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Summary
Paroxysmal nocturnal haemoglobinuria (PNH) has been recognised as a discrete disease entity since 1882. Approximately a
half of patients will eventually die as a result of having PNH.
Many of the symptoms of PNH, including recurrent abdominal
pain, dysphagia, severe lethargy and erectile dysfunction, result
from intravascular haemolysis with absorption of nitric oxide
by free haemoglobin from the plasma. These symptoms, as well
as the occurrence of thrombosis and aplasia, significantly affect
patients’ quality of life; thrombosis is the leading cause of
premature mortality. The syndrome of haemolytic-anaemiaassociated pulmonary hypertension has been further identified
in PNH patients. There is currently an air of excitement
surrounding therapies for PNH as recent therapeutic developments, particularly the use of the complement inhibitor
eculizumab, promise to radically alter the symptomatology
and natural history of haemolytic PNH.
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Paroxysmal nocturnal haemoglobinuria (PNH)
Introduction
Paroxysmal nocturnal haemoglobinuria is characterised by
intravascular haemolysis and venous thrombosis and is associated with aplastic anaemia (Hillmen et al, 1995). The characteristic symptoms of PNH, abdominal pain, dysphagia, erectile
failure and intense lethargy, can be attributed to the intense
intravascular haemolysis and the release of free plasma haemoglobin from its intra-cellular compartment (Rother et al, 2005).
Dacie (1963) first suggested that PNH is an acquired clonal
disorder resulting from a somatic mutation in a haematopoietic
stem cell. The demonstration, in two glucose-6-phosphate
dehydrogenase (G6PD) heterozygote women with PNH, that
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only one G6PD variant enzyme was present in the PNH red cells
whereas both variants were present in the residual normal red
cells, provided conclusive evidence of the clonal nature of PNH
(Oni et al, 1970). It was clear by the 1980s that PNH cells were
deficient in a large number of cell surface proteins, but it was
unclear how this related to either the monoclonal nature of PNH
or the haemolysis. The development of immortalised cell lines
with the PNH abnormality (both B- and T-cells lines) facilitated
the rapid elucidation of the defect (Schubert et al, 1990; Hillmen
et al, 1992; Nakakuma et al, 1994). It became clear that a variety of
proteins normally attached to the cell membrane by a glycolipid
structure, were found to be abnormal, and that this was due to a
disruption in the glycosylphosphatidylinositol (GPI) biosynthetic pathway in PNH cells. A single mutation disrupting GPI
biosynthesis results in a deficiency of all GPI-anchored proteins
on the cell membrane and in the PNH phenotype (Armstrong
et al, 1992; Hillmen et al, 1993; Takahashi et al, 1993).
Paroxysmal nocturnal haemoglobinuria arises through
a somatic mutation of the phosphatidylinositol glycan complementation class A gene (PIGA) in a haematopoietic stem
cell followed by a tremendous expansion of this abnormal
clone (Takeda et al, 1993). PIGA is located on the X
chromosome while all other genes necessary for GPI biosynthesis are located on autosomes (Kinoshita et al, 1997). Thus, a
single mutation of PIGA would lead to a GPI-deficient
phenotype (including females due to X-inactivation) whereas,
for the other genes involved in GPI biosynthesis, mutations of
both alleles would be necessary to produce the GPI-deficient
phenotype. This explains why mutations in PIGA, rather than
in the other GPI biosynthetic genes, have been found in almost
all PNH patients examined (Tomita, 1999; Rosti, 2000). The
exception is the recent report of a congenital syndrome
affecting three individuals from two separate kindreds. Patients
affected with this syndrome showed a partial GPI deficiency
from their cells, developed a Budd–Chiari syndrome in early
childhood, and demonstrated elevated levels of lactate
dehydrogenase (LDH), which was not manifest as clinically
apparent haemoglobinuria. This congenital GPI deficiency is
inherited in an autosomal recessive manner and results from a
mutation of the PIG-M gene (PIGM) (Almeida et al, 2006).
The functions of the GPI-linked proteins are extremely
varied. At least two are important in the control of comple-
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cells, in PNH reveals that approximately 40% of patients have a
combination of types I, II and III PNH cells (see Fig 1).

ment. Decay accelerating factor (DAF or CD55) controls the
early part of the complement cascade by regulating the activity
of the C3 and C5 convertases. CD59 inhibits terminal
complement by preventing the incorporation of C9 onto
C5b-8 and therefore preventing the formation of the membrane attack complex (MAC). As a result of complementmediated attack, the survival of PNH erythrocytes in vivo is
shortened to about 10% that of normal red cells (Wiedmer
et al, 1993). Patients with red cells that have predominantly
partial deficiency of CD59 (those with <10% PNH type III red
cells) do not suffer from significant intravascular haemolysis
indicating that low levels of this protein are sufficient to
adequately block MAC assembly.
Glycosylphosphatidylinositol protein deficiency on PNH red
cells can be complete (PNH type III cells) or partial (PNH type
II cells). Cells with normal levels of GPI proteins on their
surface are referred to as type I cells (Fujioka & Yamada, 1994).
This classification of PNH red cells derives from different
complement lysis sensitivities with type III and type II red cells
being 15–25 times and 3–5 times more sensitive to complement than the type I normal red cells, respectively (Rosse,
1990). This variability in the severity of the deficiency, as well
as in the proportion of the cell population affected, defines the
extent of the clinical manifestations of the disease (Tomita,
1999; Rosti, 2000). The analysis of GPI-anchored proteins on
the surface of the haematopoietic cells, particularly the red

The development of flow cytometry has allowed the
detection of small PNH clones which would otherwise not
be identified. This has allowed their identification in
a proportion of patients with aplastic anaemia and other
marrow failure disorders and has led to the classification of
PNH into two broad groups: (i) haemolytic PNH, characterised by overt episodes of intravascular haemolysis and
typically with large PNH clones and (ii) hypoplastic PNH
with a clinical picture dominated by cytopenias, with no
overt haemolysis and normally small PNH clones or
predominantly Type II cells (Richards et al, 2000). An
updated classification system has recently been proposed,
which divides patients with PNH clones into the following
subgroups (Parker et al, 2005):
1 Classic PNH.
2 PNH in the setting of another specified bone marrow
disorder (e.g. PNH/aplastic anaemia or PNH/refractory
anaemia-myelodysplastic syndrome).
3 PNH-subclinical (PNH-sc) in the setting of another specified bone marrow disorder (e.g. PNH-sc/aplastic anaemia).
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Fig 1. Flow cytometry of red cells and granulocytes: detection of paroxysmal nocturnal haemoglobinuria (PNH) clones (A) red cells. Analysis of
CD59 expression by flow cytometry on (a) normal, and (b and c) PNH red cells. Histogram (a) shows normal CD59 expression (type I cells). Plot
(b) shows a major population of completely CD59-deficient red cells (46%, type III cells) and a population of normal red cells. Plot (c) shows a
mixture of all three types of red cells; type III, 10%; type II (partial CD59 expression), 54% and normal type I cells, 36%. (B) Granulocytes. (a) Multicolour flow cytometry for the detection of granulocyte PNH clones. Granulocytes are identified on the basis of CD15 expression and variable SSC.
(b) Analysis of CD16 and CD24 [both glycosylphosphatidylinositol (GPI)-linked antigens] for this population of cells shows a small population of
PNH granulocytes that is deficient for both antigens and comprises 10% of total granulocytes. (c) shows the same case also stained with a FLAER
(fluorescent aerolysin), a novel reagent that binds specifically to the GPI anchor. This is also an effective reagent for the detection of PNH cells by flow
cytometry and can be easily used in combination with monoclonal antibodies.
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The obvious concern regarding the above classification is the
overlap between haemolytic ‘classic PNH’, which probably
always has an underlying marrow failure, even if this is not
apparent clinically, and ‘PNH in the setting of another
specified bone marrow disorder’, which may have clinically
significant haemolysis.

