 
would be mediated by Fc receptors in addition to that by C3 receptors). Nevertheless, 
H17 may represent a good starting step for further development; indeed, engineered 
modified derivatives lacking the Fc portion may circumvent this hurdle which has 
hampered further development in PNH. Recently, a Fab fragment of H17 has been 
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described [64]; it has been tested in preclinical model of kidney diseases and might 
be worth of further investigation in PNH.

In additional to immunoglobulin-based compounds, as for C5 different classes of 
inhibitors may be thought to silence C3 activity, eventually interfering with specific 
sites which are pivotal for interaction with its activating proteins (e.g., FB and C4b). 
They may include agents developed by using the novel technologies exploited for 
C5 inhibition, such as aptamers, SOMAmers, and affibodies; however, at the 
moment this application remains conceptual and there are no available data.

However, the use of small molecules to inhibit C3 has been pioneered since the 
1990s with the development of a peptide named compstatin. Compstatin is a 
13- residue disulfide-bridged peptide (H-Ile-[Cys-Val-Val-Gln-Asp-Trp-Gly-His- 
His-Arg-Cys]-Thr-NH2) that selectively binds to human and nonhuman primate 
(NHP) native C3, as well as to its active fragment C3b [65]. As a consequence, 
compstatin inhibits both the cleavage of C3 into C3b and the incorporation of C3b 
to form C3/C5 convertases [66]. Compstatin family exerts its effect along all the 
three complement-initiating pathways, AP, CP, and MP, and also inhibits the AP 
amplification loop (see below and Fig. 20.1), resulting in a broad and effective abro-
gation of all terminal effector complements (C3a, C5a, and MAC). Since the initial 
description in the 1990s, several derivatives of the original compound have been 
developed as candidate agents for a number of complement-mediated diseases [62]. 
One compstatin analog named 4(1MeW) has demonstrated beneficial results in 
phase I clinical trials for the local treatment of age-related macular degeneration 
[67] and is still in clinical development by Potentia Pharmaceuticals with the name 
of POT-4. The same analog, under the name of APL-1, is developed by Apellis 
Pharmaceuticals for other diseases [62], based also on the promising results shown 
by compstatin analogs in several models of systemic complement-mediated dis-
eases, including hemodialysis to sepsis [66, 68, 69]. With the aim of improving PK 
and PD properties of compstatin for systemic therapeutic application, structure- 
guided optimization and activity refinement studies have been conducted at the 
Penn University, leading to the identification of second-generation compstatin 
derivatives [70–72]. The current lead analog Cp40 [62] showed strong binding 
affinity for C3b (KD ~ 0.5 nM) and excellent solubility, and it has been selected 
under the name of AMY-101 for further preclinical development by Amyndas 
Pharmaceuticals. Cp40/AMY-101 has recently received the orphan status for the 
treatment of PNH by the EMA. Initial in vivo studies of systemic administration in 
nonhuman primates demonstrated excellent plasma stability and favorable PK pro-
file, with plasma half-life longer than that usually seen with other peptide drugs 
[71]. In addition, long-acting polyethylene glycol (PEG) derivatives of Cp40/AMY- 
101 have been developed with the aim to sustain pharmacological complement inhi-
bition for therapeutic use [73]. These second-generation compstatin analogs have 
been tested in PNH in vitro; both unmodified Cp40/AMY-101 and its N-terminally 
pegylated derivative (PEG-Cp40) exhibited full complement inhibition, resulting in 
full protection of PNH erythrocytes from hemolysis [73]. In addition, by affecting 
early complement activation, these compstatin derivatives also prevented deposition 
of C3 fragments on surviving PNH erythrocytes [73]. These findings provide strong 
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evidence that compstatin family effectively intercepts both intravascular (MAC- 
mediated) and extravascular (C3-mediated) hemolysis in PNH, eventually entailing 
possible therapeutic benefit over standard anti-C5 treatment. Thus, compstatin fam-
ily represents an excellent candidate for clinical development in PNH (and other 
systemic complement-mediated diseases); recently, a different group has confirmed 
these data even using one first-generation analog (APL-1) and its long-acting deriv-
ative APL-2 [34]. Additional preclinical studies in animal models (NHP) with 
compstatin analogs are currently ongoing to identify the best candidates for clinical 
translation. Recent data showed that PEG-Cp40 after subcutaneous injection in 
NHP exhibits a favorable PK profile, with excellent bioavailability, increased 
plasma stability, and a remarkably prolonged elimination half-life (> 5 days) [73]. 
On the other hand, even unmodified Cp40/AMY-101 was shown to have an excel-
lent bioavailability after repeated subcutaneous injections into cynomolgus mon-
keys, with a half-life of ~12 h which allows sustained inhibitory levels with bi-daily 
(and possibly even daily) multidose treatment schedules [73]. Whereas clinical 
translation is just on its way to be started by Amyndas, it is conceivable that for 
safety concerns initial studies will prefer unmodified Cp40/AMY-101, which may 
allow for a quicker restoration of complement activity if clinically needed, for 
instance, in case of infectious complications. Indeed, the increased (>tenfold) 
plasma residence of PEG-Cp40 would require much longer time to regain comple-
ment activity. The preference for the unmodified Cp40/AMY-101 is also warranted 
by the need of further studies to investigate the meaning of increased plasma C3 
level after administration of PEG-Cp40 (possibly secondary to changes in the clear-
ance and turnover of C3, once bound to PEG-Cp40) [73], as well as the possible 
adverse effect of high in vivo level of pegylated compounds. Indeed, even generally 
considered safe, the high levels needed to saturate C3 might exert unexpected 
effects, such as immunogenicity [74, 75] or other adverse reactions. These concerns 
may be extended to other compstatin analogs under development by Apellis 
Pharmaceuticals; irrespective of their positive in vitro result on PNH erythrocytes 
[34], further preclinical in vivo data in NHP are warranted to fully understand PK 
and PD properties, especially for the long-acting pegylated derivative APL-2.

