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Abstract: Paroxysmal nocturnal hemoglobinuria (PNH) is a rare hematological disorder 

 characterized by hemolysis, cytopenias, bone marrow dysfunction, and thrombosis. Over the 

last 20 years, we have seen a dramatic unraveling of the pathophysiology of this rare and com-

plex disorder. As a result, new therapies involving complement inhibition have been developed, 

changing our understanding of the disease and improving outcomes for affected patients.
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Introduction
In 1866, Sir William Gull described a case of a young “anaemic looking” man with 

 episodes of dark urine (ranging from amber to indigo), most often in the morning, 

improving as the day went on.1 Since this first published case of hemoglobinuria, 

 paroxysmal nocturnal hemoglobinuria (PNH) has remained a rare and complex  disorder. 

In 1888, Stribling recognized that the hemolysis was due to a problem within the red 

blood cell.2 This was confirmed by Van de Burgh who noted that the hemolysis was 

not related to the “cold” or the Donath Landsteiner reaction.3 Crosby et al noted the 

association of bone marrow failure syndromes and recognized cytopenias as a promi-

nent feature of the disorder.4 However, it was not until Hamm and Dingle identified 

that hemolysis was enhanced in the setting of acidic pH, causing an increased red cell 

sensitivity to the effects of complement, that the underlying  mechanism of the disorder 

emerged.5,6 In the early 1990’s, Rosse and Weidmer described the effect of increasing 

complement concentration causing platelet vesiculation.7 During the last 20 years, 

the pathological defect in PNH, a mutation in the  phosphatidylinositol (PI) glycan 

complementation class A gene (PIG-A), has been identified.8 This results in loss of the 

glycosylphosphadidylinositol (GPI) anchors, which link  membrane-bound  inhibitors of 

reactive lysis to the cell membrane. As a result, affected cells are  exquisitely sensitive to 

destruction by complement, explaining Hamm’s observations. With this understanding, 

complement inhibition has been introduced as a therapeutic strategy, with successful 

improvement in patient outcomes.9–12

PNH is an extremely rare disease with an incidence of approximately 16 per 

 million.13 Although there is a predominance of cases in individuals 20–30 years of 

age, the disorder is well described in children and older individuals.13–19 The muta-

tion in PIG-A occurs on the active X chromosome, so males and females are equally 

affected.8,16 Both  deletions and frame shifts have been described.8 Although multiple 

genes are involved in the synthesis of the GPI anchor, PIG-A mutation is always 
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found in PNH. The gene product is part of a complex that 

transfers N- acetylglucosamine (GlcNAc) to PI to form 

GlcNAc-PI, the first step in biosynthesis of the GPI anchor. 

As a consequence, the GPl anchor is not made.14 Cells may 

be completely deficient (type III cells) or have partial anchor 

expression (type II).16–19 These anchors link multiple proteins 

to the cell membrane.17 In PNH, as a result of the loss of the 

GPI anchor, the cell-bound complement  regulators, CD55 

(decay accelerating factor) and CD59 (which blocks inser-

tion of the terminal complement complex) are not attached 

to the membrane.16 As a result, the cells are more sensitive 

to complement-mediated destruction.