Pathogenesis of PNH
It does not appear that GPI-deficient clones have an inherent
growth advantage over their normal counterparts. So, how can
PNH clones populate the haematopoietic compartment in
patients with PNH? There is convincing evidence to indicate
that all patients with PNH have an underlying bone
marrow failure, usually aplastic anaemia, either preceding or
co-existent with the diagnosis of PNH (Rotoli et al, 1982;
Rotoli & Luzzatto, 1989; Maciejewski et al, 1997). This led to
the conclusion that patients with PNH are permissive for the
expansion of GPI-deficient haematopoietic clones. These
clones do not have any ‘malignant’ tendency in that they
appear to be regulated in a normal manner with no tendency
to metastasise beyond the normal haematopoietic compartment. In fact, GPI-deficient cells with PIGA mutations occur
very frequently at low levels in normal individuals (Araten
et al, 1999), but do not expand in competition with the
normal haematopoietic cells. They can, however, expand if
there is a selective advantage for them to do so (Rawstron
et al, 1999) as described in aplastic anaemia patients that
develop PNH (Tichelli et al, 1988; Schrezenmeier et al, 1995).
It appears that normal haematopoiesis is suppressed by the
immune system, presumably either directly or indirectly
through one or more GPI-linked proteins, and that this
attack spares the GPI-deficient PNH clone. Thus, in an
environment where there is intense pressure for haematopoiesis, the PNH clone is driven to produce mature
haematopoietic cells and expands to fill the void left by the
aplastic process. This two-hit hypothesis is further supported
by some mice models of PNH, which have been generated by
using targeted disruption of the PIG-A gene in mouse
embryonic stem cells. These animals have a discrete proportion of blood cells devoid of GPI-linked proteins, but there
are no signs of a substantial expansion of the PNH clone
(Murakami et al, 1999; Jasinski et al, 2001; Rosti, 2002). This
is because whilst these mouse models have a PIG-A deficient
clone, they do not have an underlying marrow failure to
favour its expansion. The exact mechanism for the relative
growth advantage of PNH cells remains unclear but is the
subject of considerable scientific activity. A theory previously
proposed by Inoue et al (2003) suggested that clonal
expansion might be a consequence of clonal evolution in
which a second somatic mutation in the PIGA-mutant stem
cell confers a proliferative advantage. A recent paper by this
group supports this model by demonstrating ectopic expression of HMGA2 in the PIGA-mutant cells of two PNH
patients (Inoue et al, 2006).

How does the development of PNH relate to the pathogenesis of aplastic anaemia? Aplastic anaemia may be caused by
a toxic insult, for example viral infections, drugs and
irradiation. It is likely that bone marrow injury initiates an
immune-mediated attack against a target protein on the
normal stem cell, which is temporarily altered by the causative
event, making the protein appear abnormal and therefore
vulnerable to the stimulation of an autoimmune attack. Then,
when the original insult has disappeared, this autoimmune
attack can still recognise the original nascent protein. In order
for the PNH clone to evade this attack, either the target protein
or an accessory molecule required for the immune destruction
of the stem cell by the immune cell, presumably a cytotoxic Tcell, must be GPI-linked. Therefore, the automimmune process
is unable to kill the PNH stem cell efficiently. Under those
circumstances, PIGA mutant stem cells would escape injury
and consequently dominate haematopoiesis because they lack
the target protein. The expansion of GPI-negative lymphocytes
has been demonstrated after CAMPATH-1H therapy (Hertenstein et al, 1995; Taylor et al, 1997; Rawstron et al, 1999;
Fracchiolla et al, 2001; Garland et al, 2005; Ruiz et al, 2006).
An alternative potential mechanism is that the PNH stem
cells have an altered physiology compared with their normal
counterparts. It is known that PNH stem cells have a different
localisation compared with normal stem cells. In PNH patients
with clone sizes >95% PNH neutrophils, the stem cells in the
marrow are >95% PNH cells. In the peripheral blood the
‘mature’ stem cells (CD34+38+) will also be >95% PNHderived whereas the earlier stem cells (CD34+38)) will be
predominantly normal. This suggests that the most immature
stem cells, presumably the ones destroyed by the aplastic
process, have an abnormal localisation, which may be the
reason or a result of their evasion from immune attack
(Johnson et al, 1998; Tomita, 1999; Rosti, 2000). It is not clear
why normal pluripotent cells should circulate selectively in the
peripheral blood of these patients when they are only a small
minority of the marrow precursors. Normal stem cells may be
selectively released, perhaps because of a GPI-linkage deficiency
involving adherence or homing, or they may have a survival
advantage over PNH cells when in the peripheral blood that is
not present in the marrow microenvironment. This phenomenon is marked in the majority of patients and it is intriguing to
consider that it may have some relevance to the pathogenesis of
PNH (Johnson et al, 1998; Han et al, 2004).

Clinical features
Paroxysmal nocturnal haemoglobinuria is an uncommon
disease and is characterised by bone marrow failure,
thrombosis and intravascular haemolysis. The brisk intravascular haemolysis commonly leads to haemoglobinuria, dysphagia, recurrent abdominal pain, severe lethargy and erectile
failure. PNH is a chronic condition, frequently affecting young
individuals, that may persist for many years and which often
presents clinicians with difficult management problems. Based
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on the two historical studies, the median survival in PNH was
observed to be between 10 and 15 years from the time of
diagnosis (Hillmen et al, 1995; Socie et al, 1996). It appears
that with modern supportive measures, such as platelet
transfusion, immune suppressive therapy for patients with
bone marrow failure, and aggressive anticoagulation in select
patients, the prognosis for patients with PNH has probably
improved.
The symptoms associated with ongoing haemolysis and/or
insufficient haematopoiesis have a major impact on the
patient’s well-being. 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 transfusions to sustain
haemoglobin levels occur frequently. Haemolysis in patients
with PNH can be monitored by levels of the enzyme LDH,
which are frequently elevated, exceeding 20 times the upper
limit of normal during severe paroxysms (Tabbara, 1992;
Paquette et al, 1997; Rosti, 2000; Hillmen et al, 2004).
The most feared complication of PNH is venous thrombosis, which occurs in c. 50% of patients with haemolytic
disease and is the cause of death in at least one-third
(Hillmen et al, 1995; Socie et al, 1996). There is a predilection
for the intra-abdominal and cerebral veins. The risk of
thrombosis is greater in patients from Europe and the USA
than in patients from the Far East (Parker et al, 2005). There
also appears to be an increased risk of thrombosis in AfricanAmerican or Latin-American patients (Araten et al, 2005). A
possible explanation is that patients from different ethnic
groups may have different additional inherited prothrombotic
traits; however, no correlation between the inherited thrombophilia and thrombosis in PNH has been demonstrated
(Nafa et al, 1996).
The cause of the thrombotic tendency in PNH is not
entirely clear and may be multifactorial. It has been
suggested that free plasma haemoglobin may contribute to
platelet activation and thrombosis. The infusion of crosslinked haemoglobin increases platelet aggregation and adhesion in vivo on prothrombotic surfaces, such as an injured
vessel wall (Olsen et al, 1996). Further, administration of
free haemoglobin in healthy volunteers is associated with
thrombophlebitis, demonstrating that haem can cause vascular inflammation followed by vascular obstruction in vivo
(Simionatto et al, 1988).
The effect of free haemoglobin on platelet function is
probably through the scavenging of nitric oxide (NO). NO has
been shown to inhibit platelet aggregation, induce disaggregation of aggregated platelets and inhibit platelet adhesion
through increasing cGMP levels (Radomski et al, 1987b;
Radomski et al, 1987a). In fact, NO donor drugs (S-nitrothiols) that increase systemic levels of NO have been shown to
inhibit platelet aggregation (Megson et al, 2000). Conversely,
NO scavenging by haemoglobin or the reduction of NO
generation by the inhibition of arginine metabolism results in
184