20.3.2.2  Pathway-Specific Inhibitors

C3 is the key component of the complement system because all the three initiating 
pathways merge on its cleavage (Fig.  20.1); C3 cleavage eventually leads to the 
generation of the earliest effector mediator, C3a, as well as to the progression toward 
the generation of additional C3 convertase molecules (amplification loop) and of C5 
convertases, that activate the terminal effector complement arm, including the ana-
phylatoxin C5a and the membrane-bound C5b-C9 (MAC) complex. However, each 
of the initiating pathway may independently lead to a fully activation of the comple-
ment cascade, complete of all its harmful effector mechanisms. Thus, candidate 
inhibitors may also intercept complement activation at a very initial phase, specifi-
cally targeting one or more initiating pathways (Fig.  20.1). Remarkably, each 
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initiating pathway includes several distinct proteins cooperating to achieve C3 acti-
vation, and all of them can be potential targets for therapeutic intervention; in addi-
tion, several other proteins exert a fine regulation (regulators of complement 
activation, RCA) of these events, potentially representing additional therapeutic 
targets. Obviously, the benefit of this selective approach may be particularly useful 
in diseases where the pathogenic mechanisms include the derangement of a single 
complement pathway; this may be the case of PNH, which is traditionally consid-
ered an AP-mediated disease (see below for therapeutic implications). This reason, 
together with the knowledge that the AP also plays a key role in amplifying comple-
ment activation irrespective of the initiating pathway, prompts us to start our discus-
sion on candidate selective inhibitors with the AP.

Selective Inhibitors of the Alternative Pathway

The key molecule of the AP is complement factor B (FB), a single-chain plasma 
protein which binds to C3(H2O) generated from the spontaneous cleavage of the 
thioester bond of C3 (the so-called C3 tickover). Once bound to C3(H2O), FB 
becomes susceptible to cleavage by the complement factor D (FD), which yields the 
non-catalytic chain Ba, and the active catalytic subunit Bb. Together with C3(H2O) 
(or with C3b), Bb forms the active C3 convertase, which needs to be stabilized by 
the binding of an additional serum protein, properdin. The addition of a further C3b 
molecule to this C3 convertase leads to the generation of a C5 convertase (analo-
gously to the formation of CP/MP C5 convertases). As discussed below, all these 
complement components are candidate targets for therapeutic intervention; how-
ever, so far drug development has been based on some endogenous RCA which can 
be used for tuning complement activity [76]. They include complement factor H 
(FH) and complement receptor 1 (CR1).

FH is the main fluid-phase regulator of AP activation: indeed, it prevents the 
formation of the AP C3 convertase and accelerates the decay of existing ones [77]. 
In addition, FH also plays a major role in the regulatory effect of complement factor 
I, acting as its cofactor for the disabling of C3b into iC3b [78]. Thus, FH has a pleo-
morphic role in complement homeostasis, which is further increased by the fact that 
it regulates the AP amplification loop eventually starting regardless of the initial 
triggering pathway. In addition, the protective role of surface-bound FH has been 
clearly demonstrated in vitro on PNH erythrocytes [79]. Based on these assump-
tions, several strategies attempted to employ this complement regulatory effect for 
therapeutic intervention, possibly targeting it specifically at sites of complement 
activation. Indeed, FH-based recombinant proteins merging the complement regula-
tory domain of FH with a C3-specific recognizing domain from complement recep-
tor 2 (CR2) have been initially developed in murine models, where they effectively 
reduced complement-mediated damage [80–82]. More recently, a human version of 
this fusion protein has been created with TT30 (Alexion Pharmaceuticals), a 65 kDa 
engineered protein consisting of the iC3b/C3dg-binding domain of CR merged with 
AP inhibitory domain of FH [83]. TT30 has been thought a perfect candidate inhibi-
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tor for PNH; indeed, it completely inhibits in a dose-dependent manner MAC- 
mediated hemolysis of PNH erythrocytes in vitro [84]. In addition, by acting on C3 
convertase, TT30 also inhibits early complement activation on PNH erythrocytes, 
preventing the deposition of C3 fragments on their surface [84]. These observations 
reasonably anticipate that TT30 should inhibit MAC-mediated intravascular hemo-
lysis typical of PNH and may also prevent C3-mediated extravascular hemolysis 
eventually emerging during anti-C5 therapies. The inhibitory effect of TT30 depends 
on an efficient membrane targeting of FH on erythrocyte surface, since only partial 
inhibition was achieved when CR2-mediated binding of TT30 to PNH cells was 
blocked, in vitro [84]. Based on these preclinical data (which also demonstrated 
excellent availability after subcutaneous injection) [83], a phase I clinical trial eval-
uating TT30 as a potential therapeutic option for treating PNH in humans has been 
started (NCT01335165) [85]. This study has recently been reported as terminated, 
and results are now awaited.

TT30 represented the first proof that the targeted delivery of FH function through 
the generation of C3-specific docking sites may provide an excellent strategy to 
rescue deficient complement regulation on PNH erythrocytes. Indeed, additional 
surface-targeted FH-based engineered proteins have been developed through the 
engineering of a miniaturized version of human FH (mini-FH). Mini-FH is a small 
(43 kDa) protein consisting of the regulatory complement control protein (CCP) 
1–4 domains of FH fused with its CCP 19–20 domains, which are involved in the 
recognition of self-cell pattern (including C3) [86]. Mini-FH retains the regulatory 
function of FH (C3 convertase decay and cofactor activities), resulting even in an 
increased (almost tenfold) inhibitory effect on AP activation; in addition, thanks to 
an additional iC3b/C3dg binding site unmasked in CCP 19–20, mini-FH displays a 
triple-targeting profile which includes oxidative damage markers, polyanionic sur-
faces, and the full spectrum of C3-derived opsonins [86]. Once investigated in PNH 
in vitro, mini-FH effectively inhibited intravascular hemolysis of PNH erythrocytes, 
as well as their opsonization by C3 fragments [86]. These findings perfectly paral-
leled those of TT30, consistent with their common mechanism of action; however, 
although head-to-head comparison was not performed, fully inhibitory concentra-
tions for mini-FH were about tenfold lower than TT30 (and even lower when com-
pared with full-length nontargeted FH) [86]. Thus, mini-FH is another FH-based 
protein which may deserve further clinical development for PNH; like TT30 (and 
like another miniaturized version of FH [87]), all these FH-engineered proteins may 
prevent the development of C3-mediated extravascular hemolysis in addition to the 
control of intravascular hemolysis. Furthermore, very recently investigators from 
China have reported about another engineered fusion protein which exploits the 
complement receptor of the immunoglobulin superfamily (CRIg) as the targeting 
module; indeed, this CRIg/FH fusion seems to exhibit functional properties similar 
to those of TT30 and of mini-FH [88].