Role of complement
Complement is part of our innate immune system, and is 

used to fight infection and clear apoptotic cells.  Activation of 

complement can occur through antigen–antibody complexes, 

inflammatory proteins, stimulation of the lectin pathway by 

fungal infection, and tumor cells. The alternative pathway 

ensures that a small amount of complement protein 3b 

(C3b) is deposited on the cell membrane.  Membrane-bound 

C3b has several functions, ie,  opsinization, amplification, 

and  enzymatic activity. Opsinization is accomplished by 

 deposition of C3b on  bacteria, viruses, dying cells, and 

other pathogens, allowing them to be cleared by splenic 

 macrophages. In addition, C3b with the Bb fragment from 

Factor B can amplify itself by acting as C3 convertase, 

 creating bundles of C3b. This allows rapid  amplification of 

complement in the setting of a stimulus. Two C3b  molecules 

and a Bb fragment function as C5 convertase, which cleaves 

C5 to C5a and C5b. C5a is a potent  inflammatory and 

 prothrombotic protein. C5b binds terminal complement 

 proteins. This accomplishes the third role of complement, 

which is to punch a hole in a  membrane.20 In addition, 

 thrombin can enzymatically cleave C5 to its  components, C5a 

and C5b, providing one of the links between the  complement 

system and the hemostatic system.21,22  Thrombin, when 

bound to thrombomodulin, activates thrombin activat-

able  fibrinolysis inhibitor, which degrades C5a and C5b, 

thereby limiting complement  activation.  Complement 1q 

can  stimulate tissue factor mRNA and tissue factor expres-

sion on monocytes. Complement 1q also induces expres-

sion of interleukin-6, which can then induce tissue  factor 

 expression on  monocytes.23 Pentraxins are  inflammatory 

proteins released from neutrophils, and directly activate the 

complement system by binding to complement 1q.24 Activa-

tion of complement, inflammation, and thrombosis appear 

to be intimately linked in PNH.25

Regulation of the complement system occurs by several 

pathways. Inactivation of C3b can occur by the fluid phase 

regulators Factor I and its cofactor Factor H, membrane 

cofactor protein, and membrane-bound CD55. As a result, 

C3b cannot bind a Bb fragment and cannot function as 

a convertase. CD59 blocks insertion of C9, the terminal 

complement protein, into the membrane.20 These two 

 proteins, which are linked to the cell membrane by the GPI 

anchor, are deficient in PNH, leading to increased cell-bound 

complement.15

Although, historically considered a hemolytic disease, we 

now know that PNH is a true stem cell disorder  affecting all 

the bone marrow-derived cells, including platelets, granulo-

cytes, monocytes, and lymphocytes. Cytopenias may occur 

as a result of bone marrow failure, aplasia, or hypoplasia, but 

also as a consequence of the complement-induced cellular 

injury.4,25 Anemia, thrombocytopenia, and neutropenia may 

occur even in the absence of marrow aplasia or hypopla-

sia.13,14,25 The association of aplastic anemia with the pres-

ence of a PNH clone is well recognized.4,26 Recent evidence 

suggests that the T-cell attack in aplastic anemia may be 

directed to the GPI anchor.27 As a result, the normal marrow 

cells are destroyed but the GPI anchor-deficient cells, ie, PNH 

cells, may persist. It is also known that 75% of patients with 

aplastic anemia will retain their PNH clone with marrow 

recovery after immunosuppressive therapy; 30% of those 

patients will expand the PNH clone and may develop  clinical 

PNH.26 The reason why this clonal expansion occurs is not 

known. Polymorphisms in gamma interferon genes have been 

reported in PNH, resulting in increased expression of gamma 

interferon in lymphocytes, blood, and marrow.28,29 PNH cells 

appear to have relative resistance to the apoptotic effects of 

gamma interferon on the bone marrow.29 A recent genomic  

analysis of patients with aplastic anemia confirms the findings 

of PIG-A mutations in this disorder, as well as the  association 

of PIG-A with a more favorable outcome in response to 

immunosuppressive therapy.30,31 However, not all cytopenias 

in PNH are due to marrow failure. Cellular  activation and 

clearance of damaged cells can cause  cytopenias, which may 

improve with complement inhibition.25

Hemolysis is the most obvious manifestation of the 

increased complement activation of PNH cells. Although 

hemolysis occurs continuously in PNH, the paroxysms 

 represent episodes of increased complement  activation. 

 Clinical settings in which complement activation is 

increased, such as infection, lipopolysaccharide vaccinations, 

 pregnancy, and surgery, are associated with worsening signs 

and symptoms of PNH. Hemolysis, thrombocytopenia, and 
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hemostatic activation, as evidenced by increases in plasma 

d-dimer with thrombosis, occur during paroxysms.25 During 

these episodes, symptoms such as abdominal pain, dysphagia, 

weakness, fatigue, and dyspnea become worse.25,32–34

Morbidity and mortality in PNH
Long considered a benign hematological disorder, PNH is 

associated with significant morbidity and mortality.  Historical 

data suggest that 35% of patients will die within 5 years of 

diagnosis, and that 50% will die within 10 years in spite 

of best supportive care.13 Thrombosis is the most common 

cause of death, but renal failure and pulmonary hypertension 

 contribute to the overall mortality.13,33,34 Symptoms such as 

chest pain, dyspnea, and abdominal pain are highly  predictive 

of thromboembolic complications.34 Fatigue is the most 

prominent symptom, and is experienced by 97% of patients.35 

The fatigue and dyspnea are independent of the degree of ane-

mia, and probably reflect cytokine (interleukin-6)  activation 

and pulmonary hypertension.25,35,36 In an analysis by Hill 

et al, pulmonary hypertension, as measured by N-terminal 

pro-brain natriuretic peptide, was present in 47% of PNH 

patients. This may reflect  pulmonary artery spasm due to nitric 

oxide  consumption as well as chronic pulmonary emboli.36,37 

 Reduction in  hemolysis, as measured by lactate  dehydrogenase 

(LDH), results in a decrease in  consumption of nitric oxide 

with improvement in the  pulmonary hypertension.36,37

Abdominal pain frequently accompanies a  “paroxysm”. 