an increase in platelet aggregation (Broekman et al, 1991;
Olsen et al, 1996; Schafer et al, 2004). NO also interacts with
components of the coagulation cascade to downregulate clot
formation (Catani et al, 1998; Hugel et al, 1999; Kayanoki
et al, 1999; Shao et al, 2001). There is also evidence that
implicates the GPI-deficient platelets, which are more easily
activated by complement than normal platelets. The absence of
CD59 may render platelets susceptible to attack by complement, resulting in morphological changes and the release of
vesiculated MAC. These vesicles or microparticles are procoagulant in vitro and are present at significantly elevated levels
in the blood of patients with PNH. It is therefore possible that
the absence of CD59 from platelets may contribute to
thrombin generation and increased thrombotic risk. Alternative mechanisms have been suggested, such as deficiency of
urokinase-like plasminogen activator receptor from PNH
neutrophils or directly because of intravascular haemolysis
with exposure of pro-thrombotic erythrocyte membrane
vesicles (Wiedmer et al, 1993; Hugel et al, 1999; Rosse,
2001). One study has recently demonstrated that antiphospholipid antibody-induced complement activation and downstream signalling via C5a receptors in neutrophils leads to the
induction of tissue factor, a key initiating component of the
blood coagulation cascade and an enhanced procoagulant
activity (Ritis et al, 2006).
While studies have reported a strong correlation between
a larger PNH type III neutrophil clone and the occurrence of
thrombosis (Hall et al, 2003; Moyo et al, 2004), thrombosis
appears to also be elevated in patients with smaller clones as
low as 10% when compared with the normal population (Hall
et al, 2003). Hall et al (2003) reported that approximately 44%
of patients with large PNH clones, defined by greater than half
of the patient’s neutrophils originating from the PNH clone,
developed venous thrombosis in the first 10 years after
diagnosis and that the rate in patients with smaller clones, as
small as 10%, was approximately 5Æ8%, which was also
markedly greater than the rate observed in a healthy population of approximately five thromboses per 10 000 patient years
(Fowkes et al, 2003).
Progressive pancytopenia occurs in a proportion of patients
with PNH. Up to 10% of patients will die from the results of
aplastic anaemia associated with PNH. The management of
pancytopenia in PNH patients is the same as that for patients
with aplastic anaemia and this may significantly reduce the
mortality from this complication.
The risk of leukaemia in PNH has been somewhat overstated
in the literature because of preferential reporting in the form of
case reports. The incidence of acute myeloid leukaemia (AML)
in PNH appears to be similar to the risk of AML in aplastic
anaemia, in the region of 5%. It appears likely that aplastic
anaemia predisposes to clonal haematopoietic disorders such
as AML, PNH and myelodysplastic syndrome but that the
development of a PNH clone does not increase the risk of
AML/myelodysplastic syndrome. Thus, the GPI-deficient phenotype is not preleukaemic.
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A significant proportion of patients survive for prolonged
periods (approximately 25% surviving over 25 years with
blood transfusion support only) and about 15% will experience a spontaneous recovery from their PNH with no sequelae
attributable to their disease (Hillmen et al, 1995). In almost all
cases of PNH, there remains some level of normal haematopoiesis. There is evidence that the cytopenias associated with
aplastic anaemia improve with prolonged follow-up, presumably because of a reduction in the underlying aplastic process.
A possible hypothesis to explain the spontaneous recovery
occasionally seen in PNH is that the aplastic process, which is
positively selecting for PNH clones, reduces in intensity with
time. At some point, the selection in favour of the PNH clone
will lessen and haematopoiesis will swing towards the residual
normal cells. Thus, the proportion of PNH cells will decrease
and eventually disappear as the bone marrow function returns
to normal.

Diagnosis of PNH
Flow cytometry continues to play a pivotal role in both the
diagnosis and management of PNH, and more recently has
played a critical role in monitoring responses to the novel
therapeutic agent, eculizumab. Precise and accurate measurement of the GPI-deficient blood cells, particularly within the
granulocyte and erythrocyte lineages, remains central to the
rapid diagnosis of PNH. Furthermore, sequential studies of
peripheral blood red cell and granulocyte PNH clones sizes can
have a significant impact on management of individual
patients (Richards et al, 2004). Sequential monitoring of red
cell PNH clone sizes has played a key role in demonstrating the
efficacy of the novel therapeutic agent, eculizumab, in the
control of anaemia, transfusion requirement and haemolysis in
patients with haemolytic PNH. In a pilot study of 11 patients,
PNH red cell clones prior to treatment were disproportionately
low when compared with their respective granulocyte clones.
This difference was due to a combination of continuous
haemolysis and a variable proportion of transfused normal red
cells. In this initial series of patients, the mean red cell PNH
clone increased from 36Æ7% pretreatment to 59Æ2% at
3 months. Seven patients achieved a sustained stable red cell
PNH clone percentage equal to the size of the granulocyte
PNH clone percentage and a further three reached at least 75%
of the granulocyte clone size.

The relationship of free haemoglobin with NO depletion
Haemoglobin released from the PNH red cell during intravascular haemolysis can completely deplete haptoglobin, which
is in place to remove free haemoglobin, resulting in its
overflow into the urine and, in some cases, haemoglobinuria
(Tabbara, 1992). Once the capacity of this haemoglobin
scavenging protein is exceeded, consumption of endogenous
NO ensues (Pohl & Lamontagne, 1991; Reiter et al, 2002). In
addition to haemoglobin decompartmentalisation and NO

scavenging, haemolysis also releases erythrocyte arginase, an
enzyme that converts l-arginine, the substrate for NO
synthesis, to ornithine, thereby further reducing the systemic
availability of NO (Azizi et al, 1970; Morris et al, 2003; Schnog
et al, 2004; Morris et al, 2005). Preliminary results indicate
a profound degree of NO consumption in patients with PNH
(Hill et al, 2006a).

NO and the symptoms of PNH
Haemolysis has been linked to smooth muscle dystonia
including abdominal pain, dysphagia and erectile dysfunction
(Rother et al, 2005). These symptoms occur more commonly
in patients with large PNH clone sizes and, therefore, higher
haemolytic rates (Rosse, 2000; Moyo et al, 2004). It has been
proposed that these symptoms are associated with the excessive
release of haemoglobin from the red blood cells (Rother et al,
2005). It has been well established that local NO deficiency is
one of the major factors responsible for erectile dysfunction
(Corbin et al, 2002). 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 greater NO consumption in PNH patients,
secondary to intravascular haemolysis that is in excess of that
seen in most other chronic haemolytic anaemias.