The approach of specifically targeting on the cell surface the inhibitory effect of 
endogenous AP C3 convertase inhibitors has been developed even beyond FH [76]; 
indeed, similar approaches have been attempted using CR1as the regulatory protein. 
CR1 is another inhibitor of the complement cascade with pleomorphic functions 
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[89]; indeed, similar to FH, CR1 binds to C3b and C4b, promoting the decay of C3 
and C5 convertases of both the AP and the CP [90]. In addition, it parallels FH also 
in working as cofactor of FI to inactivate C3b and C4b. Thus, CR1 is a broad com-
plement regulator which tunes both the AP and the CP (and as a consequence also 
the MP) of the complement system [91, 92]. The possible role of CR1 in PNH has 
recently emerged with the observation that patients carrying a hypofunctional poly-
morphism of CR1 have a lower chance of good clinical response to eculizumab, 
in vivo [33]. This observation was corroborated by robust in vitro data, showing that 
once exposed to complement activation in the presence of C5 inhibition, PNH 
erythrocytes carrying the hypomorphic CR1 allele exhibited a faster and increased 
surface deposition of C3 fragments [33]. Furthermore, there was an obvious quanti-
tative effect, since erythrocytes from patients homozygous for the hypomorphic 
allele showed an even increased C3 opsonization [33], clearly supporting the con-
cept that the density of CR1 modulates complement activation and C3 deposition on 
PNH erythrocytes (this effect may become evident just because of the lack of 
CD55). Thus, different attempts are currently under investigation trying to exploit 
CR1 for therapeutic inhibition [93]. Indeed, a soluble CR1 (sCR1, TP10) named 
CDX-1135 is currently under development by Celldex; CDX-1135 is a potent inhib-
itor of complement activation that, in vitro, inhibits all the classical, alternative, and 
lectin pathways of complement at both early (C3 convertase) and late (C5 conver-
tase) stages by downregulating the activation of these cascades. Due to its mecha-
nism of action, sCR1 affects only activated complement and is not consumed, but 
can recycle in the inhibitory process. CDX-1135 has previously been evaluated in 
more than 500 patients in different clinical trials which have demonstrated clear 
evidence of complement inhibition with acceptable tolerance. A pilot study of 
CDX-1135 has been initiated to explore the potential for clinical benefit in patients 
with earlier stage dense deposit disease (DDD), a kidney disorder where C3 con-
sumption and deposition play an important role in disease progression 
(NCT01791686) [94]. In a mouse model of DDD, the administration of CDX-1135 
was shown to control complement activation in vivo, restoring complement regula-
tion and preventing the damaging deposition of C3  in the glomerular basement 
membranes [95]. Short-term compassionate use of CDX-1135 in a pediatric patient 
with end-stage renal failure secondary to DDD demonstrated its safety and ability 
to normalize activity of the terminal complement pathway [96].

Another candidate CR1-based protein is mirococept (APT070), which is cur-
rently under development for the treatment of rheumatoid ischemia/reperfusion 
injury [97]. Mirococept consists of the first three short consensus domains of CR1, 
which are targeted on the membranes by an amphiphilic peptide based on the natu-
rally occurring membrane-bound myristoyl-electrostatic switch peptide [98]. 
Mirococept has been demonstrated effective in preventing complement-mediated 
ischemia/reperfusion injury of transplanted kidneys in rats [99] and is currently 
under investigation with the aim of improving both the immediate and the long-term 
function of transplanted kidney by reducing posttransplant complement-mediated 
inflammatory response [100]. A clinical randomized placebo-controlled trial inves-
tigating a method for coating the inner surface of donor kidneys with a protective 
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layer of mirococept is ongoing [101]. Even if preclinical data are lacking, this agent 
represents another possible candidate for systemic complement inhibition in PNH, 
such as also another CR1-based fusion protein under development by Alexion 
Pharmaceuticals (TT32, a CR2-CR1 fusion protein) [102].

Therapeutic interception at the level of AP activation may also directly target the 
complement factors involved in the first initiating event of the AP, namely, the cleav-
age of FB into Ba and Bb operated by FD. Both FB and FD are ideal targets, but the 
development of specific inhibitors is in the early stages. An antibody-based inhibitor 
of FB (TA106, a Fab fragment which binds native FB preventing its cleavage by 
FD) has been initially developed by Taligen Therapeutics, and it is now under inves-
tigation by Alexion Pharmaceuticals [76, 103]; however, even preclinical data are 
not available yet. An anti-FD mAb fragment named FCFD4514S is under develop-
ment by Genentech/Roche; a phase II trial is currently ongoing for local use in 
ophthalmologic indication (NCT01602120) [103, 104].

Other candidate FB and FD inhibitors are included in the pipeline of different 
companies, exploiting many of the novel technologies described to develop anti-C5 
inhibitors; indeed, SomaLogic has announced the development of anti-FB and anti-
 FB SOMAmers which may completely block the AP activation [52]. In addition, 
Alnylam is attempting to exploit its siRNA technology to silence FB [58], which for 
PNH might be beneficial over anti-C5 siRNA. Small inhibitors of both FB and FD 
are also under preclinical investigation by Novartis [105, 106]. Finally, Novelmed 
has announced the development of a humanized anti-properdin mAb and anti- 
properdin antigen-binding portions [107, 108]; this would be another strategy to 
inhibit the AP complement activation which seems worth of additional 
investigation.