Historically, this pain has been attributed to smooth muscle 

dystonia associated with nitric oxide consumption due 

to hemolysis. However, analysis of the South Korean 

PNH  Registry data demonstrates an increased risk of 

 thromboembolic events with abdominal pain, particularly 

when the LDH is elevated.34 This most likely represents isch-

emia due to small vessel occlusion. Using tagged platelets, one 

can demonstrate labeled platelets adhering to the abdominal 

vasculature in thrombocytopenic PNH patients, which is not 

seen in patients with other forms of thrombocytopenia (such 

as idiopathic thrombocytopenic purpura).38

Renal failure
Renal insufficiency is an under recognized complication 

of PNH. Acute renal failure has long been a recognized 

 consequence of a paroxysm in PNH, and chronic renal 

failure has been reported in 8%–18% of PNH patients. 

Chronic  intravascular hemolysis leads to deposition of iron 

in the tubular cells, causing interstitial nephritis. In addition, 

thrombosis within the kidney can lead to glomerular loss.39 

Hillmen et al reported a 60% incidence of renal insufficiency 

in patients participating in the clinical trials of eculizumab. 

Of those patients, 20% had stage 3–5 kidney disease as 

defined by the National Kidney Foundation criteria.40

Thrombosis
By far the most destructive complication of PNH is 

 thrombosis, which accounts for most of the deaths (60%) 

and end organ damage. At least 18% of Asian patients and 

40% of Caucasian patients with PNH have  thromboembolic 

complications.13,14,33,34,41 However, no significant  correlations 

with inherited thrombophilias have been noted.42 Analysis of 

the French registry subsequently revealed that 30% of  aplastic 

PNH patients developed thromboembolic  complications.33 

Venous events predominate (85%), although arterial events, 

such as myocardial infarction and stroke (15%), have been 

reported.13,34 Unusual thromboembolic events, such as 

 Budd–Chiari syndrome, mesenteric  thrombosis, cavernous 

sinus thrombosis, and skin necrosis are seen more frequently 

in patients with PNH than in the general population.13,34 There 

is a 60-fold increase in ischemic stroke in PNH which occurs 

at a much younger age (median 43 years) when compared 

with the unaffected population (73 years).43

The pathophysiology of thrombosis in PNH is complex. 

Historically, thrombosis was attributed to hemolysis, but 

recent data in the setting of complement inhibition  suggest 

that this is not likely. While nitric oxide consumption from 

intravascular hemolysis is associated with arterial and 

 pulmonary artery constriction, it does not induce genera-

tion of thrombin, and red cell vesicles do not express tis-

sue factor. In addition, venous rather than arterial events 

predominate (85% venous versus 15% arterial).13,34 Neither 

the presence of hemolysis nor the degree of anemia influ-

ence the rate of thrombosis.17,44 Red cell vesicles make up 

a small fraction of the circulating microparticles in PNH.45 

Most are derived from monocytes, platelets, and endothelial 

cells.45–47 Hemoglobinuria, the clinical indicator of intravas-

cular hemolysis, does not correlate with an increased risk 

of thromboembolic complications unless combined with 

an increased LDH level.34 In other complement disorders, 

such as atypical hemolytic uremic syndrome, hemolysis is 

secondary to the microvascular thrombosis.48–50 However, 

free heme in the plasma does activate more complement 

by the  alternative pathway, worsening the disorder.51 Most 

importantly, markers of hemostatic activation do not correlate 

with the LDH level, suggesting that thrombosis occurs by a 

pathway independent of hemolysis.25

PNH affects all of the bone marrow-derived cells. Platelet 

activation in PNH is well described. Weidmer and Rosse 
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demonstrated platelet vesiculation in response to  increasing 