The relationship of NO depletion and free haemoglobin
with pulmonary hypertension
The administration of cell-free haemoglobin solutions to
normal volunteers and patients is commonly associated with
a dose-dependent increase in blood pressure, both systolic and
diastolic (Savitsky et al, 1978; Przybelski et al, 1996; Viele et al,
1997; Saxena et al, 1999; Carmichael et al, 2000; LaMuraglia
et al, 2000; Lamy et al, 2000). This increase in blood pressure is
reversed by the administration of the NO donor, sodium
nitroprusside, confirming the importance of NO scavenging in
vasoregulation (Erhart et al, 2000). Pulmonary arterial hypertension is an increasingly recognised complication of chronic
hereditary and acquired haemolytic anaemias, including sickle
cell disease (Norris et al, 1992; Sutton et al, 1994; Adedeji et al,
2001; Castro et al, 2003; Morris et al, 2003; Gladwin et al,
2004; Vichinsky, 2004). While respiratory or cardiac symptoms
have often been attributed to the anaemia alone in PNH, we
investigated whether the chronic haemolysis evident in PNH
may also cause a rise in pulmonary pressures. Doppler
echocardiographic assessments of pulmonary-artery systolic
pressure were measured in patients with PNH, other haemolytic diseases and normal volunteers. Pulmonary hypertension
was prospectively defined as a tricuspid regurgitant jet velocity
of 2Æ5 m/s or greater. We found that c. 50% of patients with
haemolytic PNH had elevated pulmonary artery systolic
pressures, suggesting a much higher prevalence compared
with other haemolytic anaemias (Hill et al, 2006b). These
findings also suggest that dyspnoea, a very common disease-
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related symptom in PNH, may be exacerbated by underlying
pulmonary vascular pathophysiology as well as anaemia.

Conventional therapeutic strategies in PNH
The principle conventional therapy for PNH is supportive care
with transfusions as required and the treatment of complications, such as thrombosis, when they occur. It is conventional
to give folic acid supplementation to all patients with evidence
of haemolysis, as they will have increased red cell production.
Although many patients are transfusion-dependent, the chronic haemosiderinuria and haemoglobinuria may lead to severe
iron deficiency and patients often also require supplementation with iron therapy.
The only curative strategy is allogeneic stem cell transplantation, but this carries a considerable risk of mortality (Saso
et al, 1999). In view of the fact that a proportion of patients
(c. 15%) will eventually experience a spontaneous remission of
PNH (Hillmen et al, 1995) and with the advent of potentially
effective novel therapies, stem cell transplantation should only
be considered in selected cases, such as patients with a syngeneic donor or with associated bone marrow failure. In these
patients, the indications for transplantation are similar to those
for aplastic anaemia. Patients with cytopenias because of associated aplastic anaemia will often respond to immunosuppressive therapy with antilymphocyte globulin and/or ciclosporin.