Selective Inhibitors of the Classical Pathway

The role of the complement classical pathway in the pathophysiology of PNH has 
not been fully elucidated; indeed, even if the AP is though the key mechanism 
accounting for intravascular hemolysis, CD55 deficiency on PNH erythrocytes also 
impairs the regulation of the CP. As for the AP, CP activation includes the interac-
tion of several proteins which actually lead to the cleavage of C3 into C3a and C3b 
(Fig. 20.1). In brief, the formation of CP C3 convertase starts with the binding of 
antigen-bound antibodies to C1q, which activates the tetramer C1r2s2. The two acti-
vated C1s subunits cleave C4 into C4a and C4b, which then binds to C2, stimulating 
its cleavage by C1s; the resulting C4b2b complex constitutes the CP C3 convertase. 
As for the AP, endogenous inhibitors regulate the different steps of CP activation; 
they include C4bp, CR1, and CD55 (these latter two exert on CP C3 convertase 
effects similar to those observed on AP C3 convertase) and an upstream inhibitor of 
C1. C1 esterase inhibitor (C1-INH) is a serine protease inhibitor (SERPIN) with a 
broad inhibitory activity in the complement, contact, and coagulation pathways. 
C1-INH inhibits the CP activation by binding to C1r and C1s and preventing their 
catalytic effect on C4 and C2; in addition, C1-INH exerts a similar action on the 
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mannose-binding lectin-associated serine proteases in the lectin pathway. C1-INH 
is the second complement inhibitor approved for clinical use; indeed, Cinryze® 
(ViroPharma/Baxter) is a nanofiltered human plasma-derived C1-INH which is 
used as substitutive therapy in patients with hereditary angioedema (HAE), a dis-
ease due to constitutional deficiency or dysfunction of endogenous C1-INH. This 
agent has been recently tested in vitro for PNH, showing a potential effect in pre-
venting hemolysis and C3 fragment decoration of PNH erythrocytes [109]. Further 
mechanistic studies are needed to fully understand its actual mechanism of action 
(i.e., is C1-INH also an AP inhibitor, or is the CP involved in PNH pathophysiol-
ogy?); however, its clinical translation for PNH seems hard, mostly because of the 
extremely high dose that would be needed to achieve pharmacological levels [109]. 
Recently, another CP inhibitor has been described which specifically targets C1s. 
TNT003 (True North Therapeutics) is a mouse IgG2a mAb which inhibits the cata-
lytic effect of C1s; this agent has been tested in vitro in antibody-mediated hemo-
lytic anemia (more specifically, in cold agglutinin disease, CAD) [110]. TNT003 
has proven effective in preventing antibody-mediated surface complement activa-
tion, preventing possible hemolysis as well as C3 decoration of target erythrocytes 
[110]. TNT003 recapitulates in a CP-mediated disease the findings described using 
selective AP inhibitors in PNH: indeed, by blocking the very initial step of CP acti-
vation, TNT003 may prevent C3-mediated extravascular hemolysis (which in CAD 
is the dominant pathogenic mechanism) as well as possible intravascular hemolysis 
(which in CAD and other autoimmune anemias play a minimal role due to the pres-
ence of CD55 on normal erythrocytes) [110]. While this agent seems very promis-
ing for clinical development in CAD and other antibody-mediated hemolytic 
anemia, its role in PNH should be addressed starting from preclinical studies. The 
list of candidate agents potentially intercepting the CP should be completed by 
mentioning strategies exploiting RCAs acting at the level of the C3 convertase; 
indeed, given the dual effect of CR1 on both the AP and CP, CR1-based approach 
may be used also for tuning the activation of CP C3 and C5 convertases (see above).

Selective Inhibitors of the Mannose/Lectin Pathway

Quite recently, the role of the mannose/lectin pathway (MP) in complement activa-
tion has been revisited, and it has been emerging as more relevant than initially 
thought. This pathway is similar and someway overlapping to the CP; indeed, they 
merge at the level of C4 cleavage. In contrast to the CP, in the MP the catalytic 
action of C1r2s2 is exerted by some other proteins called mannose-binding lectin- 
associated serine proteases (MASPs), which are similar (and possibly evolution-
arily related) to C1r and C1s. Different MASPs have been described (MASP-1, 
MASP-2, and MASP-3), which are triggered by mannan-binding lectin (MBL, also 
called mannose-binding protein), collectin, and ficolins. Different evidences are 
emerging supporting the concept that the MP may cross-talk with the other comple-
ment pathways through its different effector arms. Indeed, whereas MASP-2 seems 
involved in activation of the CP C3 and C5 convertases, MASP-3 might play a role 
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in the proper functioning of the AP. Even if the role of the MP in complement- 
mediated diseases remains to be elucidated, the availability of selective MASP 
inhibitors (under development by Omeros) is triggering the interest for their use as 
novel candidate complement inhibitors. Some preliminary data are available in vitro 
for PNH: consistent with the pivotal role of the AP in PNH pathophysiology, 
MASP-2 inhibitors did not exert any protective effect on PNH erythrocytes (Risitano 
and Schwaeble, unpublished data), whereas novel MASP-3 inhibitors have been 
reported to be someway protective [111].

20.4  Therapeutic Complement Inhibition for PNH: Pros 
and Cons of Different Strategies and Molecules

Complement inhibition has been proven dramatically effective for the treatment of 
PNH, and nowadays the challenge moved to develop further treatments which aim 
to improve these excellent results. The main scientific goal of developing novel 
therapeutics is for sure the improvement of hematological response, eventually pre-
venting C3-mediated extravascular hemolysis; however, clinical benefits may also 
consider a patient perspective. For instance, moving to easier administration routes 
or treatment schedules would represent a significant step forward for patient well- 
being and even their social productivity. On the other hand, these novel treatments 
should not expose patients to unacceptable risks of treatment-related complications; 
last but not least, any novel anticomplement agent (irrespective of its efficacy) 
should avoid the outrageous cost of eculizumab (which in the end may limit the 
access to the treatment for many PNH patients). We have discussed different strate-
gies which exploit a number of candidate agents, entailing different advantages and 
disadvantages. Thus, what is the best strategy of complement inhibition for PNH? 
The anti-C5 approach, as clinically available with eculizumab, has been demon-
strated effective, with minimal safety concerns. Indeed, the risk of infectious com-
plications (and especially of meningococcal infection) resulted well controlled by 
active (vaccination) and possibly passive (antimicrobial agents) prophylaxis, and no 
further side effects have emerged. It is conceivable that such amenable safety profile 
may be shared by other novel anti-C5 approaches; however, in terms of efficacy, it 
is hard to hypothesize that different anti-C5 agents may improve the excellent 
results seen with eculizumab. However, these alternative anti-C5 agents might entail 
different kind of benefits over eculizumab. First of all, they look excellent candi-
dates to overcome the genetic resistance to eculizumab demonstrated in PNH 
patients with C5 mutation. Another possible benefit of these alternative agents relies 
on the class of molecules, which might allow for different administration routes 
(i.e., subcutaneously or even orally) and possible self-administration, eventually 
sparing frequent hospitalization and making the treatment less burdensome for 
patients. Whether some of these molecules may also result in a more sustained C5 
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inhibition, preventing both possible pharmacokinetic and harmacodynamics break-
through, it remains at the moment a theoretical hypothesis.