complement concentrations. In vitro, these vesicles are 

highly thrombogenic.7 Both granulocytes and monocytes are 

deficient in GPI anchors. Monocyte-derived tissue factor-

bearing microparticles (TFMP) are increased in PNH and 

reduced after curative bone marrow transplantation and 

with complement inhibition.20,45 Endothelial damage, with 

endothelial cell vesiculation and activation, as evidenced 

by increased expression of von Willebrand factor (vWF), 

has been demonstrated in PNH.46,52 Complement inhibition 

reduces the expression of vWF in patients with PNH.52 Other 

potential mechanisms include reduction of endothelial tissue 

factor pathway inhibitor, which is GPI-linked and therefore 

deficient in PNH.53 Loss of tissue factor pathway inhibitor has 

been associated with an increased risk of venous and possibly 

arterial thrombosis.53,54 Loss of the GPI-linked urokinase-type 

plasminogen activator from endothelial cells and monocytes 

could result in a reduction in the fibrinolytic response to 

thrombosis. In PNH, intrinsic fibrinolytic activity has been 

shown to be inversely associated with clone size.55

Complement activation generates large amounts of 

C3a and C5a. Genetic loss of C3 abolishes fetal loss in the 

mouse antiphospholipid syndrome.56 In the mouse model 

of  recurrent fetal loss due to antiphospholipid syndrome, 

 recruitment of inflammatory cells by C5a is crucial in the 

development of placental insufficiency.56 In the sepsis model, 

recent data suggest a different role for C3a and C5a. C3a does 

not appear to function as a chemoattractant for neutrophils 

but appears to induce activation of macrophages. In contrast, 

C5a accounts for the deleterious effects of sepsis, including 

lung injury and disseminated intravascular coagulation.57 

C5a is a potent inflammatory and prothrombotic protein that 

links the complement and hemostatic systems.  Induction of 

cytokines, such as interleukin-6, by C5a increases  expression 

of tissue factor by monocytes, ultimately leading to throm-

bosis in the placenta.56 Concentrations of C5a as low as  

1 nM can rapidly increase the expression of tissue factor in 

monocytes (Weitz, unpublished data, 2015). C5a interacts 

with the C5a receptor to produce thrombotic microangio-

pathic-like lesions in the mouse that can be prevented by 

inhibition of complement.56 Blockade of the C5a receptor 

by a small molecule inhibitor appears to prevent thrombo-

sis in the live in vivo mouse model of thrombosis (Furie, 

personal communication, 2015). Levels of  circulating 

TFMP are increased in PNH and respond to inhibition of 

complement.25 Small amounts of thrombin generated on 

the surface of the microparticle can activate and  aggregate 

platelets.58,59 In cancer patients, increased circulating 

TFMP is associated with an increased risk of  thrombosis.60   

However, unlike in cancer patients, where increased 

 circulating TFMPs are derived from the cancer cell itself, 

in those with PNH, complement activation is required for 

microparticle tissue factor expression.25,58–60 Of importance, 

while TFMPs decrease with complement inhibition, total 

microparticle generation remains flat and does not correlate 

with markers of hemostatic activation. It is possible that the 

composition of the microparticles changes with complement 

inhibition, but it is clear that regardless of the origin, they do 

not participate in hemostatic activation.24

The interaction between C5a and the C5a receptor has 

also been demonstrated to induce plasminogen activator 

inhibitor-1, altering the balance between thrombosis and 

fibrinolysis.61 Urokinase-type plasminogen activator is 

 GPI-linked and therefore deficient in PNH.55

The role of granulocytes in thrombosis is actively being 

explored in PNH. C5a and its receptor (C5aR/CD88) mediate 

the expression of tissue factor in granulocytes.62 In addition, 

complement activation of PNH granulocytes may result in 

release of enzymes, inflammatory proteins, and histone nets.24,63 

Granulocyte enzymes can damage the endothelium, causing 

exposure of the subendothelium. In addition to  capturing 

bacteria, red cells and platelets are trapped by the histone nets, 

bringing them to the endothelium.61 Activated platelets and 

endothelium expressing P-selectin then bind to the monocyte 

P-selectin glycoprotein 1, inducing monocyte tissue factor 

expression. Reduction in soluble P-selectin with complement 

inhibition correlates with reduction in LDH, reflecting reduc-

tion in activation of platelets and endothelial cells.25

Complement inhibition
The development of complement inhibition had  dramatically 

changed both the understanding of PNH as well as the 

 outcomes for patient with the disorder. At present, eculi-

zumab is the only approved complement inhibitor. A highly 

humanized monoclonal antibody to C5,  eculizumab binds 

to C5 with very high affinity. It is thought that  eculizumab 

inhibits the binding of C5 to the C3b-Bb-C3b complex (C5 

convertase), blocking the conversion of C5 to C5a, C5b.64,65 

Proximal C3b function is preserved. The antibody does not 

bind to the Fc receptor and does not fix complement.64,65 The 

antibody is immunoglobulin G4, which does not cross the pla-

centa to any appreciable degree, nor pass into breast milk with 

any significance.66 Four clinical trials in PNH have demon-

strated the consistent and  reproducible efficacy of eculizumab 

in inhibiting hemolysis, reducing transfusion requirements, 

reducing thrombosis, improving renal function, and reducing 
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fatigue, independent of recovery of the anemia.9–11,67,68 More 