Novel therapeutic strategies in PNH
Prevention and treatment of thrombosis. The first thrombosis in
a patient with PNH heralds a significant deterioration in the
patient’s health and a marked worsening of the prognosis.
There are no controlled clinical trials of antithrombotic
regimens in PNH patients. Reports of tissue plasminogen
activator for intra-abdominal venous thrombosis in PNH show
that the thrombus may be cleared effectively (McMullin et al,
1994). The standard of care after established venous
thrombosis in PNH is life-long full anticoagulation. In view
of the high risk of thrombosis and that patients have decreased
quality of life following the first thrombosis, selected patients
could be considered for warfarin as primary prophylaxis prior
to the thrombosis. Hall et al (2003) reported a retrospective
analysis comparing 39 patients at high risk of venous
thrombosis treated with warfarin as primary prophylaxis to
56 patients with similar-sized clones who were not treated with
warfarin because of either patient and/or physician choice. The
incidence of thrombosis at 10 years in the group of patients
not on warfarin was 36Æ5% compared with no thromboses in
the patients in the warfarin group. However, two patients in
the warfarin group had a major haemorrhage with one dying
as a direct result of an intracranial bleed. Despite that this
study was a retrospective analysis and patients were not
randomised, the results suggest that primary prophylaxis may
be beneficial. There are no studies of antiplatelet drugs, such as
aspirin or clodiprogrel, in PNH.
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Gene therapy. As PNH is an acquired single gene disorder, it
appears an attractive entity to consider for gene therapy
initiatives. To consider such novel and potentially hazardous
therapeutic options, we must be able to answer two vital
questions: (i) which patients are destined to do poorly – we do
not want to harm a patient who may spontaneously remit; and
(ii) what is the mechanism for the growth advantage of PNH
clones – a PNH cell which is ‘corrected’ to normal by the
introduction of a normal PIGA gene will then express all the
missing GPI-linked proteins and would then be expected to be
selected against by the aplastic process. It must be remembered
that PNH can be considered as a ‘natural form’ of gene therapy
in that the PNH cells escape from the aplastic process by virtue
of their mutated PIGA and therefore correcting the genetic
abnormality may reverse the benefit the patient gains from
having PNH haematopoiesis, resulting in no remaining
haematopoiesis.
Replacement of complement regulatory proteins on PNH
cells. An alternative therapeutic strategy in PNH could be to
replace CD59, the deficient complement regulatory protein. If
sufficient levels of CD59 could be delivered to the cell surface,
complement-mediated haemolysis may be reduced without
compromising the immunoprotective functions of the
complement system (Sims et al, 1989; Wiedmer et al, 1993).
It is recognised that even low levels of CD59 on erythrocyte
membranes are sufficient to protect the cells from lysis in vitro.
Several investigators have attempted CD59 replacement in the
past. Rother et al (1994) used a recombinant transmembrane
form of CD59 (CD59-TM) and demonstrated similar levels of
protection against human complement-mediated membrane
damage with equal levels of either CD59-TM or native CD59
(CD59-GPI).
We have recently reported the use of an alternative artificial
glycolipid anchor (Prodaptin) to anchor CD59 (ProdaptinCD59) into the cell membrane (Hill et al, 2006c). The
Prodaptin modification enables exogenously administered
proteins to bind to the cell membrane in a manner analogous
to GPI anchors. A related modification of Prodaptin has been
used previously to localise other complement inhibitors to
disease sites in animal models and has been used in clinical
studies (Linton et al, 2000; Rosti, 2000; Smith & Smith, 2001;
Fraser et al, 2003; Pratt et al, 2003). Prodaptin-CD59 is
expressed in Escherichia coli and modified using site-specific
attachment of a membrane-interactive acylated, charged
peptide instead of the native GPI anchor. The attachment of
Prodaptin-CD59 to the red cell membrane is very rapid and
the interaction appears to be effective for at least 3 d in vitro.
Prodaptin-CD59 has been shown to restore resistance of PNH
cells to complement in vitro and to transfer to adjacent cells
spontaneously. In addition, i.v. injection of Prodaptin-CD59
effectively coated the erythrocytes of mice and protects them
from lysis by human complement for at least 24 h. This study
provided a proof of concept and represents a potential novel
therapeutic approach for patients with PNH.
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Inhibition of terminal complement with eculizumab. Complement activation is a complex cascade leading to the production
of anaphylatoxins, chemotoxins and the MAC. There are three
pathways which activate the cascade (Fig 2 – the classical
(initiated by antigen/antibody complex), alternative (initiated
by microbial membranes or immune complexes) and lectin
pathways. These pathways all converge to cleave C5 into C5a, a
potent anaphylatoxin, and C5b. C5a possesses various
proinflammatory properties and enhances the procoagulant
activity of neutrophils (Ritis et al, 2006). C5b is the initial
molecule of terminal complement and binds C6 then C7 and
then C8. C5b-8 forms the scaffold for C9 molecules, which bind
to each other to form the MAC (also called the terminal
complement complex). The MAC forms pores in the cell
membrane and is responsible for the characteristic intravascular
haemolysis in PNH.
Individuals with inherited deficiency of any of the complement molecules prior to C5 are vulnerable to both pyogenic
organisms and to autoimmune disorders. In contrast, deficiency of any of the molecules after C5, remarkably, has little
abnormal phenotype. The only apparent adverse effect is an
increased risk of infection by encapsulated organisms, particularly Neisseria meningitidis, although terminal complementdeficient individuals appear to have a lower mortality from
such infection when compared with complement-replete
individuals (Petersen et al, 1979; Ross & Densen, 1984;
Figueroa & Densen, 1991).
Eculizumab (Soliris, Alexion Pharmaceuticals) is a humanised
monoclonal antibody that specifically targets the complement
protein C5 and prevents its cleavage (Thomas et al, 1996).
Complement inhibition at this stage blocks the generation of C5a
and the formation of C5b-9 while it preserves early complement components that are critical for the clearance of microorganisms and immune complexes (Matis & Rollins, 1995).
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Results from a 12-week open-label study of eculizumab in
patients with PNH demonstrated a dramatic reduction in
haemolysis, a concomitant increase in the proportion of PNH
type III RBCs, and an improvement in anaemia (Hillmen et al,
2004). The drug was given by i.v. infusion over 30 min and was
well tolerated. In addition, this initial study showed a marked
decrease in the rates of paroxysms and blood transfusions and
an improvement in quality of life compared with the same
patients prior to commencing therapy. A subsequent 1-year
follow-up study demonstrated long-term efficacy and safety of
eculizumab in these patients (Hill et al, 2005a).
Following the pilot study, a Phase III randomised, placebocontrolled trial (TRIUMPH; Transfusion Reduction Efficacy
and Safety Clinical Investigation Using Eculizumab in Paroxysmal Nocturnal Hemoglobinuria) was conducted and the
results have recently been reported (Hillmen et al, 2006a). The
study investigated whether eculizumab improved anaemia, as
measured by stabilised haemoglobin levels and reduced
transfusion requirements in transfusion-dependent patients
with PNH during 6 months of treatment. The effect of
eculizumab on chronic intravascular haemolysis was demonstrated by an immediate and sustained decrease in LDH levels.
At the end of the treatment period, 49% of patients in the
eculizumab group (21 of 43) had levels of haemoglobin that
remained above the prespecified set point (the level at which
each individual patient was transfused before starting trial
medication; median 77 g/l for both groups) in the absence of
transfusions, whereas stabilisation of haemoglobin levels did
not occur in any patient in the placebo group (P < 0Æ001). By
week 26, the median number of units of packed red cells
transfused per patient was 0 in the eculizumab group and 10 in
the placebo group (P < 0Æ001). In the 6-month period before
the study, the median number of units of packed red cells
transfused per patient was 9Æ0 in the eculizumab cohort and 8Æ5
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Fig 2. The complement cascade. The three pathways activating this cascade are demonstrated. All three pathways converge at C5, following which the
membrane attack complex is formed that results in lysis of the cell. The site of blockage of eculizumab is demonstrated.
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in the placebo cohort. Transfusion independence was achieved
in 51% of patients in the eculizumab group (22 of 43) and 0%
of those in the placebo group (0 of 44, P < 0Æ001) (Fig 3). The
overall mean rate of transfusion was reduced by 73% in the
eculizumab group. Even among patients receiving eculizumab
in whom transfusion independence was not reached, the
number of units of packed red cells transfused was reduced by
44%, when compared with patients in the placebo group
(P < 0Æ001). The median time to the first transfusion was
4 weeks in the placebo group and was not reached in the
eculizumab group. Before treatment with eculizumab, the
haemoglobin levels were maintained by transfusion. With
eculizumab treatment, anaemia was improved as indicated by
the increase in endogenous erythrocyte mass, and the
stabilisation of haemoglobin levels with a concomitant
cessation of or reduction in the number of transfusions.
For most patients with PNH, the quality of life is impaired,
and fatigue in these patients has been attributed not only to
anaemia but also to excessive intravascular haemolysis and the
scavenging of NO by cell-free haemoglobin (Rosse, 2000;
Rother et al, 2005; Hill et al, 2006a,b). In this study, the
reduction in intravascular haemolysis with eculizumab, when
compared with placebo, was associated with a marked and
significant improvement in fatigue, as assessed by scores on
both the Functional Assessment of Chronic Illness Therapy
(FACIT)-Fatigue instrument and European Organisation for
the research and Treatment of Cancer Quality of life
Questionnaire (EORTC-QLQ-C30) fatigue scale. These
improvements with eculizumab occurred without complete
resolution of the anaemia, providing further evidence of the
contribution of haemolysis, in contrast to anaemia, to the
debilitating fatigue in patients with PNH.
Eculizumab has been very well tolerated with no unexpected
adverse reactions reported and in the placebo-controlled
TRIUMPH study there were more serious adverse events in
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Fig 3. Kaplan–Meier curves for the Time to the First Transfusion
during Treatment with Eculizumab. Reprinted with permission from
Hillmen et al (2006a,b).  2006 Massacheusetts Medical Society. All
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the placebo arm of the trial. There has been no evidence of
substantial human antihuman antibody formation in the trials
to date. It is expected that there will be an increased risk of
Neisseria infections, particularly of meningococcal disease.
Patients are vaccinated before commencement of eculizumab
but the risk will not be completely abolished and therefore
vigilance for the symptoms of meningitis or septicaemia is
essential. The other theoretical risk is the potential of intense
haemolysis if eculizumab treatment is stopped without warning as the number of PNH red cells increases because of their
protection from complement-mediated destruction. Patients
who elect to discontinue eculizumab treatment should be
carefully monitored and possibly transfused with normal red
cells depending on clinical circumstances.
Clinical assessment of additional symptoms related to the
quality of life in PNH patients, including abdominal pain,
dysphagia, and erectile dysfunction, have also been reported to
improve during eculizumab therapy (Hill et al, 2005b). Many
of these symptoms have been attributed to NO depletion by
cell-free plasma haemoglobin. Although it is possible that the
stabilisation of haemoglobin levels during eculizumab therapy
may contribute to the improvement in erectile dysfunction,
this mechanism has not been previously observed. Therefore,
the improvement in erectile dysfunction for patients on
eculizumab is most likely to be due to reduced haemolysis
with subsequent reduced NO depletion. There appears to be
a tight relationship among complement blockade, haemolysis
and symptoms in PNH.
The issue of possible protection against the risk of thrombosis through terminal complement inhibition with eculizumab is being evaluated in the ongoing clinical studies of
PNH. The tendency towards thrombosis in patients with PNH
may involve high levels of free plasma haemoglobin with the
consequent scavenging of NO (Radomski et al, 1987a; Sims
et al, 1989; Wiedmer et al, 1993; Olsen et al, 1996; Schafer
et al, 2004; Rother et al, 2005), exposure of prothrombotic
erythrocyte membranes and/or the absence of GPI-anchored
complement inhibitors on the surfaces of circulating platelets
(Wiedmer et al, 1993; Gralnick et al, 1995; Leone et al, 2001;
Sloand et al, 2006). It is reasonable to hypothesise that
thrombosis resulting from any or all of these mechanisms
should be reduced by terminal complement blockade with
eculizumab. Indeed, a preliminary analysis of the rate of
thrombosis in the ongoing eculizumab PNH clinical program
shows that the thrombosis rate is dramatically reduced when
compared with the rate prior to commencement of eculizumab
treatment (Hillmen et al, 2006b). It is therefore likely that
eculizumab will reduce the risk of thrombosis in PNH, which
would be expected to have a dramatic impact on the long-term
prevention of life-threatening complications in PNH.