In contrast, the pattern of possible pros and cons may drastically chance once we 
deal with therapeutic strategies which intercept the complement cascade upstream, 
at the level of C3 or even of pathway-specific initiating events. Since PNH patho-
physiology mainly reflects the uncontrollable activation of the AP, with an initial 
accumulation of C3 fragments followed by terminal complement activation, devis-
ing a strategy that targets the C3 generation is an attractive therapeutic approach. As 
C3 marks the point of convergence for all initiation pathways, interception of C3 
activation is largely independent of underlying triggering mechanisms and should 
not be influenced by known polymorphisms of C5 and CR1 (which have been asso-
ciated with poor response to eculizumab). All strategies targeting the C3 are 
expected to be effective in preventing all downstream terminal effector complement 
activation similar to the anti-C5, clinically resulting in inhibition of the intravascu-
lar hemolysis typical of PNH; thus, anti-C3 agents should be used as single agents, 
and no rational for combination with current anti-C5 agents exists. In addition, by 
inhibiting initial C3 fragment accumulation on PNH erythrocytes, C3-targeted ther-
apies will also prevent possible C3-mediated extravascular hemolysis, possibly 
resulting in a substantial clinical benefit. Selecting C3 as a therapeutic target is 
therefore expected to lead to a more comprehensive treatment option for PNH; how-
ever, this likely benefit is counterbalanced by obvious concerns, since no data are 
available on clinical C3 inhibition. Anti-C3 therapies may have to deal with a theo-
retical impairment of microbial defense, possibly leading to increased risk of infec-
tions. Indeed, subjects with inherited C3 deficiency are known to be at risk of severe 
infections from encapsulated pyogenic organisms [112, 113] and possibly of 
immune-complex-mediated diseases; however, the clinical phenotype is not dra-
matic and tends to improve with age, when in the presence of a fully competent 
adaptive immunity, the complement system may become somehow redundant for 
the control of infections. While these safety concerns may be common to all anti-C3 
agents, different molecules may have specific advantages, such as administration 
route, PK/PD profiles, and cost, which make all of them worth of future clinical 
investigation. At the moment, small molecules targeting the C3 seem the best can-
didates for clinical translation, and indeed plans for human studies have started, 
based on the idea that potential benefits should exceed potential risks entailed by 
these treatments. While a broad anti-C3 strategy may anticipate a better efficacy as 
compared with current anti-C5 treatment (with safety and toxicity to be investigated 
in vivo), a pathway-specific anti-C3 treatment might be considered as a possible 
alternative. Indeed, pathway-specific approaches may reduce the safety concerns by 
selectively inhibiting only the complement pathway(s) playing a pivotal role in 
PNH pathophysiology, leaving intact physiological functions essential for microbial 
defense and prevention of immune-mediated diseases. PNH is classically consid-
ered a complement AP-mediated disease, with initial C3 tickover and subsequent 
AP-mediated amplification eventually leading to hemolysis; thus, selective AP 
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inhibitors are good candidates to be investigated in PNH.  However, it has to be 
remarked that while intact CP and MP might preserve physiological protection from 
microbial agents, it has not been ruled out that the same pathways may also precipi-
tate hemolysis in PNH independently from the AP, for instance, during infectious 
episodes (which are known to be associated with hemolytic paroxysms). On the 
other hand, given the pivotal role of AP components in the amplification of initial 
complement activation (irrespective of the initiating trigger), it is not known whether 
an in vivo blockade of the AP may also impair the proper functioning of other com-
plement pathways (this possibility would be beneficial for control of hemolysis, but 
detrimental for infectious risk). Thus, looking for complement therapeutics which 
may be effective for C3-mediated extravascular hemolysis, AP-specific inhibitors 
are an excellent alternative to broad anti-C3 inhibitors. At the moment, the choice 
between the different classes of AP inhibitors is not easy; indeed, RCA-based 
approaches are extremely elegant leading to a quasi-physiological modulation of 
complement activity, but they seem challenging due to the regulatory implications 
of using large engineered proteins and to the possible high cost. On the other hand, 
specific inhibitors of key AP components (e.g., FB and FD) are an intriguing option, 
because the clinical development of small inhibitors may be easier and cheaper. At 
the moment, given that the role of the complement CP and MP in PNH is question-
able, inhibitors of these pathways seem less intriguing for clinical investigation, at 
least until robust preclinical data will support their use in PNH.

20.5  Conclusions

The availability of the complement inhibitor eculizumab has changed the natural 
history of PNH. However, emerging scientific observations as well as pharmaceuti-
cal business have prompted the development of novel complement therapeutic. All 
these researches are more than welcome, since substantial unmet clinical needs 
remain in PNH; however, any attempt to interfere with the complement cascade 
must come to terms with the potential risks that the blockade of key components 
might entail. The search for best anticomplement agent for PNH has just started, 
with a dual challenge: first, to identify therapeutic agents that may lead to improved 
efficacy, without increasing the potential risks, and, second, to guarantee treatment 
options which will have reasonable costs, allowing a worldwide access to therapy 
for all PNH patients. However, given the plethora of candidate agents in preclinical 
and clinical investigation, it is conceivable that the next decade will bring us with 
one or more novel anticomplement agents which may extend the scenario of treat-
ment options for PNH patients, possibly with improved clinical outcome. It would 
be of extraordinary importance that the scientific community will be able to drive 
this development, making sure that the most appropriate agents will be the ones to 
be investigated in the clinic, and that financial interests will not hinder the progress 
of medical science.
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Chapter 21
Pregnancy in Paroxysmal Nocturnal 
Hemoglobinuria