important, recent data suggest an improvement in survival, 

matching that in age-matched controls.69 This is likely due to 

the marked reduction (92%) in thromboembolic complica-

tions with eculizumab treatment.10

The response rate to eculizumab is extremely high 

in PNH. However, because the protein has a half-life of 

10–12 days, some patients require a shortened interval 

between doses (12 days) or a higher dose of drug every 

14 days.65 No  significant inhibitory antibodies have been 

described. Twelve PNH patients (eleven Japanese and one 

Argentinian [of Asian descent]) were reported to have a 

single missense  polymorphism in C5 (C.2654G.A muta-

tion in the Japanese patients, and a C.2653C.T mutation 

in the Argentinian patient), which completely inhibits the 

effect of eculizumab.70 These patients do respond to a C5 

inhibitor binding at a different site on C5. The mutations are 

thought to make C5 inaccessible to eculizumab.71 In spite of 

a reduction in LDH, 25%–35% of patients continue to require 

transfusion support.72

Underlying renal dysfunction may contribute to the 

 persistent anemia in a few patients. It has been postulated 

that accumulation of C3b on the surface of the red cell due 

to C5 blockade may cause increased extravascular red blood 

cell clearance by the spleen and liver.73 However, a recent 

report suggests that although patients may have increased 

C3b on their red blood cells, the need for transfusion may 

be due to insufficient complement blockade.72

Eculizumab has been listed as a category C drug in 

 pregnancy. Pregnancy in patients with PNH is associated with 

significant morbidity and mortality, including fetal demise 

and maternal thromboembolic complications and death. 

While anticoagulants have been used with some  success 

in some patients with PNH, the morbidity and mortality 

 during pregnancy remain high.73–75 There are no randomized 

trials of eculizumab in pregnant PNH patients. However, 

several publications have demonstrated improved  maternal 

 outcomes, without harm to the fetus, even for women 

 receiving eculizumab from the beginning of pregnancy.66,74,75 

Transfusion requirements may increase in pregnancy, even 

while on treatment with eculizumab. In addition, because of 

the expanded plasma volume, pregnant patients may require 

a higher dose of eculizumab in the third trimester.66,74,75 

Most pregnant patients have received anticoagulation with 

heparin, low molecular heparin, or fondiparinux, in either 

 prophylactic or therapeutic doses, during pregnancy.66,73–75 In 

spite of the excellent pregnancy outcomes with  eculizumab, 

there are no data to suggest that anticoagulation can or 

should be withheld.75 Breakthrough during the peripartum 

and postpartum period can be associated with an increased 

risk of  thromboembolic events in spite of eculizumab and 

anticoagulant treament.74,75

The biggest risk with eculizumab and inhibition of C5 

is that of Neisseria infection.65 All patients must receive 

polyvalent meningococcal vaccination. These vaccines 

only cover serotypes A, C, W, and Y. Recently, a serotype B 

 vaccine was approved both in Europe and the USA (for ages 

13–25 years). It has been recommended that  immunization be 

given 2 weeks prior to starting eculizumab. However, several 

cases of stroke have been reported following  vaccination  

(Hill, personal communication, 2013). If the patient needs to 

start treatment before the 2 weeks, prophylactic ciprofloxacin 

or penicillin can be given for 14 days. Although continuous 

antibiotic prophylaxis has not been mandated by the US 

Food and Drug Administration, several major PNH centers 

have adopted this strategy with success (Hill and Socie, 

unpublished data, 2013).

Future directions
A variety of complement inhibitors are near to or  entering 

 clinical trials. Both C5 and C3b inhibitors, as well as 

 alternative pathway inhibitors, C5a receptor blockers, and 

small interfering RNA are being studied. PNH remains 

a fascinating disorder. With complement inhibition, the 

 morbidity and mortality has been dramatically improved. 

Complement inhibition has also given us remarkable insights 

into the role of  complement in PNH, thrombosis, and other 

 complement-mediated disorders.

Disclosure
The author has been on the speakers’ bureau and advisory 

board for Alexion Pharmaceuticals. There are no other 
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