Global PNH registry
In view of the infrequency of PNH, it is extremely difficult to
perform large or randomised trials of therapeutic interventions.
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In addition, the advent of complement inhibitors, such as
eculizumab, or the routine use of prophylactic anticoagulation
promises to alter the natural history of PNH. In fact, the
approval process of eculizumab as a therapeutic agent will be on
the basis of relatively small and short clinical trials. Thus, few
patients are likely to have received more than 3 years of
eculizumab. These factors have led to the recent development of
a Global Registry for PNH. It is hoped that all PNH patients will
participate in the Global PNH Registry in order that a more
thorough insight into the effect of eculizumab on the natural
history of PNH can be established and that our understanding
of this complex disease will be further enhanced.

Conclusion
The understanding of the biology and natural history of PNH
has changed dramatically over the last 10 years. This has
facilitated major steps forward in our ability to diagnose and
treat the disease. The recent elucidation of the impact of NO
depletion on the symptoms and complications associated with
haemolysis may lead to further novel approaches to therapeutic options in the future. Recent studies of the terminal
complement inhibitor, eculizumab, offer the first promise that
we may have a ‘targeted’ therapy capable of controlling
haemolysis in PNH. Eculizumab treatment has demonstrated
marked improvements in anaemia, fatigue and quality of life.
In addition, initial evidence suggests that eculizumab may be
able to reduce the risk of thrombosis, the most feared
complication of PNH, and that primary prophylaxis with
anticoagulants for selected patients may also be useful. The
development of the Global PNH Registry offers the potential to
further our understanding of PNH. It appears that the future
holds hope for patients suffering from this rare and lifethreatening disorder.
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Socié, G., Rollins, S.A., Rother, R.P., Bell, L. & Luzzatto, L. (2006b)
The terminal complement inhibitor eculizumab reduces thrombosis
in patients with paroxysmal nocturnal hemoglobinuria (Abstract).
Blood, 106, Abstract 123.
Hugel, B., Socie, G., Vu, T., Toti, F., Gluckman, E., Freyssinet, J.M. &
Scrobohaci, M.L. (1999) Elevated levels of circulating procoagulant
microparticles in patients with paroxysmal nocturnal hemoglobinuria and aplastic anemia. Blood, 93, 3451–3456.
Inoue, N., Murakami, Y. & Kinoshita, T. (2003) Molecular genetics of
paroxysmal nocturnal hemoglobinuria. International Journal of Hematology, 77, 107–112.
Inoue, N., Izui-Sarumaru, T., Murakami, Y., Endo, Y., Nishimura, J.,
Kurokawa, K., Kuwayama, M., Shime, H., Machii, T., Kanakura, Y.,
Meyers, G., Wittwer, C., Chen, Z., Babcock, W., Frei-Lahr, D.,
Parker, C.J. & Kinoshita, T. (2006) Molecular basis of clonal expansion of hematopoiesis in 2 patients with paroxysmal nocturnal
hemoglobinuria (PNH). Blood, 108, 4232–4236.
Jasinski, M., Keller, P., Fujiwara, Y., Orkin, S.H. & Bessler, M. (2001)
GATA1-Cre mediates Piga gene inactivation in the erythroid/
megakaryocytic lineage and leads to circulating red cells with a
partial deficiency in glycosyl phosphatidylinositol-linked proteins
(paroxysmal nocturnal hemoglobinuria type II cells). Blood, 98,
2248–2255.
Johnson, R.J., Rawstron, A.C., Richards, S., Morgan, G.J., Norfolk,
D.R. & Hillmen, S.O. (1998) Circulating primitive stem cells in
paroxysmal nocturnal hemoglobinuria (PNH) are predominantly
normal in phenotype but granulocyte colony-stimulating
factor treatment mobilizes mainly PNH stem cells. Blood, 91,
4504–4508.
Kayanoki, Y., Kawata, S., Yamasaki, E., Kiso, S., Inoue, S., Tamura, S.,
Taniguchi, N. & Matsuzawa, Y. (1999) Reduced nitric oxide production by l-arginine deficiency in lysinuric protein intolerance
exacerbates intravascular coagulation. Metabolism: Clinical and Experimental, 48, 1136–1140.
Kinoshita, T., Ohishi, K. & Takeda, J. (1997) GPI-anchor synthesis in
mammalian cells: genes, their products, and a deficiency. Journal of
Biochemistry, 122, 251–257.
LaMuraglia, G.M., O’Hara, P.J., Baker, W.H., Naslund, T.C., Norris,
E.J., Li, J. & Vandermeersch, E. (2000) The reduction of the allogenic
transfusion requirement in aortic surgery with a hemoglobin-based
solution. Journal of Vascular Surgery, 31, 299–308.
Lamy, M.L., Daily, E.K., Brichant, J.F., Larbuisson, R.P., Demeyere,
R.H., Vandermeersch, E.A., Lehot, J.J., Parsloe, M.R., Berridge, J.C.,
Sinclair, C.J., Baron, J.F. & Przybelski, R.J. (2000) Randomized trial
of diaspirin cross-linked hemoglobin solution as an alternative to
blood transfusion after cardiac surgery. The DCLHb Cardiac Surgery
Trial Collaborative Group. Anesthesiology, 92, 646–656.
Leone, G., Sica, S. Chiusolo, P. Teofili, L. & De Stefano, V. (2001)
Blood cells diseases and thrombosis. Haematologica, 86, 1236–1244.

ª 2007 The Authors
Journal Compilation ª 2007 Blackwell Publishing Ltd, British Journal of Haematology, 137, 181–192

For Internal Use Only. Not for Distribution or Promotion.