Naoyuki Miyasaka and Osamu Miura

Abstract In paroxysmal nocturnal hemoglobinuria (PNH), pregnancy is associated 
with increased risks of severe complications such as thromboembolic diseases like 
Budd-Chiari syndrome, hypertensive disorders like preeclampsia, and cerebrovas-
cular diseases. Therefore, female PNH patients are generally discouraged from 
becoming pregnant. Recently, however, successful pregnancy outcomes have been 
reported for PNH patients with eculizumab treatment. Eculizumab, a humanized 
monoclonal antibody that specifically targets the terminal complement protein C5, 
inhibits intravascular hemolysis, thereby reducing the risk of complications, espe-
cially thrombosis, in pregnant patients. Although the available clinical data are lim-
ited, eculizumab is likely to improve pregnancy outcomes in patients with PNH. We 
propose management protocols for pregnancies in PNH. Patients are classified into 
four categories depending on previous eculizumab use and the history of venous 
thromboembolisms. Eculizumab and anticoagulant use is determined depending on 
risk severity. The importance of managing patients from preconception through 
pregnancy and until the postpartum stage is emphasized, along with cooperation 
between hematologists and obstetricians. A review of additional cases and reevalu-
ation of outcomes is, nonetheless, required before a definitive recommendation for 
the management of pregnancy with PNH can be made.
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21.1  Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) is a consequence of clonal expansion 
of hematopoietic stem cells that have an acquired somatic mutation in the PIG-A 
gene [1–3]. Because PIG-A encodes glycosyl phosphatidylinositol-anchored pro-
teins (GPI-APs), which anchor the complement regulatory proteins CD55 and 
CD59, the affected hematopoietic cells are unusually susceptible to complement- 
mediated intravascular hemolysis [4–6]. The clinical manifestation of PNH is com-
plex, primarily involving three sets of symptoms: hemolysis with acute exacerbation, 
cytopenia of varying severity, and a tendency for thrombosis [7–10]. The diagnosis 
of clinical PNH is based on the detection of GPI-AP-negative hematopoietic cells 
with clinical evidence of intravascular hemolysis [4]. For many years, female 
patients with PNH were generally discouraged from becoming pregnant because of 
the increased risk of life-threatening complications like thromboembolisms [4–6]. 
Recently, however, successful pregnancy outcomes have been reported for such 
individuals with use of eculizumab [11–13], a humanized monoclonal antibody that 
specifically targets the terminal complement protein C5 [14, 15]. In this chapter, 
pregnancy outcomes in patients with PNH are overviewed, and possible pathophysi-
ological mechanisms of PNH during pregnancy are described. Additionally, possi-
ble management protocols for pregnancy with PNH are proposed.

21.2  Pregnancy in PNH Before the Introduction 
of Eculizumab

PNH is usually diagnosed in patients in their 30s and 40s [7–10], and this condition 
is now being increasingly diagnosed in female patients of childbearing age because 
of advances in diagnostic technology and improved disease understanding. However, 
pregnancy in PNH is associated with increased risks of severe complications.

21.2.1  Pregnancy Outcomes

A review by Fieni et al. [16] and a case series from France [17] reported pregnancy 
outcomes in patients with PNH before eculizumab came into clinical use 
(Table 21.1). Although there is a substantial difference in the prevalence of antico-
agulant therapy between the two studies (Fieni et al. [16], 14 %; de Guibert et al. 
[17], 72 %), the complications and their incidences during pregnancy and in the 
postpartum period are similar. These studies reported that RBC and/or platelet 
transfusion for anemia and/or thrombocytopenia was required in 52–63 % cases. 
Additionally, thromboembolic events including Budd-Chiari syndrome, venous 
thrombosis, and pulmonary embolism occurred in 14–20 % cases; hypertensive 
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disorders including preeclampsia, eclampsia, and HELLP (hemolysis, elevated liver 
enzyme and low platelet count) syndrome occurred in 14–20 % cases; cerebrovas-
cular diseases including cerebral hemorrhage and sinus thrombosis occurred in 
12 % cases; and abnormal intra- and/or postpartum uterine bleeding occurred in 
5–12 % cases. Further, the preterm delivery and cesarean section rates were 28–37 % 
and 28–40 %, respectively. Finally, the maternal and fetal mortality rates were 
8–12 % and 4–7 %, respectively.

21.2.2  Pathophysiology of PNH-Related Complications 
During Pregnancy

Possible pathophysiological mechanisms underlying PNH-related complications 
during pregnancy are illustrated in Fig. 21.1. In PNH patients, intravascular hemo-
lysis is precipitated during pregnancy due to increased levels of complement factors 
[18], which results in accelerated hemolytic anemia and also platelet activation 
directly and/or via cell-free hemoglobin elevation and nitric oxide (NO) depletion 
[19]. As pregnancy itself is a physiological prothrombotic state, excessive platelet 
activation easily causes thromboembolic complications and thrombocytopenia dur-
ing pregnancy and in the postpartum period. Hyper- thrombophilic conditions in 

Table 21.1 Pregnancy outcomes in PNH before the introduction of eculizumab

Fieni et al. 
[16]

de Guibert et al. 
[17]

Years 1965–2005 1978–2008
Number of cases 43 25
Number of patients who received anticoagulation therapy 
(%)

6 (14 %) 18 (72 %)

Complications during pregnancy and in the postpartum period
RBC and/or platelet transfusion 27 (63 %) 13 (52 %)
Thromboembolisms (Budd-Chiari syndrome, venous 
thromboembolisms)

6 (14 %) 5 (20 %)

Hypertensive disorder (PIH, preeclampsia, eclampsia, 
HELLP synd.)