Review
Linton, S.M., Williams, A.S., Dodd, I., Smith, R., Williams, B.D. &
Morgan, B.P. (2000) Therapeutic efficacy of a novel membranetargeted complement regulator in antigen-induced arthritis in the
rat. Arthritis and Rheumatism, 43, 2590–2597.
Maciejewski, J.P., Sloand, E.M., Sato, T., Anderson, S. & Young, N.S.
(1997) Impaired hematopoiesis in paroxysmal nocturnal hemoglobinuria/aplastic anemia is not associated with a selective proliferative
defect in the glycosylphosphatidylinositol-anchored protein-deficient clone. Blood, 89, 1173–1181.
Matis, L.A. & Rollins, S.A. (1995) Complement-specific antibodies:
designing novel anti-inflammatories. Nature Medicine, 1, 839–842.
McMullin, M.F., Hillmen, P., Jackson, J., Ganly, P. & Luzzatto, L.
(1994) Tissue plasminogen activator for hepatic vein thrombosis in
paroxysmal nocturnal haemoglobinuria. Journal of Internal Medicine, 235, 85–89.
Megson, I.L., Sogo, N., Mazzei, F.A., Butler, A.R., Walton, J.C. &
Webb, D.J. (2000) Inhibition of human platelet aggregation by
a novel S-nitrosothiol is abolished by haemoglobin and red blood
cells in vitro: implications for anti-thrombotic therapy. British
Journal of Pharmacology, 131, 1391–1398.
Morris, C.R., Morris, S.M., Hagar, W., Van Warmerdam, J., Claster, S.,
Kepka-Lenhart, D., Machado, L., Kuypers, F.A. & Vichinsky, E.P.
(2003) Arginine therapy: a new treatment for pulmonary hypertension in sickle cell disease? American Journal of Respiratory and
Critical Care Medicine, 168, 63–69.
Morris, C.R., Kato, G.J., Poljakovic, M., Blackwelder, W.C., Hazen,
S.L., Vickinsky, E.P., Morris, S.M. & Gladwin, M.T. (2005) Dysregulated arginine metabolism contributes to endothelial dysfunction,
pulmonary hypertension and mortality in sickle cell disease. JAMA,
294, 81–90.
Moyo, V.M., Mukhina, G.L., Garrett, E.S. & Brodsky, R.A. (2004) Natural history of paroxysmal nocturnal haemoglobinuria using modern
diagnostic assays. British Journal of Haematology, 126, 133–138.
Murakami, Y., Kinoshita, T., Maeda, Y., Nakano, T., Kosaka, H. &
Takeda, J. (1999) Different roles of glycosylphosphatidylinositol in
various hematopoietic cells as revealed by a mouse model of paroxysmal nocturnal hemoglobinuria. Blood, 94, 2963–2970.
Nafa, K., Bessler, M., Mason, P., Vulliamy, T., Hillmen, P., CastroMalaspina, H. & Luzzatto, L. (1996) Factor V Leiden mutation investigated by amplification created restriction enzyme site (ACRES)
in PNH patients with and without thrombosis. Haematologica, 81,
540–542.
Nakakuma, H., Nagakura, S., Horikawa, K., Hidaka, M., Kawaguchi,
T., Iwamoto, N., Sanada, I., Kagimoto, T. & Takatsuki, K. (1994)
Interleukin-2-dependent T-cell lines established from paroxysmal
nocturnal hemoglobinuria patients. Blood, 84, 309–314.
Norris, S.L., Johnson, C. & Haywood, L.J. (1992) Left ventricular filling
pressure in sickle cell anemia. Journal of the Association for Academic
Minority Physicians, 3, 20–23.
Olsen, S.B., Tang, D.B., Jackson, M.R., Gomez, E.R., Ayala, B. & Alving, B.M. (1996) Enhancement of platelet deposition by crosslinked hemoglobin in a rat carotid endarterectomy model. Circulation, 93, 327–332.
Oni, S.B., Osunkoya, B.O. & Luzzatto, L. (1970) Paroxysmal nocturnal
hemoglobinuria: evidence for monoclonal origin of abnormal red
cells. Blood, 36, 145–152.
Paquette, R.L., Yoshimura, R., Veiseh, C., Kunkel, L., Gajewski, J. &
Rosen, P.J. (1997) Clinical characteristics predict response to

antithymocyte globulin in paroxysmal nocturnal haemoglobinuria.
British Journal of Haematology, 96, 92–97.
Parker, C., Omine, M., Richards, S., Nishimura, J., Bessler, M., Ware,
R., Hillmen, P., Luzzatto, L., Young, N., Kinoshita, T., Rosse, W. &
Socie, G. (2005) Diagnosis and management of paroxysmal nocturnal hemoglobinuria. Blood, 106, 3699–3709.
Petersen, B.H., Lee, T.J., Snyderman, R. & Brooks, G.F. (1979) Neisseria meningitides and Neisseria gonorrhoeae bacteremia assocated
with C6, C7, or C8 deficiency. Jouranl of Clinical Microbiology, 32,
2185–2191.
Pohl, U. & Lamontagne, D. (1991) Impaired tissue perfusion after
inhibition of endothelium-derived nitric oxide. Basic Research in
Cardiology, 86(Suppl. 2), 97–105.
Pratt, J.R., Jones, M.E., Dong, J., Zhou, W., Chowdhury, P., Smith,
R.A. & Sacks, S.H. (2003) Nontransgenic hyperexpression of
a complement regulator in donor kidney modulates transplant
ischemia/reperfusion damage, acute rejection, and chronic nephropathy. American Journal of Pathology, 163, 1457–1465.
Przybelski, R.J., Daily, E.K., Kisicki, J.C., Mattia-Goldberg, C., Bounds,
M.J. & Colburn, W.A. (1996) Phase I study of the safety and
pharmacologic effects of diaspirin cross-linked hemoglobin solution.
Critical Care Medicine, 24, 1993–2000.
Radomski, M.W., Palmer, R.M. & Moncada, S. (1987a) Endogenous
nitric oxide inhibits human platelet adhesion to vascular
endothelium. The Lancet, 2, 1057–1058.
Radomski, M.W., Palmer, R.M. & Moncada, S. (1987b) The anti-aggregating properties of vascular endothelium: interactions between
prostacyclin and nitric oxide. British Journal of Pharmacology, 92,
639–646.
Rawstron, A.C., Rollinson, S.J., Richards, S., Short, M.A., English, A.,
Morgan, G.J., Hale, G. & Hillmen, P. (1999) The PNH phenotype
cells that emerge in most patients after CAMPATH-1H therapy are
present prior to treatment. British Journal of Haematology, 107,
148–153.
Reiter, C.D., Wang, X., Tanus-Santos, J.E., Hogg, N., Cannon, III,
R.O., Schechter, A.N. & Gladwin, M.T. (2002) Cell-free hemoglobin
limits nitric oxide bioavailability in sickle-cell disease. Nature
Medicine, 8, 1383–1389.
Richards, S.J., Rawstron, A.C. & Hillmen, P. (2000) Application of flow
cytometry to the diagnosis of paroxysmal nocturnal hemoglobinuria. Cytometry, 42, 223–233.
Richards, S.J., Cullen, M.J, Dickinson, A.J., Hall, C., Hill, A. & Hillmen,
P. (2004) Evolution of GPI-deficient clones predicts clinical course
in paroxysmal nocturnal haemoglobinuria (Abstract). Blood, 104,
53a.
Ritis, K., Doumas, M., Mastellos, D., Micheli, A., Giaglis, S., Magotti,
P., Rafail, S., Kartalis, G., Sideras, P. & Lambris, J.D. (2006) A novel
C5a receptor-tissue factor cross-talk in neutrophils links innate
immunity to coagulation pathways. Journal of Immunology, 177,
4794–4802.
Ross, S.C. & Densen, P. (1984) Complement deficiency states and
infection: epidemiology, pathogenesis and consequences of neisserial
and other infections in an immune deficiency. Medicine (Baltimore),
63, 243–273.
Rosse, W.F. (1990) Phosphatidylinositol-linked proteins and paroxysmal nocturnal hemoglobinuria. Blood, 75, 1595–1601.
Rosse, W.F. (2000) Paroxysmal Nocturnal Hemoglobinuria. Churchill
Livingstone, Hoffman.

ª 2007 The Authors
Journal Compilation ª 2007 Blackwell Publishing Ltd, British Journal of Haematology, 137, 181–192

For Internal Use Only. Not for Distribution or Promotion.