6 (14 %) 5 (20 %)

Cerebrovascular complications (cerebral hemorrhage, sinus 
thrombosis)

5 (12 %) 3 (12 %)

Infectious disease 3 (7 %) 0 (0 %)
Hemorrhagic delivery 2 (5 %) 3 (12 %)
Preterm delivery 16 (37 %) 7 (28 %)
Cesarean section 12 (28 %) 10 (40 %)
Maternal death 5 (12 %) 2 (8 %)
Fetal/neonatal death 3 (7 %) 1 (4 %)

RBC red blood cell, PIH pregnancy-induced hypertension, HELLP synd. hemolysis, elevated liver 
enzyme, low platelet count
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early pregnancy, such as anti-phospholipid syndrome (APS), are associated with 
insufficient implantation and placental ischemia, which lead to recurrent miscar-
riage, fetal growth restriction (FGR), and pregnancy-induced hypertension (PIH) 
[20]. Thus, PNH patients may also have a risk of these complications. Endothelial 
dysfunction and vascular constriction caused by NO depletion [19] form a vicious 
circle with enhanced thrombophilia, resulting in pregnancy-associated hypertensive 
disorders, including gestational hypertension, preeclampsia, eclampsia, and HELLP 
syndrome. NO depletion has also been reported to cause smooth muscle dystonia 
[19]. As the uterus consists of smooth muscle, the incidence of preterm delivery and 
hemorrhagic delivery may increase because of uterine muscle dysfunction.

Complement Proteins ↑

Hemolysis ↑

Prothrombotic State

Thrombogenesis ↑

Insufficient Implantation

Anemia

Thrombocytopenia

Hypertension
Preeclampsia

Eclampsia
HELLP Syndrome

Thromboembolism

Smooth Muscle Dystonia

Preterm Delivery ↑

Hemorrhagic Delivery

Pregnancy

Cell Free
Hemoglobin ↑

PLT 
Activation ↑

Endothelial Dysfunction

NO ↓

Early TOP
due to Maternal Indication

Anticoagulation
Therapy

Fetal Growth Restriction

Recurrent Miscarriage

Vascular Constriction

Placental Ischemia

Uterine Muscle Dysfunction

PLT : Platelet
NO : Nitric oxide
TOP : Termination of pregnancy

Fig. 21.1 Schematic representation of the pathophysiology of PNH-related complications during 
pregnancy. During pregnancy, intravascular hemolysis is precipitated because of increased levels 
of complement proteins, which results in accelerated hemolytic anemia and platelet (PLT) activa-
tion directly and/or via cell-free hemoglobin elevation and nitric oxide (NO) depletion. As preg-
nancy itself is a physiological prothrombotic state, excessive platelet activation causes 
thromboembolic complications and thrombocytopenia. As in the case of antiphospholipid syn-
drome (APS), thrombophilia in early gestation causes insufficient implantation and placental 
hypoxia/ischemia, resulting in recurrent miscarriage, fetal growth restriction (FGR), and preg-
nancy-induced hypertension (PIH). Endothelial dysfunction and vascular constriction due to NO 
depletion form a vicious circle with enhanced thrombophilia, causing pregnancy- associated hyper-
tensive disorders like gestational hypertension, preeclampsia, eclampsia, and HELLP (hemolysis, 
elevated liver enzyme, low platelet count) syndrome. In addition, NO depletion also causes smooth 
muscle dystonia, which is associated with an increased incidence of preterm delivery, cesarean 
section, and hemorrhagic delivery because of cervical incompetence, dystocia, and uterine atony, 
respectively. TOP termination of pregnancy
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21.3  Pregnancy in PNH with Eculizumab Therapy

Eculizumab is a humanized monoclonal antibody directed against the terminal com-
plement protein C5, and it inhibits complement-mediated cell lysis [21]. According 
to clinical trials in PNH patients, eculizumab stabilizes hemoglobin levels, reduces 
intravascular hemolysis and thrombotic events, decreases transfusion requirements, 
and improves quality of life [22, 23]. As eculizumab inhibits intravascular hemoly-
sis itself, it can be expected to lower the risk of complications during pregnancy and 
in the postpartum period in women with PNH. Although available clinical data are 
still very limited, successful pregnancy outcomes of patients with PNH have been 
reported with eculizumab therapy [11–13].

21.3.1  Pregnancy Outcomes

The clinical characteristics and pregnancy outcomes of patients with PNH who have 
received eculizumab therapy during pregnancy are summarized in Table 21.2 [11–
13]. Although the time and duration of eculizumab administration during pregnancy 
varied, no patient developed thromboembolic complications. However, preeclamp-
sia occurred in one case, which may suggest that PNH is a risk factor for preeclamp-
sia even with eculizumab therapy. Although the standard protocol of eculizumab 
infusion was 900 mg every 2 weeks, the interval between eculizumab infusions had 
to be reduced because of breakthrough hemolysis during pregnancy in two cases 
(every 12 days and weekly). These findings appear to be associated with the relative 
shortage of eculizumab because of increased complement levels and dilution 
because of the increased plasma volume during pregnancy. Therefore, it might be 
necessary to monitor lactate dehydrogenase (LDH) and/or CH50 levels and accord-

ingly adjust the dosage and/or interval of eculizumab infusion. 
Eculizumab is a hybrid of IgG4 and IgG2, and the latter is known to be less 

capable of crossing the placenta [24]. In previous studies, among three cases in 
which eculizumab concentration in the cord blood was measured, it was detected in 
one case and not in the remaining three. Although the possibility of maternal blood 
contamination cannot be completely excluded and the concentration was substan-
tially lower than the therapeutic level, this level may not be negligible for the fetus. 
Therefore, long-term follow-up of the fetus and accumulation of clinical data are 
necessary. Nonetheless, it should be noted that no anomalies or adverse events have 
been reported thus far in neonates whose mothers have received eculizumab treat-
ment, even in cases in which eculizumab was administered during the first trimester 
of pregnancy.