191

Review
Rosse, W.F. (2001) New insights into paroxysmal nocturnal hemoglobinuria. Current Opinion in Hematology, 8, 61–67.
Rosti, V. (2000) The molecular basis of paroxysmal nocturnal
hemoglobinuria. Haematologica, 85, 82–87.
Rosti, V. (2002) Murine models of paroxysmal nocturnal hemoglobinuria. Annals of the New York Academy of Sciences, 963, 290–296.
Rother, R.P., Rollins, S.A., Mennone, J., Chodera, A., Fidel, S.A.,
Bessler, M., Hillmen, P. & Squinto, S.P. (1994) Expression of recombinant transmembrane CD59 in paroxysmal nocturnal
hemoglobinuria B cells confers resistance to human complement.
Blood, 84, 2604–2611.
Rother, R.P., Bell, L., Hillmen, P. & Gladwin, M.T. (2005) The clinical
sequelae of intravascular hemolysis and extracellular plasma
hemoglobin: a novel mechanism of human disease. JAMA, 293,
1653–1662.
Rotoli, B. & Luzzatto, L. (1989) Paroxysmal nocturnal hemoglobinuria.
Seminars in Hematology, 26, 201–207.
Rotoli, B., Robledo, R. & Luzzatto, L. (1982) Decreased number of
circulating BFU-Es in paroxysmal nocturnal hemoglobinuria. Blood,
60, 157–159.
Ruiz, P., Weppler, D., Tryphonopoulos, P., Nishida, S., Moon, J., Kato,
T., Selvaggi, G., Levi, D., Madariaga, J., DelaGarza, J., Tuteja, S.,
Garcia, M. & Tzakis, A. (2006) CD55 and CD59 deficiency in
transplant patient populations: possible association with paroxysmal
nocturnal hemoglobinuria-like symptoms in Campath-treated patients. Transplantation Proceedings, 38, 1750–1752.
Saso, R., Marsh, J., Cevreska, L., Szer, J., Gale, R.P., Rowlings, P.A.,
Passweg, J.R., Nugent, M.L., Luzzatto, L., Horowitz, M.M. & GordonSmith, E.C. (1999) Bone marrow transplants for paroxysmal nocturnal haemoglobinuria. British Journal of Haematology, 104, 392–396.
Savitsky, J.P., Doczi, J., Black, J. & Arnold, J.D. (1978) A clinical safety
trial of stroma-free hemoglobin. Clinical Pharmacology and Therapeutics, 23, 73–80.
Saxena, R., Wijnhoud, A.D., Carton, H., Hacke, W., Kaste, M., Przybelski, R.J., Stern, K.N. & Koudstaal, P.J. (1999) Controlled safety
study of a hemoglobin-based oxygen carrier, DCLHb, in acute
ischemic stroke. Stroke, 30, 993–996.
Schafer, A., Wiesmann, F., Neubauer, S., Eigenthaler, M., Bauersachs, J.
& Channon, K.M. (2004) Rapid regulation of platelet activation in
vivo by nitric oxide. Circulation, 109, 1819–1822.
Schnog, J.J., Jager, E.H., van der Dijs, F.P., Duits, A.J., Moshage, H.,
Muskiet, F.D. & Muskiet, F.A. (2004) Evidence for a metabolic shift
of arginine metabolism in sickle cell disease. Annals of Hematology,
83, 371–375.
Schrezenmeier, H., Hertenstein, B., Wagner, B., Raghavachar, A. &
Heimpel, H. (1995) A pathogenetic link between aplastic anemia and
paroxysmal nocturnal hemoglobinuria is suggested by a high frequency
of aplastic anemia patients with a deficiency of phosphatidylinositol
glycan anchored proteins. Experimental Hematology, 23, 81–87.
Schubert, J., Uciechowski, P., Delany, P., Tischler, H.J., Kolanus, W. &
Schmidt, R.E. (1990) The PIG-anchoring defect in NK lymphocytes
of PNH patients. Blood, 76, 1181–1187.
Shao, J., Miyata, T., Yamada, K., Hanafusa, N., Wada, T., Gordon,
K.L., Inagi, R., Kurokawa, K., Fujita, T., Johnson, R.J. & Nangaku,
M. (2001) Protective role of nitric oxide in a model of thrombotic
microangiopathy in rats. Journal of the American Society of
Nephrology, 12, 2088–2097.
Simionatto, C.S., Cabal, R., Jones, R.L. & Galbraith, R.A. (1988)
Thrombophlebitis and disturbed hemostasis following administra-

192

tion of intravenous hematin in normal volunteers. American Journal
of Medicine, 85, 538–540.
Sims, P.J., Rollins, S.A. & Wiedmer, T. (1989) Regulatory control of
complement on blood platelets. Modulation of platelet procoagulant
responses by a membrane inhibitor of the C5b-9 complex. Journal of
Biological Chemistry, 264, 19228–19235.
Sloand, E.E., More, K., Shah, S., Pfannes, L., Ellison, F., Chen, J.,
Horne, M. & Young, N.S. (2006) Soluble urokinase plasminogen
activator receptor is increased in patients with paroxysmal nocturnal
hemoglobinuria (PNH) and thrombosis and inhibits plasmin generation in vitro and promotes thrombosis in the mouse model.
Blood, 108, A1460.
Smith, G.P. & Smith, R.A. (2001) Membrane-targeted complement
inhibitors. Molecular Immunology, 38, 249–255.
Socie, G., Mary, J.Y., de Gramont, A., Rio, B., Leporrier, M., Rose, C.,
Heudier, P., Rochant, H., Cahn, J.Y. & Gluckman, E. (1996) Paroxysmal nocturnal haemoglobinuria: long-term follow-up and
prognostic factors. French Society of Haematology. The Lancet, 348,
573–577.
Sutton, L.L., Castro, O., Cross, D.J., Spencer, J.E. & Lewis, J.F. (1994)
Pulmonary hypertension in sickle cell disease. American Journal of
Cardiology, 74, 626–628.
Tabbara, I.A. (1992) Hemolytic anemias. Diagnosis and management.
Medical Clinics of North America, 76, 649–668.
Takahashi, M., Takeda, J., Hirose, S., Hyman, R., Inoue, N., Miyata, T.,
Ueda, E., Kitani, T., Medof, M.E. & Kinoshita, T. (1993) Deficient
biosynthesis of N-acetylglucosaminyl-phosphatidylinositol, the first
intermediate of glycosyl phosphatidylinositol anchor biosynthesis, in
cell lines established from patients with paroxysmal nocturnal
hemoglobinuria. Journal of Experimental Medicine, 177, 517–521.
Takeda, J., Miyata, T., Kawagoe, K., Iida, Y., Endo, Y., Fujita, T.,
Takahashi, M., Kitani, T. & Kinoshita, T. (1993) Deficiency of the
GPI anchor caused by a somatic mutation of the PIG-A gene in
paroxysmal nocturnal hemoglobinuria. Cell, 73, 703–711.
Taylor, V.C., Sims, M., Brett, S. & Field, M.C. (1997) Antibody
selection against CD52 produces a paroxysmal nocturnal haemoglobinuria phenotype in human lymphocytes by a novel
mechanism. Biochemical Journal, 322 (Pt 3), 919–925.
Thomas, T.C., Rollins, S.A., Rother, R.P., Giannoni, M.A., Hartman,
S.L., Elliott, E.A., Nye, S.H., Matis, L.A., Squinto, S.P. & Evans, M.J.
(1996) Inhibition of complement activity by humanized anti-C5
antibody and single-chain Fv. Molecular Immunology, 33,
1389–1401.
Tichelli, A., Gratwohl, A., Wursch, A., Nissen, C. & Speck, B. (1988)
Late haematological complications in severe aplastic anaemia. British
Journal of Haematology, 69, 413–418.
Tomita, M. (1999) Biochemical background of paroxysmal nocturnal
hemoglobinuria. Biochimica et Biophysica Acta, 1455, 269–286.
Vichinsky, E.P. (2004) Pulmonary hypertension in sickle cell disease.
New England Journal of Medicine, 350, 857–859.
Viele, M.K., Weiskopf, R.B. & Fisher, D. (1997) Recombinant human
hemoglobin does not affect renal function in humans: analysis of
safety and pharmacokinetics. Anesthesiology, 86, 848–858.
Wiedmer, T., Hall, S.E., Ortel, T.L., Kane, W.H., Rosse, W.F. & Sims,
P.J. (1993) Complement-induced vesiculation and exposure of
membrane prothrombinase sites in platelets of paroxysmal nocturnal hemoglobinuria. Blood, 82, 1192–1196.

ª 2007 The Authors
Journal Compilation ª 2007 Blackwell Publishing Ltd, British Journal of Haematology, 137, 181–192

For Internal Use Only. Not for Distribution or Promotion.