21 Pregnancy in Paroxysmal Nocturnal Hemoglobinuria
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21.3.2  Role of Anticoagulant Therapy in the Era 
of Eculizumab

The importance of anticoagulation therapy has been emphasized for the manage-
ment of pregnancy with PNH. However, anticoagulation therapy alone might some-
times be inadequate, since severe maternal complications have been reported even 
in the patients who underwent prophylactic anticoagulation [17]. Theoretically, if 
intravascular hemolysis is completely inhibited by eculizumab, the risk of thrombo-
embolic complications would become as low as that in non- PNH pregnancies. 
However, considering the fact that venous thromboembolism is a life-threatening 
complication, the use of anticoagulants should not be delayed for any reason. 
Although it is not clear whether the use of anticoagulants is mandatory for pregnant 
patients receiving eculizumab therapy, it has been administered to these patients, as 
shown in Table 21.2. Because the half-life of eculizumab is relatively long (10–
12 days), subtle adjustment of its dosage or interval is not easy. Therefore, realisti-
cally, complementary anticoagulant therapy seems necessary, along with close 
monitoring of thrombotic markers such as the D-dimer. Conversely, eculizumab 
could reduce the need for anticoagulants, which will in turn help decrease heparin-
associated complications such as hemorrhagic deliveries.

21.4  Management of Pregnant PNH Patients in the Era 
of Eculizumab

In patients with PNH, pregnancy places both the mother and fetus at high risk of 
severe complications. Combined use of eculizumab and anticoagulation therapies 
should be considered depending on the patient’s condition, and cooperation between 
hematologists and obstetricians is consequently important.

21.4.1  Eculizumab and Anticoagulation Therapy

We propose the following protocol for the management of a pregnancy with PNH 
(Fig. 21.2), mainly based on the cases reported in the literature together with the 
additional four cases in which pregnancy was successfully managed with eculi-
zumab in Japan (manuscript in preparation). Patients are classified into four catego-
ries depending on previous eculizumab use and their history of venous 
thromboembolisms (VTE) or anticoagulant use.
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Category A Patients with a history of VTE or anticoagulant therapy who are 
receiving eculizumab therapy.

• Continue eculizumab therapy and start low molecular weight heparin (LMWH) 
from early pregnancy.

• Adjust the dosage or interval of eculizumab infusion, with continuous monitor-
ing of eculizumab, LDH, and/or CH50 levels.

• Adjust the dosage of LMWH with continuous monitoring of the D-dimer level.

Category B Patients without a history of VTE or anticoagulant therapy who are 
receiving eculizumab therapy.

• Continue eculizumab therapy.
• Start LMWH if the D-dimer level increases.
• Adjust the dosage or interval of eculizumab infusion with continuous monitoring 

of eculizumab, LDH, and/or CH50 levels.

Category C Patients with a history of VTE or anticoagulant therapy who are not 
receiving eculizumab therapy.

• Start LMWH from early pregnancy.
• Consider eculizumab therapy depending on patient risk (LDH level, PNH close 

size, and PNH-related complications).

Eculizumab use before pregnancy

Anticoagulant use before pregnancy
and/or

history of thromboembolism 

Category A Category B Category C Category D

Anticoagulant use before pregnancy 
and/or 

history of thromboembolism 

Continue eculizumab and start 
LMWH from early pregnancy
Adjust the dosage or interval of
eculizumab infusion with
monitoring of eculizumab, LDH,
and/or CH50 levels
Adjust the dosage of LMWH
with monitoring of D-dimer 
levels

Continue eculizumab
Start LMWH if D-dimer level 
increases
Adjust the dosage or interval of
eculizumab infusion with
monitoring of eculizumab, LDH,
and/or CH50 levels

Start LMWH from early
pregnancy
Consider eculizumab therapy 
from the 2nd trimester of
pregnancy depending on the 
patient risk (LDH level, PNH 
clone size, and PNH-related 
complications)

Consider eculizumab therapy 
from the 2nd trimester of
pregnancy depending on patient 
risk (LDH level, PNH clone size, 
and PNH-related complications)
Start LMWH if the D-dimer level 
increases

Yes No

Yes No Yes No

Fig. 21.2 Protocol for the management of a pregnancy with PNH. Patients are grouped into four 
categories depending on eculizumab use and the history of venous thromboembolisms or antico-
agulant use. LMWH low molecular weight heparin
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Category D Patients without a history of VTE or anticoagulant therapy who are 
not receiving eculizumab therapy.

• Consider eculizumab therapy from the 2nd trimester of pregnancy depending on 
patient risk (LDH level, PNH close size, and PNH-related complications).

• Start LMWH if the D-dimer level increases.

21.4.2  Obstetrical Management

Before pregnancy, information about possible complications should be explained to 
the patient and her partner. Scheduled pregnancy with folic acid supplementation is 
recommended in order to lower the risk of fetal neural tube defects, since patients 
with PNH have an increased need for folic acid. If the state of PNH is unstable or 
the patient has severe organ damage, such as renal dysfunction or liver dysfunction, 
it is not safe for her to become pregnant, and elective termination of pregnancy 
(TOP) should be considered in case of unexpected pregnancy.

An increased incidence of preterm delivery has been reported in the case of preg-
nancies with PNH. Although iatrogenic TOP because of maternal complications is 
the most probable reason, uterine cervical incompetence and abnormal uterine con-
traction caused by PNH-related smooth muscle dystonia [19] may also contribute to 
this outcome. Obstetricians must pay attention to ensure early detection of high-risk 
patients for preterm labor, which can be through cervical length measurement by 
transvaginal ultrasonography. In addition, it is also important to recognize PNH as 
a risk factor for pregnancy-induced hypertensive disorders such as preeclampsia 
and HELLP syndrome. Fetal well-being should be evaluated more closely than 
usual using ultrasound examination and fetal heart rate monitoring.

With regard to the mode of delivery, vaginal delivery is preferable because cesar-
ean section increases the risk of infectious, hemorrhagic, and venous thromboem-
bolic complications. In order to control prophylactic anticoagulant therapy during 
delivery, a scheduled delivery is preferable. Obstetricians should keep in mind that 
PNH-related smooth muscle dystonia may cause not only dystocia because of weak 
labor pains but also massive bleeding because of postpartum uterine inertia. Further, 
postpartum anticoagulation is very important because life-threatening thromboem-
bolic events are reported to most likely occur in this period.

Although eculizumab is promising for the management of PNH during preg-
nancy and increases the chances of women with PNH to have children, clinical 
experience and evidence of its use during pregnancy remain insufficient. A review 
of additional cases and reevaluation of outcomes is required before a definitive rec-
ommendation can be made.
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